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ABSTRACT

We describe our Finnish audio-visual speech
synthesizer, its evaluation and discuss possible
improvements. We have combined a three
dimensional facial model with a commercial audio
text-to-speech synthesizer. The visual speech is
based on a letter-to-viseme mapping and the
animation is created by linear interpolation between
the visemes. An intelligibility test was run to
quantify the benefit of seeing the synthetic and
natural face on hearing the synthetic and natural
voice presented at different signal to noise ratios.
Both natural and synthetic faces improved the
intelligibility of both natural and synthetic auditory
speech. We examined the confusion patterns of
consonants and the identification of the Finnish
visemes. We also propose how the viseme repertoire
of the talking head can be improved.

1. INTRODUCTION

In face-to-face communication speech perception is
based on both visual and auditory information. In
addition to providing us with non-linguistic
information of, e.g. the person’s identity, age,
emotions and spatial location, seeing the talker’s
face also increases the intelligibility of the message.
Contribution of visual speech becomes particularly
prominent when the auditory speech is degraded due
to noise [1, 2, 3] or hearing impairment. Although
not as effective as natural faces, synthetic faces also
increase the intelligibility of both natural and
synthetic auditory speech [4, 5, 6]. However, the
facial gestures and auditory speech must be
concordant and in relatively good synchrony. When
they are discordant, visual speech may even change
speech perception, as occurs in the McGurk effect
[7].

Audio-visual speech synthesizers, ‘talking heads’,
are being developed in many laboratories [4, 5, 6, 
8]. Numerous applications benefit from high-quality
visual speech synthesis including human-computer
interfaces, video coding, and making the speech
signal more intelligible to hearing-impaired people
[5].

Our main goal in developing an audio-visual speech
synthesizer is to make a well controlled stimulus for

studying the neurocognitive mechanisms of audio-
visual speech perception. It is important to evaluate
how much our talking head increases the
intelligibility of auditory speech, in comparison to a
well-articulating human talker. When extensive
enough stimulus material is used, evaluation can
also give valuable information on the intelligibility
of single visemes. On the basis of the evaluation, the
viseme repertoire can be improved.

2. VISUAL SPEECH

Several studies have estimated visual similarities
between phoneme articulations and grouped them
into categories termed ‘visemes’. The viseme
categories change due to the talkers, stimuli,
subjects, phonological context and statistical criteria
[9]. However, viseme categories have been defined
for English [6, 9] and other languages.

The only previous study of visual identification of
Finnish phonemes was done by Pesonen [10]. He
investigated how deaf Finnish children identified
visemes articulated by four talkers and found that
they can distinguish four viseme categories for the
vowels and seven for the consonants. Those
categories are presented in Table 1.

 Viseme  Phonemes  Characteristic feature

 Open  /æ/ /a/  Large lip opening
 Wide  /e/ /i/  Narrow lip opening

 Small rounded  /y/ /u/   Small lip opening
 Big rounded  /o/ /ø/  Rounded lip opening

 Bilabial  /b/ /p/ /m/  Mouth closed
 Labiodental  /f/ /v/  Upper teeth touch lower

lip
 Incisive (s)  /s/  Narrow gap between teeth
 Incisive (t)  /t/  Same as previous, but tip

of the tongue is visible
 Alveolar dental  /d/ /l/ /n/ /r/ (j)  Lower part of the tongue

visible
 Velar  /g/ /k/ /η/ (j)  Upper part of the tongue

visible
 Glottal  /h/  No features

 Table 1: Viseme classification for Finnish vowels and
consonants and their characteristic features [10, 11].

The vowel categories are based on differences
between the size and the shape of the lip opening,
but not the place of articulation. For the consonant
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visemes, they are based on the place of articulation
in the labials (/b/, /p/, /m/), labiodentals (/v/, /f/), and
incisives (/s/, /t/). For the other clusters the place of
articulation is not visible. In the alveolar dental
cluster (/d/, /l/, /n/, /r/) the confusing or connecting
cue is that the lower part of the tongue can be seen.
In the velar cluster (/g/, /k/, /η/), the upper part of
the tongue is visible. Between the alveolar dental
and velar clusters there is the palatal (/j/). The glottal
(/h/) seems to have no visual individuality, and it is
easy to confuse with vowels.

The adjacent speech units have an effect on the
speech unit to be produced. This coarticulation
effect means that speech (acoustic and visual) is
context sensitive. Thus, the vowel context has an
effect on the consonant viseme identification [3, 6,
9, 10].

3. A FINNISH TALKING HEAD

We have developed a Finnish talking head [12]. A
three-dimensional facial model was combined with a
commercial Finnish auditory text-to-speech
synthesizer (MicroPuhe 4.1) [13]. The user types in
text and has both synthesized auditory speech and
synchronized facial animation created automatically.
The synthesizer can be made to express basic
emotions during speech. The head can be perceived
stereoscopically by using appropriate eyewear. The
synthesizer can be run either on a PC or a Silicon
Graphics workstation.

Auditory speech is produced by concatenating pre-
recorded samples of natural speech according to a
set of rules [14]. Slight modifications have been
made to MicroPuhe to obtain information for
synchronization.

Figure 1: a) Wireframe and b) normal view of our talking head.

Our facial model (see Figure 1), a descendant of
Parke’s model [15], is a parameter-controlled

topological model. Ears, teeth and the back of the
head have been added to improve the naturalness of
the model. It is currently controlled using 49
parameters. Four new parameters have been added
to improve control near the mouth region. Twelve
parameters affecting jaw rotation and lip formation
are used for visual speech.

Visual speech is based on a letter-to-viseme
mapping, so that each letter of a written text
corresponds to a viseme. The derivation from letters
instead of phonemes is justified in the Finnish
language, because in Finnish there is a very strong
correspondence between letters and phonemes. The
twelve viseme parameter values were determined
simply by changing them so that the shape of the
head’s mouth matched that of the programmer’s
mouth as seen in a mirror. Coarticulation has not
been taken into account except for the velars /k/, /g/,
/η/ and glottal /h/. For them, the viseme realizations
are calculated on the basis of the surrounding
visemes. The velar visemes are realized by slightly
decreasing the opening of the mouth of the previous
viseme. The glottal viseme is the same as preceding
one.

4. INTELLIGIBILITY STUDY

4.1. Method

4.1.1. Preparation of the stimuli

A native male Finn was selected as a talker from a
group of students because of his good articulation.
The speech material was recorded with a Betacam
camera and then digitized with a Telecast digital
video system. Digital video clips of our talking head
were also created. The frame rate was 25 fps with a
VHS-like quality. Speech rate, duration and pitch
were roughly analyzed from the audio channel of the
recording in order to use similar values in speech
synthesis.

The conventional Signal to Noise Ratio (SNR
con

) is
often used as a measure of the quality of an
acoustical signal. However, the SNR

con
 does not

correlate well with the subjective perception of the
acoustic quality. Thus, several measures have been
proposed and used in speech and image research
[16]. The Segmental SNR (SNR

seg
) is based on the

fact that the speech signal is nonstationary and that
the same amount of noise may have different
perceptual consequences depending on the ambient
signal level. The SNR

seg
 is defined by [16]:

SNRseg  (dB) = E[SNRcon(m) (dB)]

SNRcon(m) is the SNR
con for segment m (segment

length =16ms), and the expectation E is in practice a
time average over all segments of interest in an
input sequence. Thus, the SNR

seg
 reflects weak

a) b)



signal rendition better than the SNRcon and is
particularly relevant for speech. The natural and
synthetic auditory signals were degraded by adding
pink noise at four SNRseg levels: 0, -6, -12 and -18
dB. Later in the text, SNR refers to the SNRseg.

To create the final stimuli, the auditory files were
carefully synchronized with the image displays.
During the presentation of the auditory-only stimuli,
the screen remained black. All the stimuli were in a
digital format, allowing us to present the audio-
visual stimuli in a computerized test.

4.1.2. Subjects and stimuli

The subjects were 20 Finnish University students
and persons working in our University (11 males
and 9 females, 20-33 years). They reported normal
vision and hearing. The subjects did not receive any
fee.

The stimulus set consisted of 39 VCV nonsense
words. All 13 originally Finnish consonants [17] /d/,
/h/, /j/, /k/, /l/, /m/, /n/, /η/, /p/, /r/, /s/, /t/, /v/ were
presented in symmetric context of vowels: /a/, /e/
and /y/. These vowels were selected because they
are visually different: lip opening is largest in /a/
and smallest in /y/ (see Table 1). Each phoneme has
a corresponding letter in Finnish. The only
exception is /η/ which is written ng. This property of
Finnish allowed us to use non-meaningful words as
stimuli and to have responses in written format.

The 39 words were presented in six conditions:

1. Natural voice, no face.

2. Natural voice, natural face.

3. Natural voice, synthetic face.

4. Synthetic voice, no face.

5. Synthetic voice, natural face.

6. Synthetic voice, synthetic face.

There were 936 different stimuli: 39 VCV words, 6
conditions and 4 SNRs. Each stimulus was
presented only once for each subject.

4.1.3. Procedure

Due to the large number of stimuli, the experiment
was divided in two parts for each subject (run on
two different days). The experiment took place in a
small test room. The stimuli were presented via high
quality loudspeakers and computer screen in a
random order. The average sound pressure level was
75 dB (SNR = 0 dB). After presentation of 117
stimuli, the subject had a break of 1-10 minutes.
Subjects responded by selecting, with a mouse, the
perceived consonants and vowels shown on a
computer screen. The response was accepted when

both the vowel and consonants were selected (a
forced-choice paradigm). Ten extra stimuli were
presented before starting the experiment to adapt the
subject to the study.

4.2. Results

4.2.1. Global intelligibility

Correct identifications of VCV words are presented
in Figure 2 for the six stimulus types as a function of
SNR.
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Figure 2: Mean intelligibility scores of VCV words for the six
different stimulus types. Percentage of correct identifications is

plotted as a function of the SNR.

Synthetic voice was poorly understood at all SNRs.
Increasing the SNR increased the intelligibility of
the natural voice more than that of the synthetic
voice. At a SNR of 0 dB, 64% of the natural and
32% of the synthetic voice stimuli were correctly
identified.

Figure 2 shows also that seeing natural or synthetic
facial information improves the intelligibility of
both voice types at all SNRs. In agreement with
previous studies visual contribution decreased as the
intelligibility of auditory speech increased [1].

The difference scores (intelligibility of audio-visual
score in percentages minus auditory only score in
percentages) for synthetic speech were quite
constant at all SNRs for both visual conditions; the
average of difference scores was 29% for natural
face and 13% for synthetic face. The reason for this
constancy of visual contribution is the poor
intelligibility of synthetic speech. In the case of
natural voice the visual contribution was dependent
on the SNR. The difference-score was 35% for



natural face at a SNR of –18 dB but only 13% at a
SNR of 0 dB. For synthetic face it was 15% at a
SNR of –18 dB and 5% at a SNR of 0 dB.

In Figure 2 the curves for the same visual
information but different auditory information
converge at a SNR of -18 dB. At this lowest SNR
the intelligibility of both auditory only stimuli was
near the guessing level which is 2,5%. Thus audio-
visual stimuli were obviously identified by
speechreading. Subjects identified about 20% of the
synthetic face stimuli and about 40% of the natural
face stimuli by speechreading. This means that the
current synthetic articulatory gestures are
informative, but they can be much improved.

Consonant identifications were dependent on vowel
context. Consonants were best identified in /a/
context and worst identified in /y/ context for every
experimental condition. For instance, subjects
identified by speechreading from natural face 47%
of the consonants in /a/ context, 42% in /e/ context
and 27% in /y/ context. Speechreading from
synthetic face gave the following results: 25% in /a/
context, 24% in /e/ context and 17% in /y/ context.
Interestingly, the vowel context had an effect on
consonant identification even in the case of
synthetic face which does not coarticulate.

4.2.2. Consonant confusions and viseme clusters
for natural face at a SNR of –18 dB

To determine the weaknesses in the articulation of
our talking head, we need to know which visemes
our subjects were able to identify from a natural face
in different vowel contexts. By comparing natural
and synthetic viseme identifications in different
vowel contexts we can find those articulatory
gestures of our talking head which should be
improved. This kind of method has been used
previously to improve the quality of an English
talking head [6].

Further data analysis is based on the identification of
consonants in different vowel contexts expressed by
the natural face at a SNR of –18 dB. We added the
data of natural and synthetic voices to have more
data in defining viseme clusters. However, stimuli
with natural voice were identified 2-3% better than
stimuli with synthetic voice suggesting that there
can be some auditory cues available in natural
speech stimuli even at this SNR. We performed a
hierarchical cluster analysis to find out the groups of
phonemes which are confused with each other.

Confusions of consonants spoken by the natural face
are presented in Table 3. The responses fall on the
main diagonal. The shadowed areas show when
within-cluster responses form at least 75% of the
total number of possible responses. This criterion of

75% for viseme cluster has been used in most
viseme classification studies [9].

 Responses
 /a/ context

 m  p  v  s  t  d  l  n  r  k  η  j  h
 m  17  23            
 p  7  32      1       
 v   4  34    1       1  
 s     32  1   2  1   2  1   1
 t     7  20   2  2    2  7  
 d  1     1  8  13  7  2  1  2  3  2
 l      1  1  28  2  3  1   4  
 n     2  2  2  3  9  2  9  1  8  2
 r   2   5  2   1  8  4  6  1  7  4
 k        14  4  5  10  1  1  5
 η   2   1   1  4  9  5  7  3  4  4
 j     3  4  4  4  4  1  1  2  16  1

 S
tim

ul
i

 h        2    4  1   33
 

 Responses
 /e/ context

 m  p  v  s  t  d  l  n  r  k  η  j  h
 m  18  21            
 p  8  30  1      1      
 v  1  1  34     1     1   2
 s  1  1   37   1        
 t  2    20  12  1  1  1     2  1
 d  1     1  4  13  6  1  3  2  7  2
 l     2   1  19  8  2  1  2  4  1
 n     1  1  2  14  9  2   4  6  1
 r     2   1  14  6  5   3  8  1
 k  1  1   1  1  1  5  6  1  4   3  16
 η  1    1  1   3  4   2  4  18  6
 j     4  3  2  2  6   3  3  15  2

 S
tim

ul
i

 h        3  4  1   3  1  28
 

 Responses
 /y/ context

 m  p  v  s  t  d  l  n  r  k  η  j  h
 m  17  22     1        
 p  9  30     1        
 v  1  2  30  2      1   3   1
 s     37  2    1      
 t    6  29     2  1   1  1  
 d  2   8  9  3  2  1  1  1  2  2  9  
 l  3  1  11  1  2  1   2  4  6  5  2  2
 n    11  8  2  1  2  1  4  3  1  4  3
 r    2  11  5  3  2  3  2  2   8  2
 k   2  2  3  3  1  2   4  5  1  10  7
 η  2   1  7  1  2  2  2  3  6  1  11  1
 j  1  1  1  10  1   1  1  3  8  1  11  1

 S
tim

ul
i

 h  1   2  5  4  1  1  4  2  8  2  6  4
 Table 3: Consonant confusion (irrespective of errors on
vowels) for natural face, /a/ context, /e/ context and /y/ context.
Row sum is equal to 40 (20 subjects and 2 voice types)

Pesonen’s classification seems to describe well the
consonant confusions in speechreading conditions of



our study, too. However, our subjects did not
identify all seven consonant viseme categories in
any of the vowel contexts. As expected, the size of
lip opening of surrounding vowels had an effect on
consonant confusions. Subjects were able to
discriminate five viseme clusters in /a/ context, four
in /e/ context, and only three in /y/ context. When
comparing the intelligibility of natural and synthetic
faces we used the visemes our subjects could
distinguish.

4.2.3. Vowel intelligibility

Vowel confusion for natural and synthetic facial
information are presented in Table 4 at a SNR of –
18 dB. Vowels are almost perfectly identified when
natural facial information is available. However,
synthetic /e/ is confused frequently with /a/. So the
/e/ viseme of our talking face needs to be improved.

 
 Responses

 Natural face
 a  e  y

 a  498  19  3
 e  18  499  3

 S
tim

ul
i

 y  15  13  492
 

 Responses
 Synthetic face

 a  e  y
 a  463  53  4
 e  205  306  9

 S
tim

ul
i

 y  30  48  442
 Table 4:. Vowel confusion (irrespective of errors on
consonants) for natural and synthetic faces. Row sum is equal to
520 (20 subjects, 13 consonants, 2 voice types).

5. DISCUSSION

The correct viseme category identifications are
presented in Figures 3 for natural and synthetic
faces. Bilabial /p/, /m/ was the best identified viseme
from both natural and synthetic visual speech. In /e/
context synthetic bilabial was identified as well as a
natural one. In /a/ and /y/ contexts this synthetic
viseme give almost as many correct identifications
as the natural one. The bilabial viseme of our talking
head cannot be improved much.

Labiodental /v/ was the only synthetic viseme which
was identified better in /y/ context than in /a/ and /e/
contexts. In /y/ context the synthetic labiodental
viseme was as well identified as the natural one, but
in other contexts its identification was much inferior
to that of natural labiodental. This viseme can
probably be improved by making the contact of
upper teeth and lower lip more visible [10].

Synthetic incisive(s) and incisive(t) were very
poorly identified in comparison to natural ones in all
vowel contexts, so they need to be improved. In the

articulation of /s/ and /t/ the gap between teeth is
narrow [10]. In /t/ the gap is slightly larger and the
tip of the tongue can be seen. Comparison of our
natural and synthetic stimuli revealed that in
synthetic incisives lip opening is larger and the
shape of the mouth is rounder than in natural
incisive stimuli, so changing these features could
improve the identification.
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Figure 3: correct consonant viseme category identifications
depending on the context, a) /a/ context b) /e/ context and c) /y/
context.

Table 3 show that subjects were not able to
distinguish the natural alveolar dental /d/, /l/, /n/, /r/,
/j/ and velar /k/, /η/ visemes in any vowel contexts
even if they are not visually similar (see Table 1).



The reason might be that they were inexperienced
speeechreaders or that the articulatory gestures of
our natural talker were not informative enough. The
alveolar dentals and velars were confused with
incisive(t) in /a/ context, and in /e/ contexts it was
confused with the glottal /h/. In /y/ context they
were not separate from the other consonants at all.

From Figure 3, it seems that alveolar dentals and
velars uttered by the natural and the synthetic face
are identified very similarly. This does not mean
that those synthetic visemes do not need to be
improved. In this case, the comparison between the
synthetic and natural identification scores does not
give any information about the quality of these
synthetic visemes due to the size of the cluster. In
fact, this cluster consists of visually different
consonants. According to previous study [10], they
can be distinguished based on the position of the
tongue. To make the synthetic alveolar dental and
velar visemes more realistic, we should add a tongue
to our talking head.

Synthetic glottal /h/ gave almost as good results as
the natural glottal in /a/ context. So there is no much
room for improvement for the synthetic glottal.

6. CONCLUSION

This viseme cluster approach gave us general
information about the quality of the articulatory
gestures of our talking head and how to improve
them. However, to find the optimal viseme
repertoire and the coarticulation rules we need to
study in more detail the visual features of Finnish
phoneme articulations in different phonological
contexts. For this purpose, we are going to develop
an audio-visual database of Finnish language.
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