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ABSTRACT 
 
The restriction of articulation used by ventriloquists or caused 
by speech disorders can be compensated using substitute 
sounds. For a better understanding of these sounds, in this 
contribution the results of investigations of the substitute 
sounds by analysis and synthesis are presented. For that 
purpose the substitute sounds and their natural counterparts 
uttered by a ventriloquist are analyzed. Substitute sounds are 
also generated by articulatory synthesis and by a plaster model 
and are then compared to the original sounds. The results show 
that the perception of substitute sounds can reach the natural 
uttered sounds. The degree of the perceptive similarity depends 
on the substitute sound. The spectrum of the substitute sounds 
can replicate partially the spectrum of the natural sounds. 
However, for successful perception of the sound it is only 
necessary to reproduce the relevant spectral information. The 
knowledge about those sounds is interesting for speech 
therapy. 
Index Terms: articulation, speech production 
 

1. INTRODUCTION 
 
Usually the production of sounds can use the whole 
articulatory space of the speech production system [1]. In 
special cases the articulators are restricted intentionally by 
ventriloquists or forced by speech disorders. The restrictions of 
the articulators affect particular sounds in their natural 
articulatory positions. The purpose of the substitute sounds is 
to compensate these restrictions by an elegant dexterous 
articulatory constellation and nevertheless produce the 
respective sounds as good as possible. Substitute sounds are 
essential for ventriloquism and might be used against speech 
disorders when only certain parts of the articulation cannot be 
used anymore. Ventriloquism is the art of speaking in such a 
way that a viewer cannot identify the speaking from observing 
the face and especially the lips. Therefore the articulatory 
restrictions affect the articulators, which can be seen by a 
viewer, namely the lips, the jaw position and in some cases the 
tongue tip.  
 

2. SUBSTITUTE SOUNDS 
 
2.1 Synthesis of ventriloquist’s substitute sounds 
 
For the investigations of substitute sounds they are synthesized 
by an articulatory synthesis system. For this purpose the 
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ulation program tractsyn [2] is used allowing to adjust the 
ticulators of a three dimensional articulatory model. The 
rresponding transfer function can be calculated from the 
sulting vocal tract areas, with a consideration of the nasal 
ct. The nasal tract is modelled in tractsyn with side cavities. 
om the magnitude response the formants and antiformants 
n be observed. Furthermore, a synthesized speech signal can 
 generated by a sequence of articulatory positions and 
ovements. This feature allows the generation of a CV phone 
ain (consonant vowel) which is necessary for perceptive tests 
 non-stationary sounds.  
e adjustment of the articulators of the speech production 
stem is performed in a two stage process. Initially the 
ticulators are adjusted with hints of literature and 
ntriloquists. Then a tuning to optimal articulatory positions 
performed with respect to the formants of the transfer 

nction and a perceptive test of synthesis results, considering 
e restriction of articulation. In addition to this approach, a 
arch of new articulatory positions of substitutes is performed. 
must be emphasized that the available information about the 
bstitute sounds of ventriloquism is relatively scarce not at 
ast because professional ventriloquists don’t want to reveal 
eir secrets about ventriloquism. Even though it is possible for 
nventional speakers to learn to ventriloquize, it requires 
ng-term training to get used to using a completely different 
ethod to produce certain sounds. Substitute sounds are 
noted by a prime, for example /b/ (normal) /b’/ (substituted).   

1.1 Plosives /b/ /p/ and substituted /b’/ /p’/ by tractsyn  

om a phonetic view and definition the closed lips are 
sential for the generation of the plosives /b/ and /p/ due to the 
labial building of constriction. These sounds are especially 
fficult to substitute for conventional speakers. Since the 
osing of the lips is not allowed in the case of ventriloquism a 
nstriction behind the lips is chosen. However, the 
nstriction’s place and especially the shape of the whole 
ngue should be adjusted in a way that the first two formants 
e equal to the formants of /b/, differing from the plosive /d/. 
has to be mentioned that the plosives are non-stationary 
unds. Their resonances are effective in speech utterances by 
e bending of formants to the subsequent voiced sound 
rresponding to the locus-theory. Fig. 1 shows the models 
th corresponding transfer functions of /b/ and /b’/. The first 
ectral difference between /b/ and /b’/ is given by the third 
rmant; the first two formants are reproduced correctly. 
rceptive tests of the synthesized sequences [ba] and [b’a] 
ow, that the substitute sound can hardly be distinguished 
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from the natural sound /b/ in a CV sequence. For comparison, 
the synthesized CV sequence with /d/ is also analytically and 
perceptively evaluated, resulting that the CV sequence with /d/ 
is distinctly different in the relevant spectrum frequency to the 
sequence with /b’/. However, it can be observed that in the 
higher frequency spectrum there are more similarities between 
/b’/ and /d/ than between /b’/ and /b/. 

             

     

(d) (e) (f) 
Figure 1: (a) and (b) are the articulatory models of [b] and [b’]; 
(c) corresponding magnitude responses to the models (a) and 
(b); (d)-(f) spectrograms of the synthesized [ba], [b’a] and [da]. 
 
2.1.2 Fricative /v/ and substitute /v’/  
 

 
 

    
Figure 2: (a), (b), and (c) are the articulatory models of [v], 
[v’], and [v’’]; (d)-(f) corresponding magnitude responses to 
the models (a)-(c). 
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e voiced fricative /v/ has a constriction at the alveolar 
sition. The substitute sound /v’/ proposed from literature [3] 
s a constriction behind the lips. The articulatory model of 
’/ is shown in fig. 2(b) with transfer function in 2(e). It can 
 seen that the frequency of the third formant is increased by 
e substitution. Furthermore, a new substitute sound /v’’/ is 
und improving the spectral fit. From the articulatory model 
 /v’’/ in fig. 2(c) it can be seen that the tongue is placed 
ckward in comparison to /v’/. 

1.3 Nasal /m/ and substituted /m’/ /m’’/  

 the case of the production of nasals the closed mouth cavity 
rves as a side cavity of the speech production system. If a 
e cavity is coupled to a tube system, zeros and poles are 

troduced to the transfer function. There exist two known 
bstitute sounds /m’/ and /m’’/ for the nasal /m/ from 
erature. The first substitute sound /m’/ has a constriction a 
tle bit behind the teeth whereas the second substitute sound 
’’/ has a constriction near the velum. The articulatory 

odels of /m/, /m’/, and /m’’/ with corresponding magnitude 
sponses from the glottis to the nostrils are shown in fig. 3. 
e frequency range up to 1 kHz can be reproduced relatively 
ll by the substitutions. Over 1 kHz the spectrum can be 
proximated only partially by the substitute sounds, however, 
 the case of /m’/ the similarity to /m/ is better. 

 

  
gure 3: (a), (b), and (c) are the articulatory models of /m/, 
’/, and /m’’/; (d)-(f) corresponding magnitude responses to 

e models (a)-(c). 

2 Modeling of nasal substitute sounds in an   
    experiment using a plaster model 

 addition to the generation of the nasal /m/ and the substitutes 
 articulatory synthesis, the nasals are produced by a replica 
 the speech tract by a real plaster model. The plaster model 
presents the external boundaries of the coupled cavities of 
e speech production system: the mouth cavity, the pharynx, 
d the nasal tract. Side cavities of the nasal tract are also 
plemented (fig. 4). The size of the cavities is chosen with 

spect to the data of literature, for example [4, 5]. The mouth 



cavity approximates the condition of the nasal /m/. The plaster 
model was chosen in competition with a metal based 
 
 

       
             Figure 4: Plaster model of nasal /m/. 
 
model, due to the losses. One critical point is the excitation of 
the model. For that purpose a special loudspeaker is chosen. 
The loudspeaker is closed and emits the sounds over a 
connected rubber tube which is joined with the plaster model. 
The radiated sounds from the plaster model can be recorded. 
For the spectral analysis of the recorded signals an impulse 
train is used. However, for a perceptive evaluation the periodic 
impulse train lacks in naturalness. Therefore the residual signal 
obtained by a linear prediction of a voiced speech sound is 
chosen, producing relatively natural sounding sounds. To 
obtain the spectral decrease of voiced speech the residual is 
filtered twice by a system with a real pole for de-emphasis.  
The geometry of the plaster model represents the nasal /m/. To 
generate the substitute sounds the geometry of the mouth 
cavity is modified by plastic modeling material. For that 
purpose the mouth cavity is shortened with respect to /m’/ or 
/m’’/. For comparison the mouth cavity is also modified for the 
nasal /n/. For all plaster models the same filtered residual with 
de-emphasis is used. The nasals /m/ and /n/ produced by the 
corresponding plaster models can be identified and are 
distinguishable. The produced substitute sound /m’/ can be 
accepted for the nasal /m/. A perceptive comparison of /m/, 
/m’/ and /n/ yield that the produced signals /m’/ are 
perceptually between /m/ and /n/, however, closer to the nasal 
/m/. 
Fig. 5 shows the DFT-spectra of the generated signals by the 
plaster model of /m/ and /m’/ with impulse train excitation. 
The main zero caused by the mouth cavity can be observed at 
1000Hz for /m/ and 1250 Hz for /m’/ which is marked in fig. 5. 

     
 
Figure 5: Spectra of the output of the plaster model (a) for /m/ 
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d (b) for /m’/; the excitation is the impulse train. 
e higher frequency of this zero is caused by the shortened 

outh cavity. The resulting zeros can also be estimated from 
eech signals [6]. 

3  Synthesis of substitute sounds of speech disorders 

r people with speech disorders it is very common that only 
e tip of their tongue is floppy and immobilized. It is not 
ssible for these persons to raise their tongue tip, which is 
portant for the production of the plosive /d/. Instead of the 
, the tongue blade can build the constriction. Fig. 6 (b) 
ows the articulatory positions of the substituted plosive /d’/ 
th a lowered tongue tip compensated by the tongue blade. 
e synthesized CV sequences with and without the 
bstitution are perceptively comparable. 

            

 
gure 6: (a) and (b) are the articulatory models of /d/ and /d’/; 
) corresponding magnitude responses to the models (a)-(b). 

4   Analysis of uttered substitute sounds 

sides of synthesis and model based simulations, utterances 
 a professional ventriloquist are analyzed. For that purpose 
e ventriloquist uttered selected sentences with multiple 
currences of critical sounds, which have to be substituted. 
rthermore the ventriloquist uttered CV sequences each 
turally and ventriloquized spoken. The CV sequences are 
alyzed in the spectral domain. For that purpose the spectral 
velopes from overlapping frames of the speech signals are 
termined by linear prediction. To eliminate the spectral 
crease of the voiced speech the frames are filtered by an 
aptive pre-emphasis. The analyzed frames contain exactly 
o speech periods with an overlapping of one period; the 
riods of the speech signals are marked. The resulting spectral 
velopes up to 6 kHz are depicted in fig 7. The lower 
agnitude responses of the figure correspond to the consonant 
ereas the upper magnitude responses tend to the vowel /a:/. 

 the case of /b/ it can be seen that the second formant has 
actically disappeared for /b’/ whereas the first and third 
rmant correspond to those of /b/. This can be explained by an 
cessively wide bandwidth of the second formant of /b’/. The 
me situation exists for /p/. The spectral envelopes of the 
unds /v/ and /v’/ in fig. 7(c) and (d) are shown. The first and 



second formant are comparable, however, the frequency of the 
third formant of /v’/ is slightly higher than the formant 
frequency of /v/. This effect is more pronounced by the results 
of the articulatory synthesis simulations. 
                 

       
 Figure 7: Spectral envelopes obtained by linear prediction 
(with pre-emphases) of utterances: CV sequences naturally 
uttered (a) for [ba], (b) for [b’a], (c) for [va], and (d) for [v’a]. 
 
2.5  Comparison of simulated and natural speech 
 
A comparison of the results obtained by the synthesis of 
sounds and the analysis of real speech shows that for 
respective sounds the reproduction by their substitutions is 
perceptively comparable. The substitutions /b’/ and /v’/ are 
relatively close to /b/ and /v/ whereas the nasal /m’/ is 
perceptively between /n/ and /m/ but much closer to /m/. This 
is equally valid for the simulations and for the ventriloquist’s 
isolated CV utterances. A perceptive inspection of substitute 
sounds which are embedded in sentences and uttered by the 
ventriloquist shows that the substitution of /m/ is a difficult 
task, so that occasional appearances of a substituted /m/ are 
perceptively close to /n/. One explanation is given by the 
higher articulatory effort of the production of the respective 
substituted sounds.  
Moderate dissimilarities between the simulation and real 
speech are given by the partially different formant 
constellations of the substituted sounds, especially for /b/. This 
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n be caused by different techniques of ventriloquists to 
nerate the substitute sounds. The spectrum of the sounds 
nnot be perfectly reproduced by their substituted 
unterparts. An interesting point is that the strategies are 
fferent in the case of /b/. Whereas in the simulation the first 
o formants are reproduced at the expense of a higher third 
rmant in the real utterances the intensity of the second 
rmant is significantly reduced, beyond recognition. 
th the results of the simulations and the analysis of real 

eech indicate that by the substitute sounds the lower 
quency range is better reproduced than the higher frequency 

nge. This corresponds to the relevance for human speech 
cognition. 

3. CONCLUSIONS 

bstitute sounds are generated and analyzed in various 
anners. Furthermore, new substitution sounds were found. 
e degree of achieved perceptive similarities between the 
unds and their substituted counterparts are unexpectedly 
gh. Nevertheless differences in the spectral domain exist, 
pecially in the higher frequency range. For a successful 
bstitution the relevant spectral information should be 
produced as precisely as possible and the introduction of 
nfusing spectral information should be avoided.  
was shown by simulation and by real speech recordings, 

spectively, that it is generally possible to replace certain 
unds by perceptively equal substitute sounds. This may lead 
 new perspectives in the treatment of dysarthria patients. 
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