
Production and perception of pseudo-V1CV2 outside the vowel triangle: Speech 
illusion effects 

Tran Thi Anh Xuan1, Viet Son Nguyen1, Eric Castelli1, René Carré2 
1 International Research Institute MICA, HUST - CNRS/UMI2954 - Grenoble INP, Hanoi 

University of Sciences and Technology, Hanoi, Vietnam 
2 Laboratoire Dynamique du Langage - Université de Lyon 2 - CNRS/URM5596 - Lyon, France 
Anh-Xuan.Tran@mica.edu.vn, Viet-Son.Nguyen@mica.edu.vn, Eric.Castelli@mica.edu.vn, 

Recarre@orange.fr 
 

Abstract 
Vowels are generally described with static articulatory 
configurations represented by targets in the acoustic space: 
typically, formant frequencies in the F1-F2 and F2-F3 planes. 
Plosive consonants can be described in terms of places of 
articulation, represented by locus or locus equations in an 
acoustic plane. But how are a given vowel and a given 
consonant identified, when produced with different acoustic 
characteristics and in different environments? To which extent 
do listeners use contextual information? To which extent do 
they use normalization, and of which kind? These questions 
lead to studying both vowels and consonants from a dynamic 
point of view. At this level, what are the respective roles of 
static targets and dynamics information? Previous studies 
reveal that synthesized transitions situated on a F1-F2 plane 
but beyond the values observed in natural speech can be 
perceived as V1V2: that is, vowel-to-vowel transitions can be 
characterized simply by the direction and rate of the 
transitions, even when absolute frequency values are outside 
of the vowel triangle. The present paper extends the 
investigation to consonants: it reports new experiments 
showing that perception of pseudo-V1CV2 can also be 
obtained with formant transitions situated outside the vowel 
triangle. 
Index Terms: speech dynamics, consonant perception, vowel 
perception, speech illusion effects. 

1. Introduction 
Vowels are generally characterized by the first two or three 
formant frequencies. Each of them can be represented as a dot 
in the acoustic space (F1-F2 and F2-F3 planes) [1], and 
specified in terms of underlying ‘targets’: context- and 
duration-independent formant values as obtained by fitting 
“decaying exponentials” to the data points [2]. Such static 
representations may come to be considered as reflecting 
perceptual reality: granting the status of perceptual 
representations to the target values.  
However, formant frequencies for vowels vary considerably 
with the consonantal context (co-articulation) and with 
speaking rate/reduction phenomena [3]. This raises a central 
research issue: how is the perceptual representation obtained if 
the vowel targets depend on the speaker, and are rarely 
reached in spontaneous speech production?  
Sensory systems have been shown experimentally to be more 
sensitive to changing stimulus patterns than to purely steady-
state ones [4, 5]. In this light, it appears justified to look for an 
alternative to static targets: a specification that recognizes the 
true significance of the variation of the signal over time. One 
possibility is that dynamics can be characterized by the 
direction and the rate of the vocalic transitions. Vowel-vowel 

trajectories in the F1-F2 plane are generally rectilinear [6]. So 
they can be characterized by their direction. 
On the topic of transition duration, we recall the results of 
Kent [7]: “the duration of a transition – and not its velocity – 
tends to be an invariant characteristic of VC and CV 
combinations”. Gay [8] confirmed these observations with 
different speaking rates and with vowel reduction: “the 
reduction in duration during fast speech is reflected primarily 
in the duration of the vowel,… the transition durations within 
each rate were relatively stable across different vowels…”. If 
the transition duration is invariant across a set of CVs with a 
constant C and varying Vs, it follows that the transition rate 
depends on the vowel to be produced. At the very beginning of 
the transition and throughout the transition there is sufficient 
information to detect the vowel to be produced. If the 
perception of the following sound is based on the syllabic 
duration, on the transition direction and rate, then we can 
explain the perceptual results obtained by Strange [9] in ‘silent 
center’ experiments that replaced the center of the vowel by 
silence of equivalent duration. This manipulation preserves the 
direction and the rate of the transition as well as the temporal 
organization (syllabic rate).  
In a perceptual study [10], synthesized transitions situated 
outside the traditional F1-F2 vowel triangle were perceived as 
vowel-to-vowel transitions. In this case, there is no reference 
to any vowel targets in the vowel triangle. The results of this 
study can be summarized by saying that the region where 4 
trajectories converge (acoustically closed to [a]) was perceived 
as [a] or [u] or [o] depending on the direction and length (i.e. 
rate of the transition) of the trajectories.  
We intend to use the same kind of synthetic experiment 
leading to the perception of vocalic acoustic illusions for the 
study of consonant perception. We hypothesize that the 
transition rates are sufficient for consonant discrimination: so 
the consonant C is synthesized without burst. This point could 
be discussed [11]. This study has been carried out as part of an 
investigation into the production and perception of speech 
sounds by Vietnamese subjects [12]. 

2. Consonant perception experiments 
In order to study consonant perception, two experiments (non-
illusion test and illusion test) are realized in which a V1CV2 
item is synthesized by means of a formant synthesizer (a sine 
wave synthesizer could also be used [13]). The main 
difference between these two tests is the acoustic context of 
the consonant C (vowels V1 and V2): for the non-illusion test, 
it is inside the vowel triangle; for the illusion test, it is outside 
of it. Both experiments (non-illusion and illusion) are carried 
out with ten Vietnamese subjects (five men M1, M2, M3, M4, 
M5, and five women W1, W2, W3, W4, W5). Each subject 
listens to three times 60 V1CV2 stimuli presented in random 
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order, and chooses which consonant is perceived, among: b, d, 
and g. These three letters correspond, in the Vietnamese 
alphabet, to /ɓ/, /ɗ/ and /ɣ/: two preglottalized (injective) stops 
and a fricative, whose point of articulation is labial, dental and 
velar, respectively. The choice “NAK” (non-acknowledgment) 
is selected when the listener does not perceive any of /ɓ/, /ɗ/ or 
/ɣ/ in the stimulus. 

2.1. Non-illusion experiment 
In this experiment, the V1CV2 items is synthesized in which 
the two vowels V1 and V2 are situated inside the vowel 
triangle, with V1 and V2 very close to vowel [i] and vowel [a], 
respectively. The durations of V1 and V2 are 100ms, and 
120ms, respectively. The durations of the transitions V1C and 
CV2 are 30ms. The consonant C (duration = 30ms) is 
synthesized  for different formant values: F1 varies by step 
between 100Hz and 300Hz; F2 varies by step between 500Hz 
and 2500Hz; and F3 varies by step between 2000Hz and 
3500Hz.  

 

 
Figure 1: The perceptive results of two subjects in the non-
illusion experiment: one female subject W1 in (a), and one 

male M1 in (b). The blue circle corresponds to the consonant 
/ɓ/, the red cross corresponds to the consonant /ɗ/, and the 

green square corresponds to the consonant /ɣ/. 

Table 1 shows the main results of the perception test. The 
formant values correspond to the formant transition end points. 
The different items differ from the formant transition rates. 
The average correct recognition rates are calculated for ten 
subjects. It is interesting to note that: (1) all the subjects can 
hear easily the three consonants /ɓ, ɗ, ɣ/ (the score of NAK is 
very small); (2) they can recognize the three consonants /ɓ, ɗ, 
ɣ/ with high score; the best score of the consonants /ɓ/, /ɗ/, and 
/ɣ/ are 100%, 94%, and 93%, respectively; (3) the consonant 
/ɓ/ is perceived more easily than the others /ɗ/ and /ɣ/ (with 
the highest score, and without overlap with /ɗ/ and g/); the 
consonants /ɗ/ and /ɣ/ are less distinct with some overlaps; (4) 
the region of the consonant /ɗ/ is smaller than the one of the 

consonant /ɓ/ and /ɣ/; (5) in spite of some overlaps between 
the consonant /ɗ/, and the consonant /ɣ/, we still distinguish 
the three regions corresponding to these three consonants; (6) 
the F2 formant plays an important role that makes possible the 
discrimination of the three consonants /ɓ, ɗ, ɣ/; this agrees 
with the results obtained in studies of Liberman [14, 15] and 
Nguyen [14, 15] on F2. Figure 1 shows an example of the 
perceptive results of two subjects (one female subject W1 and 
one male M1) in the F1-F2-F3 3-D space. 

Table 1. Main perceptive results (%) in the non-illusion 
experiment. The average correct recognition rates are 

calculated for ten subjects. 

F1 F2 F3 /ɓ/ /ɗ/ /ɣ/ NAK
100 500 2000 100 0 0 0
200 500 2000 100 0 0 0
300 500 2000 100 0 0 0
100 500 2500 100 0 0 0
200 500 2500 100 0 0 0
300 500 2500 100 0 0 0
100 500 3000 100 0 0 0
200 500 3000 100 0 0 0
300 500 3000 100 0 0 0
100 500 3500 100 0 0 0
200 500 3500 100 0 0 0
300 500 3500 100 0 0 0
100 1000 2000 100 0 0 0
200 1000 2000 100 0 0 0
300 1000 2000 100 0 0 0
100 1000 2500 100 0 0 0
200 1000 2500 100 0 0 0
300 1000 2500 100 0 0 0
100 1000 3000 100 0 0 0
200 1000 3000 100 0 0 0
300 1000 3000 100 0 0 0
100 1000 3500 100 0 0 0
200 1000 3500 100 0 0 0
300 1000 3500 100 0 0 0
100 1500 2000 10 84 3 3
100 1500 2500 17 80 3 0
300 1500 2500 7 87 7 0
200 1500 3000 0 89 11 0
300 1500 3000 0 94 6 0
100 1500 3500 3 91 6 0
200 1500 3500 3 70 27 0
300 1500 3500 3 85 12 0
200 2000 2000 0 16 84 0
300 2000 2000 0 15 85 0
300 2000 2500 0 30 70 0
100 2500 2000 6 23 71 0
200 2500 2000 0 10 90 0
300 2500 2000 3 3 94 0
200 2500 2500 0 17 83 0
300 2500 2500 0 18 82 0
200 2500 3000 3 12 85 0
300 2500 3000 0 25 75 0
200 2500 3500 3 16 81 0
300 2500 3500 0 18 82 0

Formant Correct recognition rate

 

The blue circle corresponds to the consonant /ɓ/, the red cross 
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corresponds to the consonant /ɗ/, and the green square 
corresponds to the consonant /ɣ/. A sign (circle, cross, or 
square) will be marked in the 3-D space if the correct 
recognition rate of the consonant (/ɓ/, /ɗ/, or /ɣ/) is higher than 
50%. The sign dimension is also proportional to the correct 
recognition rate value. We can observe that: (1) both subjects 
can recognize easily the three consonants /ɓ, ɗ, ɣ/ (the 
dimension of circles, crosses and squares are great); (2) both 
subjects discriminate the three consonants by more or less the 
same values of F1, F2, and F3 (though there is a small overlap 
between the consonant /ɗ/ with /ɓ/ and /ɣ/ in the perceptive 
results of M1, the three regions corresponding to the three 
consonants /ɓ, ɗ, ɣ/ are distinct). 

2.2. Illusion experiment 
The illusion experiment is performed to find out the region of 
the consonants /ɓ, ɗ, ɣ/ in the F1-F2 and F2-F3 planes in 
V1CV2 context in which the pseudo-vowels V1, V2 are 
situated outside the vocalic triangle. The V1CV2 item is 
synthesized from the first three formants in which the 
trajectory of the sequence V1V2 is more or less parallel to the 
trajectory [i-a] in the vowel triangle: the F1, F2 values of 
pseudo-vowel V1 are 420Hz, 2680Hz, respectively, and the 
ones of pseudo-vowel V2 are 1000Hz, 1490Hz, respectively 
(see Figure 2).  

 
Figure 2: The V1CV2 stimuli in the illusion experiment: the 

pseudo-vowels V1, V2 are situated outside the vocalic 
triangle; the consonant C is synthesized without burst for 

different formant values of F1, F2, F3.  

The durations of V1 and V2 are 100ms, and 120ms, 
respectively. The durations of V1C and CV2 are 30ms. The 
consonant C is synthesized without burst for different formant 
values yielding 60 stimuli of V1CV2 items (the circle points in 
Figure 2): F1 varies by steps between 300 Hz and 600 Hz; F2 
varies by step between 1000 Hz and 7000 Hz; and F3 varies 
by step between 4000 Hz and 8500 Hz. In all above figures, 
the dot size is proportional to the recognition rate for a specific 
consonant. Almost all the subjects still recognize the three 
consonants /ɓ, ɗ, ɣ/, but there is one subject (M5) who cannot 
recognize the consonants /ɗ, ɣ/: his responses are either /ɓ/ or 
NAK. The results of M5 call for a separate analysis. Also we 
decide to calculate the average correct recognition rates of 
nine subjects (without M5). The main results are shown in 
Table 2. It can be noted that: (i) almost all the subjects still 
recognize the three consonants /ɓ, ɗ, ɣ/, but with a worse score 
than the one in the non-illusion test (recall that the perceptive 
tests are performed in an abnormal situation); (ii) the region of 
the consonant /ɗ/ is still smaller than the one of the consonants 
/ɓ/ and /ɣ/; (iii) in spite of some overlaps among the three 
consonants /ɓ/, /ɗ/, and /ɣ/, we still find out three distinct 
regions corresponding to the three consonants; (iv) although 
the test is carried out in a context where the pseudo-vowels 
V1, V2 are situated outside the vocalic triangle, F2 plays again 
an important role to discriminate the three consonants /ɓ, ɗ, ɣ/. 
Figure 3 presents the perceptive results of two subjects (one 
female subject W1, and one male M1) in a F1-F2-F3 3D 

space. We can note that: (i) almost V1CV2 can be perceived 
easily by both subjects (the dimension of almost circles, 
crosses and squares are great); (ii) there exists some overlap 
between /ɗ/ with /ɓ/ and /ɣ/; in particular, for the male subject 
M1, there is an overlap between the consonant /ɓ/ with the 
consonant /ɣ/ where the consonant /ɓ/ is recognized with very 
high values of F2 and small one of F3. 

Table 2. Main perceptive results (%) in the illusion 
experiment. The average correct recognition rates are 

calculated for nine subjects (without the results of the subject 
M5). 

F1 F2 F3 /ɓ/ /ɗ/ /ɣ/ NAK
300 1000 4000 85 13 2 0
450 1000 4000 93 4 3 0
600 1000 4000 78 0 6 16
300 1000 5500 92 8 0 0
450 1000 5500 97 3 0 0
600 1000 5500 74 4 6 16
300 1000 7000 92 8 0 0
450 1000 7000 97 0 0 0
300 1000 8500 92 8 0 0
450 1000 8500 96 0 4 0
300 2500 4000 19 74 7 0
450 2500 4000 0 88 12 0
300 2500 5500 11 71 18 0
450 2500 5500 0 92 8 0
450 2500 7000 0 93 7 0
450 2500 8500 6 92 2 0
600 4000 4000 4 10 86 0
600 4000 5500 7 13 75 5
600 4000 7000 3 18 79 0
600 4000 8500 4 6 82 8
600 5500 4000 14 14 72 0
600 5500 5500 8 7 85 0
600 5500 7000 12 7 81 0
600 5500 8500 7 4 89 0
600 7000 4000 4 7 81 8
600 7000 5500 10 16 74 0
600 7000 7000 15 4 81 0
600 7000 8500 6 12 82 0

Formant Correct recognition rate

 

3. Discussion 
The dynamic approach is attractive because it potentially 
allows for the integration of consonants and vowels within a 
single theory. Conceivably, using the parameter of transition 
rate, one might propose that fast transitions tend to produce 
consonants, whereas slow transitions produce vowels. 
In the case of perceiving V1V2 sequences, acoustic 
measurements indicate that signal information on V2 is 
available throughout the transition and especially at its very 
beginning. This strategy presupposes that the identity of the 
previous V1 has been determined.  
In this study, the results of both experiments (non-illusion and 
illusion) show that the subjects can recognize and discriminate 
the three consonants /ɓ, ɗ, ɣ/ in the two different vowel 
contexts (inside and outside the vocalic triangle). The 
corresponding items differ from the transition rates. In the 
illusion experiment, the three consonants /ɓ, ɗ, ɣ/ are 
perceived with more difficulty (the correct recognition rates 
are smaller) than they are done in the non-illusion one. This 
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can be explained by the fact that the perceptive tests in the 
illusion experiment are carried out in an abnormal situation.  
 

 

 
Figure 3: The perceptive results of two subjects in the illusion 
experiment: one female subject W1 in (a), and one male M1 in 
(b). The blue circle corresponds to the consonant /ɓ/, the red 
cross corresponds to the consonant /ɗ/, and the green square 

corresponds to the consonant /ɣ/. 

However, the two experiments emphasize the important role of 
F2 in distinguishing the three consonants /ɓ, ɗ, ɣ/. Comparing 
the results of the both experiments, we can realize that as F2 
increases (from 500Hz to 2500Hz in the non-illusion 
experiment, or from 1000Hz to 7000Hz in the illusion one), 
the order of the three distinct regions corresponding to the 
three consonants /ɓ, ɗ, ɣ/ does not change: the consonant /ɓ/ is 
perceived with the lowest F2 values, and the consonant /ɣ/ is 
recognized with the highest ones. Though there is an overlap 
between the F2 values in the non-illusion experiment and the 
illusion one (from 1000Hz to 2500Hz), the positions of the 
consonants /ɓ, ɗ, ɣ/ in both experiments are different. This 
confirms that the aspect of static F2 value is not important, but 
the relative F2 variation in relation to the pseudo-vowels and 
the dynamic value (i.e. rate of the F2 transition) of the 
trajectories V1C and/or CV2 play a significant role. 
We interpret these results as suggesting that dynamic 
parameters such as direction of spectral change in acoustic 
space and transition rate could be more invariant across males, 
females and children than vowel targets. This hypothesis 
would make normalization in terms of static targets 
unnecessary. However, normalization of transition rate with 
respect to the different transition durations observed in 
production (and depending on the speaker) would seem 
necessary. Such normalization could be readily available 
perceptually, thanks to temporal coding and the sensitivity of 
the auditory system to rate (derivatives) and acceleration [4, 
5]. 
Our preliminary results on consonant perception with 

transitions outside the vowel triangle represent another step 
(after the perception of vowel-vowel transitions [10]) in 
support of a full dynamic approach. Further experiments with 
other combinations of vowels (/iu/, /au/) must be undertaken. 
More studies on the normalization process must also be 
undertaken. 
A dynamic approach necessitates a reconsideration of analysis 
techniques in light of our knowledge of the auditory system. 
The spikes observed in auditory nerve fibers are statistically 
synchronized by the time domain shape of the basilar 
membrane excitation around the characteristic frequencies 
[16]. So they can give information not only on the amplitudes 
of spectral components but also on the shape in the time 
domain of the components and thus on the phases. 
To attain some of these goals new tools would be needed. For 
example: Chistovich [17] described a model of the auditory 
system which detects spectral transitions without specific 
formant detection. For the notation of vowels, Vaissière [18, 
19] also develops new tools that reflect the nature of vowels 
more adequately than the articulatory description in IPA 
format. 
These considerations make it evident that in order to test the 
hypothesis of ‘greater invariance in transition rates than in 
formant targets’, it would be necessary both to improve 
current analysis techniques and to study more deeply the 
normalization of transition durations. 
Perception tests of formant transitions outside the vowel 
triangle encourage us to study general dynamic properties of 
the auditory system that may be used in speech.  

4. Conclusions 
This paper follows up results previously published on the 
deductive approach [20] proposing a dynamic view of speech 
production, and on the prediction of vocalic systems [21]. A 
static approach fails to properly acknowledge the 
fundamentally dynamic aspect of formant evolution and the 
intrinsic temporal characteristics of speech sound [18]. In 
short, the fact that most speech theories can still be qualified 
as static, makes it imperative to stress the necessity of dynamic 
studies. The preliminary results presented here on consonants 
following the ones on vowels [10] clearly show the importance 
of dynamic characteristics – which does not mean that static 
targets are not used in perception. The limits of the dynamic 
approach and the balance between the use of static and 
dynamic parameters in perception must be known. But the 
dynamic approach needs to develop new ways of thinking and 
new tools. Formant transitions cannot be obtained from a 
succession of static values but from directions and slopes. It 
means that a new tool able to measure directly these 
characteristics has to be developed. The dynamic approach is 
not a static approach plus dynamic parameters taken into 
account, it must be an approach intrinsically dynamic. It calls 
for an epistemological study of the dynamic nature of speech 
[22]. With such an approach, in syllabic co-production, 
traditional static targets are extrinsic values whereas transition 
parameters become intrinsic values. 
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