
CONTINUITY BASED GROUPING AFFECTS THE PERCEPTION OF
VOWEL-NASAL SYLLABLES

Georg Meyer* and William Barry+

*Keele University, Keele, England;  +Universität des Saarlandes, Saarbrücken, Germany

ABSTRACT

Auditory scene analysis (ASA) is a theoretical framework that
aims to explain the auditory perceptual organization. We test the
hypothesis that formant continuity is used to link speech seg-
ments. Three experiments are described that investigate listeners’
ability to use the formant continuity cues to categorise the syn-
thetic nasal /m/ and vowel-nasal syllables.
The first experiment shows that, without formant transitions, the
perception of a synthetic nasal /m/ changes from /m/ for vowels
with low second formant (F2) values to /n/ for vowels with high
F2s, this switch is consistent with the use of formant proximity
for perceptual organization.
The effect of introducing formant transitions as continuity cues
into the stimulus was investigated in a second experiment which
shows that transitions of only 5ms duration are sufficient to trans-
form the /en/ percept to a /em/.
The final experiment addresses the question of whether transi-
tions are analysed in fine detail by adding frequency modulated
tones into the stimulus. The addition of chirps changes the per-
cept if the chirp position is in the same position and direction as a
formant transition, although the fine spectral structure of the
sound is very different. If the chirp moves in the opposite direc-
tion, it also changes the percept but to a lesser extent, which sug-
gests that only a coarse signal analysis is carried out.

1. INTRODUCTION

Human listeners are remarkably good at recognising sounds in
the presence of other signals. A theoretical framework that seeks
to explain this robustness is Auditory Scene Analysis (ASA) [1].
In analogy to a visual scene an auditory scene is proposed that
contains features with properties, such as continuity in time, a
given spatial source location, or a fit into a given harmonic
structure. The underlying assumption is that all features that
share common properties derive from a single sound source and
can be therefore separated into perceptual streams without re-
course to high level knowledge.
Experimental evidence for many grouping cues exists for musical
stimuli and speech sounds.

1.1 Segregation vs. grouping

The common view of ASA is one of stream segregation. For
speech sounds that are defined by their contrastive nature a blind
application of segregation processes would result in multiple
‘snippets of information’. An important question in the context of
speech therefore is what cues listeners use to link speech seg-
ments together. This grouping of information is obviously very
closely related to the segregation of speech from non-speech
sounds.

1.2 Sequential grouping in speech sounds

Bregman [1] demonstrates a wide range of grouping cues that
link musical sounds, such as frequency proximity [2], spectral
continuity [3] and formant continuity for musical sounds. This
paper addresses the question of whether formant continuity af-
fects the perception of speech sounds.

1.3 The experiments

In this paper we present the results obtained in three experiments.
The first experiment demonstrates that the position of the second
formant of the vowel in vowel-nasal complexes can influence the
perceived identity of the nasal. The data is consistent with prox-
imity grouping. The vowel-nasal complexes used in experiment 1
do not contain any transitions between the formant positions of
the two segments, Experiment 2 shows that formant transitions of
5ms are sufficient to overcome the proximity grouping cues.
Experiment 3 addresses the question of whether the spectro-
temporal fine structure of the transitions between vowel and nasal
are important to the percept. We show that frequency modulated
sinusoids can change the percept if they are positioned where a
transition would be expected and that the direction of motion has
little effect, so that fine grained analysis seems unlikely.

2. EVIDENCE FOR PROXIMITY GROUPING ON
VOWEL-NASAL COMPLEXES

The aim of this experiment was to establish whether sequential
grouping cues influence the perception of nasals that are pre-
ceded by vowels.  The stimuli consisted of a vowel preceding a
nasal with formant frequencies at 250, 1000 and 2000 Hz, which,
in isolation, sounds like an /m/. A range of vowels with fixed first
(375 Hz) and third (2700 Hz) formants were presented. The sec-
ond formant was varied between 800 Hz (/o/) and 2000 Hz (/e/).
If sequential grouping processes are used for perceptual organi-
sation, the vowel F2 should determine which of the nasal for-
mants is considered as F2: either 1000Hz for the vowel /o/, lead-
ing to a /om/ percept, or the third formant at 2000Hz, which is
also the second formant in the nasal /n/, leading to a perceived
/en/.

2.2. Experimental Design

Each of 10 listeners carried out two experiments where a quasi-
random sequence containing 10 repetitions of each vowel, fol-
lowed by the nasal /m/ were played. The second formant for the
vowel was varied in steps of 200 Hz between 800 Hz and 2000
Hz, resulting in 7 vowel sounds. A summary of the synthesizer
parameters is given in table 1. The signal contained instantaneous
transitions between the vowel and nasal formant positions and
amplitudes. The fundamental frequency of all signals was 100Hz.
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After each signal presentation subjects were asked to judge
whether the consonant sounded more like and /n/ or an /m/ by
pressing the appropriate button on a computer graphical user
interface. Subjects were instructed that the vowel preceding the
nasal was not relevant.
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Figure 1: schematic diagram of the vowel-nasal syllables used in
experiment 1. The nasal was kept constant while the vowel sec-
ond formant frequency was varied between 800 and 2000 Hz.

2.3. Proximity grouping in Vowel-Nasal syllables

The probability of a subject responding with /m/, plotted against
the vowel F2 frequency is shown in fig. 2. Subjects report hear-
ing the nasal /m/ when it follows the vowel /o/ (F2 at 800Hz) in
100% of all trials, if the vowel F2 lies at 2 kHz (/e/) subjects
consistently (95% of all responses) report hearing /en/, although
the spectrum of the nasal presented has not changed.
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A logistic curve, eqn. 1, was fitted to the data to estimate the
threshold point, x0. The resultant parameter values are: A1 =
0.9766 ± 0.03, A2 = 0.034 ± 0.03, x0 = 1382 ± 14.8 Hz and p =
21.03 ± 6.38. The χ2 value is 0.002.
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Figure 2: Probablility of subject hearing /m/ in a vowel-nasal pair
when the second formant of the vowel is varied between 800 Hz
and 2000 Hz. The mean subject response is shown as a line and

error bars show standard errors (SE).

2.4 Discussion
We show that the second formant in a vowel preceding a nasal
can change the perceived identify of this nasal from /m/ to /n/.

The nasals /m/ and /n/ are difficult to recognise if no context is
provided to the listeners [4]. In a baseline experiment our listen-
ers were asked to recognise 300ms steady state nasals at 100Hz
F0 with the synthesizer parameters shown in table 1. The /m/ was
recognised in 86.4 % (SE 4.33) of all trials while the /n/ was rec-
ognised in 83.9% (SE 5.98) of the trials.
Auditory Scene Analysis provides an intuitive framework ex-
plaining the perceptual organisation underlying the change in the
percept.
If the nasal spectrum is the /m/ prototype, and the vowel is the /e/
then the second formant of the /e/ and the third formant of the /m/
are at 2 kHz. If some low-level perceptual process were to link
formants by continuity in time and frequency space, the obvious
link to make would be the two formants at 2 kHz and probably
also the first formants at 375 Hz (/e/) and 250 Hz (/m/). This
configuration would leave nothing to link the second formant of
the /m/ to. A ‘scene analyser’ may conclude that the formant is
some extraneous sound that is not part of the percept and put it
into another perceptual stream. The two remaining formants of
the /m/ are those of the /n/. The nasal zero of the /n/ would be
expected in the position of the /m/ F2, which also would be con-
sistent because the energy in this position has been assigned to a
separate perceptual stream.
The threshold where the nasal percept switches form /m/ to /n/ is
1382 Hz. This frequency, expressed in ERBs, a psychophysically
motivated frequency scale that takes the non-linear frequency
spacing of the auditory system into account [5], is almost exactly
on the mid-point between the two formant frequencies of the
nasal. The midpoint between F2 and F3 of the /m/ lies at 18.11
ERB, the threshold at 17.88 ERB. A process that simply associ-
ated each formant with the closest (in ERB space) preceding or
succeeding formant would explain the perceptual data very well.

3. FORMANT TRANSITIONS AS CONTINUITY CUES.
The previous experiment shows that in VC complexes without
any transitions between segments proximity grouping offers an
intuitive explanation for the switch in the perceived nasal iden-
tity. Gradual formant transitions, caused by articulator move-
ments, are an important feature of natural speech. These transi-
tions can be considered as continuity cues. Experiment 2 ad-
dresses the question how long formant transitions have to be to
provide useful information for linking segments.

3.1. Experimental Design

The experimental design was identical to that described for ex-
periment 1 except that the frequency of the vowel F2 was fixed at
2 kHz. Transitions between the two steady state segments were
introduced with durations of 0, 2, 5, 10 and 20 ms. The synthe-
sizer was set up to use frames of 1 ms duration to allow formant
transitions to be generated that are shorter than a glottal period.
This is consistent with fast articulatory configuration changes,
but in most synthesizer implementations the frame rate is equal to
the glottal period to save computation time. The formant frequen-
cies and amplitudes were interpolated linearly between the start
and end point of the formant transition over the duration.
Subjects were asked to judge whether the nasal component of the
signal sounded more like an /n/ or /m/. Each subject completed
two experimental runs with 100 intervals each.
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3.2 Transition duration changes the percept

The introduction of transitions into the stimulus affects the per-
cept. Without transitions 9.16% (SE 3.5%) of subject’s judge-
ments are /em/, which is consistent with the data recorded in
experiment 1. For 20ms transitions 100% (SE 0%) of the judge-
ments are /em/. A logistic curve fit (eqn. 1) to the mean subject
response data was used to estimate the threshold value at 5.08 ms
(SE=0.04 ms) with a χ2 value of 0.117. Figure 3 shows the sub-
ject data as a scatter plot, the mean and standard error values are
superimposed on the data.
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Figure 3. Probability of subject judgements to be /em/ against
transition duration for the synthetic /em/ sound. The continuous

line is mean subject data; error bars show standard error.

3.3. Discussion

If formant transitions occur within 5ms or less, subjects perceive
/en/ rather than the /em/, which suggests that listeners use for-
mant proximity as a grouping cue as discussed in the previous
section.  For longer transitions the percept changes to an /em/
which suggests that listeners can use the continuity cue offered
by the transitions to integrate the second formant of the /m/ into
the percept.

4. ADDING ‘CHIRPS’ TO THE STIMULI

The previous experiment shows that very short transitions affect
the percept of the /em/ stimulus. It seems unlikely that the fine
spectral structure of the 5 ms transition is analysed. A possible
explanation is that it is not the fine structure of the transition that
matters, but that the auditory analysis is coarse, so that only the
presence of energy in the frequency area between 1 kHz and 2
kHz is detected. If this is true, then manipulations of the spectral
fine structure of the transition should have little or no effect.
The syllable /em/ without transitions, which was shown in ex-
periment 1 to be perceived as /en/ was played in addition to a
frequency modulated sinusoid centred on the vowel-nasal transi-
tion, fig 4. The chirp amplitude was scaled to lie 24dB below the
signal amplitude.
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Figure 4: Schematic diagram of the /em/ stimulus with two addi-
tional chirps, up (dotted) and down (filled), centered at the for-
mant discontinuity. Only one chirp is ever played per interval.

4.1. Experimental Design

The speech stimulus is identical to the ‘no-transition’ condition in
experiment 2 or the 2kHz F2 condition in experiment 1, but a
chirp, between the vowel and nasal F2 was added to the signal.
The direction of motion, up or down, and the chirp duration was
systematically varied, while the total energy in the signal was
maintained. Ten subjects were asked to indicate whether the
stimuli sounded more like and /em/ or /en/.

4.2. Addition of chirps changes the percept

If no chirps are placed between the vowel and nasal, /em/ is heard
in only 0.8% of trials, if a 10 ms chirp that moves from 2kHz to
1Khz (down) is added to the stimulus subjects hear /em/ in 99%
of the trials. As the chirp duration increases further the probabil-
ity to hear /em/ reduces to 74%. All subjects report hearing the
speech syllable plus a chirp but are unable to say exactly where in
the stimulus the chirp occurs.
The effect is more pronounced for the down-sweeping chirp than
for the up-sweeping chirp although subjects report hearing /em/
in 80% of trials, even if the chirp moves from 1kHz to 2kHz and
can therefore not be used to link segments if a fine signal analysis
was carried out.
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Figure 5. Effect of the introduction of a frequency modulated sine
wave that changes from 2 kHz to 1kHz in the duration shown on

the probability of subjects hearing /em/.

page 205 ICPhS99          San Francisco



5.3. Discussion

The chirps that were added to the signals were simple frequency
modulated sinusoids. Chirps of 5 ms and 10 ms duration, inde-
pendent of their direction are apparently integrated seamlessly
into the speech signal and change the percept from /en/ to /em/.
For longer duration chirps the direction of the chirp matters but
for chirp durations up to 40ms the majority of stimuli are still
heard as /em/, independent of the direction of the chirp although
a significant difference between the up and down-swept chirp
exist. For 40 ms upward chirps the percept reverts back to a /en/
in 50% of the trials.
The experiments show that the addition of a chirp can affect the
perception of the nasal. This suggests that a fine spectro-temporal
analysis of the transitions is not carried out because:
1. the spectral structure of the chirp sound is very different

from the harmonically structured speech sound
2. the direction of the chirp motion has little perceptual signifi-

cance.
3. the chirp does not suggest any transitions between the first

or third vowel formant and the nasal.

6. CONCLUSION

The experimental data presented in section 2 and 3 is consistent
with the theoretical framework provided by auditory scene analy-
sis. If the syllables are produced without any transitions between
vowel and nasal, proximity can be used to link formants and – in
the case of the synthetic /em/ - exclude the second formant of the
/em/ from the stimulus, causing an /en/ percept. The fact that the
F2 position threshold value is almost identical to the mid-point
between the two formants in the nasal is perhaps fortuitous but is
consistent with a low level analysis framework as described by
the ASA paradigm. The robust change in the percept, leading to
either 0 or 100% /em/ identification across a wide range of listen-
ers also supports the idea that a fundamental mechanism is ‘at
work’ here.
Formant transitions between the vowel and nasal, provided they
are at least 5ms long, can be interpreted as continuity cues in the
ASA framework. If transitions are present, no proximity group-
ing is necessary because formants can be linked explicitly. The
very short duration of the transition required to change the per-
cept, however, is remarkable.
Chirps that are added to the synthetic speech at low levels appear
to be effortlessly and completely integrated into the speech per-
cept. At first sight this is contradictory to the auditory scene
analysis because the framework would predict that the two sig-
nals making up each stimulus should be segregated into separate
perceptual streams and that the chirp consequently should not
affect the perception of the speech signal. An argument against
this interpretation is that subjects very clearly hear two objects,
so that at least some scene analysis must be taking place since the
chirps are not completely integrated into the speech signal. In
addition it is worth noting that for chirps longer than 10 ms dura-
tion the probability of hearing /em/ reduces significantly again.
The missing data recognition work Cooke and co-workers [7] has
attracted a lot of interest recently and may offer a plausible ex-
planation to why the chirps appear to be heard as separate objects
and simultaneously change the percept. Rather than arguing that

the processes responsible for scene analysis are able to cleanly
separate all signals into perceptual streams, most computational
models of scene analysis assign spectro-temporal elements to
different streams because within a given spectral or temporal
analysis window clean segregation of two simultaneous compo-
nents is not possible. If such a process is assumed in combination
to a recognition module that is able to ‘fill in’ the data that is
missing in each stream then the explanation for the perceptual
data is as follows: The chirp – within spectro-temporal resolution
limits is segregated from the remaining stimulus, leaving a gap in
the ‘speech stream’. This gap is filled in by the speech recogni-
tion module with the most likely ‘missing data’, which in the case
of the /em/ stimulus is a transition linking the respective F2s.
We hypothesise that the ‘auditory scene analyser’ does not have
the resolution to differentiate between up or downward chirps
which may explain the similar effect of the two chirps. If a chirp
is detected, it is assigned to one perceptual stream, and the re-
maining speech signal is processed using the assumption that the
chirp is masking a speech transition. As the chirps increase in
length the upward chirp is increasingly unable to account for the
normally expected missing downward transition so that the lis-
teners increasingly hear /en/ based on proximity grouping of the
formant tracks.
We show perception experiments that support the hypothesis that
scene analysis cues act on formants. This extends previous data
by Darwin and others showing sequential grouping at the level of
individual harmonics[7].
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NOTES

F1 B A F2 B A F3 B A
vowel 375 75 60 var. 75 60 2700 75 50
/n/ 250 60 60 2000 60 60 2700 300 60
/m/ 250 60 60 1000 60 60 2700 300 60

Table 1: Klatt synthesizer parameters: Fx: formant frequency (Hz), B:
bandwidth (Hz), A: Amplitude (dB). The nasals have nasal formants at

250Hz and nasal zeros at 750Hz (/m/) and 1000 Hz (/n/).
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