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introdUCtion
This paper analyses results collected by an on-line study of 

vowel recognition. Its aims are to compare accents of English 
speakers in different provinces and countries by identifying 
the regions of the perceptual vowel plane that correspond to 
a given vowel. It also aims to quantify how far an intended 
vowel may be displaced on the vowel plane from its mean 
position before it ceases to be recognised. These aims could, in 
principle, be achieved in a laboratory study. On a large scale, 
however, such a study would be laborious and expensive. The 
advantage of this on-line study is that it is automated and that, 
following its launch five years ago, it has had large scale and 
wide-ranging international participation. 

The method of the study was reported in detail by Ghonim 
et al. [1], where some preliminary results were reported. Briefly, 
the survey has a large set of synthesised sounds of the form 
h[vowel]d, chosen because nearly all such combinations are real 
English words. On-line volunteers listen to a synthesised sound 
and choose, from a list on their screen, the h[vowel]d word they 
think the sound most resembled, or else judge it unrecognisable. 
Their choice and the parameters used to synthesise that vowel 
are then recorded in a database. They then progress to the 
next sound. At the start of a session, each respondent gives 
information about their native language, their regions of birth 
and residence, their gender, age and some other details about 
their linguistic history and environments. 

Much of the phonemic information in the vowels of English 
is contained in the first two formant frequencies, F1 and 
F2. These formants are broad peaks in the spectral envelope 
produced by the first two resonances in the vocal tract [2,3].

The study by Ghonim et al. [1] uses a synthesis method 
developed by the authors for the purpose [1]. It samples the 
vowel plane in 50 Hz steps between the boundaries shown in 
Figure 1. Two other parameters are varied: the vowels can have 

two different lengths (t = 120 and 260 ms, hereafter ‘short’ 
and ‘long’) and two different initial fundamental frequencies 
(f0 = 126 and 260 Hz, hereafter ‘low’ and ‘high’). The number 
of sounds identified by each subject depends on their good 
will and patience. However, over all subjects, points in the 
space (F2, F1, t, f0) are presented in a pseudo-random order 
so that each point has a similar number of occurrences. 

The present paper analyses the results from this study, shows 
how the perceptual (F2, F1) plane is divided among vowels and 
unrecognised regions, and how this division depends on vowel 
length and f0. It then uses the data to determine how the chance 
of identifying a sound as having a particular vowel varies as a 
function of the distance from the sound having the mean values 
(F2, F1) for that vowel. Using this function for each vowel, the 
characteristic distances on the perceptual (F2, F1) plane that 
are required to distinguish different vowels are calculated. The 
vowel plane is usually plotted as (F2, F1) with the direction of 
the conventional axes reversed; this is to preserve a similarity 
to the phoneticians’ plot of mouth opening versus position of 
the tongue constriction. This tradition has been followed in this 
work.

resULts

the data set
40.5% of respondents used headphones and 59.5% 

loudspeakers. The frequency range of F1 often lies in a range 
over which the gain of radiating loudspeakers varies strongly 
with frequency, so it was of interest to see whether this made 
a difference to results. Averaged over all vowels, the shift in 
mean frequency of (F2, F1) from headphones to loudspeakers 
was (5.5 Hz, –7.6 Hz) for the survey population. This shift 
is insignificant in comparison with the sampling interval on 
the (F2, F1) plane (±50 Hz) and consequently headphone and 
loudspeaker data are pooled in all the subsequent analysis.

The results of an on-line study of vowel recognition by English speakers are analysed. A relatively unused region of the 
perceptual vowel plane is identified at about (F2, F1) = (1800 Hz, 350 Hz). The rest of the plane is divided among vowels 
in ways that differ somewhat for different countries and regions thereof. Vowel length is used in several cases to help 
distinguish vowels whose distributions overlap substantially in (F2, F1). When the fundamental frequency is higher, the 
values of F1 and F2 are also higher, though much less than proportionally. This is consistent with the observation that 
women’s vocal tracts are usually shorter than men’s. The characteristic separations required to distinguish vowels in the 
(F2, F1) plane were 115 Hz and 292 Hz in the F1 and F2 directions respectively, with similar values in different countries.
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Figure 1. Distribution of unrecognised sounds on the perceptual 
(F2, F1) plane as a fraction of all choices by all respondents. The 
grey scale on the left indicates the fraction of sounds that were not 
recognised as any word.

Unrecognised sounds
The grey scale in Figure 1 shows the fraction of sounds that 

were not recognised as any of the listed words. Over the whole 
parameter space and for all respondents, the fraction of sounds 
that were not recognised as any of the words is 6.5%. In one 
area of the plane, near (1800 Hz, 350 Hz) or between ‘heed’ 
and ‘who’d’ in US, Australian or UK English, the proportion 
rises to 15-20%, suggesting that this area of the plane is not so 
much used in the accents of English most represented in this 
study, which are American, Australian and British. Other local 
areas of low recognition occur on the right, at very low values 
of F2.

Figure 2 shows the percentage of tokens over all of the 
parameter space that were recognised as each of the listed 
words by respondents born in the US (202 male respondents, 
193 female), Australia (54 male, 49 female) and the UK 
(49 male, 18 female). They are grouped into words with 
monophthongs without the letter r, words containing the 
letter r, words that are often pronounced with diphthongs and 
those which were unrecognised. In what follows the effects of 
diphthongs and the letter r are discussed.

Figure 2. Percentage of words chosen by respondents born in US, AU 
and UK. ‘?’ indicates that the vowel was unrecognised.

diphthongs and r
The sound samples did not include any words synthesised 

with a diphthong. Nevertheless, the survey allows respondents 
to chose words that would, in most Australian speech, be 
pronounced as h[diphthong]d: hayed, hide, hoed, how’d, 
hoyed. They were included because it is conceivable that some 
of these words might be pronounced as monophthongs in 
some accents. In practice, few respondents chose these words: 
over all sounds, hayed (0.8%, 0.3%), hide (2.1%, 0.6%), hoed 
(3.9%, 2.2%), how’d (0.5%, 0.5%), hoyed (2.5%, 0.9%) where 
the two values are respectively for respondents born in the US 
and Australia. These results suggest that more Americans than 
Australians recognise these words as monophthongs.

The sound samples did not include any rhotic r sounds. 
Nevertheless, the survey allows respondents to choose the 
words haired, hard, heard and hoard. In Australian English, 
and in some other varieties, these words are often pronounced 
without the rhotic r as h[vowel]d, but this is less frequent in 
the US. Figure 2 shows that each of these words was chosen 
by a higher proportion of respondents born in Australia than 
the proportion of residents born in the US. The proportions 
of Australians who chose these words when the vowel was 
long and short were: haired (98.1%, 1.9%), hard (93.4%, 
6.6%), heard (92.1%, 7.9%) and hoard (96.8%, 3.2%). This is 
consistent with the observation that r in Australian English has 
the effect of lengthening the preceding vowel [4].

distribution of vowels in different regions
Figure 3 shows the distribution of vowels on the perceptual 

(F2, F1) plane for respondents born in the US, Australia and 
the UK. For each group of respondents, the centre of each 
ellipse shows the mean values, the direction of the major axis 
is the line of regression and the semi-axes show the standard 
deviations in that direction and the direction at right angles to 
the line of regression. The gap between ‘heed’ and ‘who’d’ 
(mentioned above in the context of unrecognised vowels) is 
less noticeable in the Australian than in the American or UK 
data.

‘Short’ or ‘long’ printed below one of the words in Figure 3 
means that more than 75% of the selections of that word were 
from the short or long sound samples, respectively. (On the 
average, each respondent should have received equal numbers 
of short and long sounds). This difference explains the overlap 
of some of the vowels: in the Australian and UK data, the 
distinction between heed and hid is largely made by vowel 
length, rather than position in the perceptual (F2, F1) plane. 
It is also important in distinctions between hud and hard, hod 
and hoard, and head and haired. This effect is smaller in the 
US data.

If we consider only the words that do not contain r and that 
are not possible diphthongs, Figure 2 shows that the words that 
are least chosen by both US and Australia respondents are had 
(2.1%, 3.5% respectively) and heed (2.4%, 2.0%). For heed, the 
alternative choice in that region is either hid or ‘unrecognised’. 
For had, there is no nearby peak in the ‘unrecognised’ choice, 
but there is competition for much of that region of vowel space 
from several other vowels. Conversely, Figure 3 shows that 
there are few vowels at the top right of the plane, so hood and 
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who’d have high values in Figure 2. The word with the neutral 
vowel, heard, is also chosen frequently.

Figure 4 compares the results of New South Wales 
(38 respondents) and Queensland (18 respondents). For 
these populations, seven of the vowels showed differences 
significant at the 95% level (Figure 4). Averaged over all 
vowels, F1 was larger for NSW by 17 Hz, and F2 by 32 Hz. 
Both F1 and F2 increase with increasing mouth aperture so, 
on its own, this suggests that Queenslanders, on average, open 
their mouths less widely than New South Welshmen. However, 
the Queensland means are usually closer to the edges of the 
vowel plane, suggesting that Queenslanders use more of the 
vowel plane and thus have larger differences between vowels. 
It should be remembered, however, that 32 Hz is still smaller 
than the separation between harmonics in this study.

Among the three US states with the largest number of 
respondents – California (47), New York (33) and Ohio (20) 
– the differences were smaller than those between New South 
Wales and Queensland. At the 95% level, significant differences 
were found for only three vowels between California and Ohio 
(had, hod, who’d), three vowels between New York and Ohio 
(had, heed, who’d) and two between California and New York 
(had, heed).

Figure 4. Shift in mean formant frequencies from Queensland (black) 
to New South Wales (grey). Those in large font are significantly 
different at the 95% level. For each word, F1 lies on the mid-line of 
the word, and F2 immediately to the left of the word. 

Vowel length
In several cases, vowels whose ellipses overlap significantly 

when plotted as in Figure 3 were, in part, distinguished by 
vowel length. Table 1 plots, for each word and each of the US, 
UK and Australia data, the fraction of choices that were long 
vowels. Thus hard was usually chosen when the sound sample 
had a long vowel, which distinguished it from hud and hod, 
which are nearby on the vowel plane for all these countries. 
heed and hid are distinguished by length in all these countries, 
though the difference is slightly less in the US.

We looked for patterns in the displacement on the 
perceptual vowel plane between the long and short versions 
of the same chosen word. F1 increases with mouth aperture 
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Figure 3. Vowel distribution and standard deviation ellipses for (a) 
US, (b) Australian and (c) UK respondents to this survey. The dashed 
line shows the limit of the perceptual (F2, F1) plane sampled in these 
two dimensions.
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and so, to a lesser extent, does F2. Perhaps sustained vowels 
give the speaker more time to open the mouth. If so, one would 
anticipate the longer vowels to be displaced down and to the 
left on the perceptual plane. There was no such effect, nor any 
other consistent pattern in the US, UK and Australian data, and 
the average shift for these pairs was only several Hz. These 
results differ from an earlier perceptual study [5], where shifts 
in F1 and F2 were recorded for vowel lengths similar to those 
studied here.

dependence on f0
The reason for including high and low f0 was to simulate 

the difference between male and female voices. Acoustic 
measurements of the vocal tract resonances of young 
Australian men [6] and women [7] showed that the resonant 
frequencies used by women for a given vowel are typically 
higher than those used by men, which is traditionally explained 
by observing that women, on average, have shorter vocal tracts 
than men. Positive shifts on the perceptual (F2, F1) plane for 
synthetic vowels have been reported previously [8,9] so one 
might expect a similar result for formants in this perceptual 
study. Figure 5 shows the displacements of the vowels (low to 
high) for the Australian data. The displacements are positive in 
F1 and F2, as expected. 

Figure 5. Shift in mean formant frequencies from the ‘male voice’ 
(f0 = 126 Hz), printed in black to the ‘female voice’ (260 Hz, grey) 
in the Australian data. A large font indicates that the difference is 
significant at the 95% level.

Characteristic displacements for vowel recognition
A sound with values of F1 and F2 corresponding to the 

centre of one of the ellipses in Figure 3 has a high chance of 
being recognised as containing the vowel indicated on that 

ellipse: it has the mean values of F1 and F2 for that vowel 
identified by all respondents from that country. For sounds 
displaced significantly from that point, the chance of being 
thus identified falls. How far can a vowel ‘stray’ on the vowel 
plane before it ceases to be recognised? To answer this, the 
chance of being thus recognised as a function of distance on 
the vowel plane from its mean value was plotted. Distance 
on the perceptual vowel plane could be measured in Hz, but 
this would over-represent displacements in the F2 direction, 
because F2 is distributed over a larger range of frequencies. 
In a previous paper [10], a non-dimensional displacement d 
on the vowel plane was defined. The Pythagorean distance 
between two points a and b on the plane was scaled by the 
standard deviations σF1 and σF2 of all vowels in the F1 and F2 
directions to give the dimensionless separation:

d = +
(F1b - F1a)2 (F2b - F2a)2

σ2
F1 σ2

F2  
(1)

where σFi is the standard deviation in Fi over all vowels, 
which in this case is σF1 = 147 Hz and σF2 = 374 Hz. So, for a 
particular vowel v, whose mean value on the recognition plane 
occurs at (F2, F1), the fraction fv of vowels recognised as v is 
plotted as a function of the radial distance d from (F2, F1). 

The ellipses in Figure 3 show that the spread of vowel 
recognition is large and that there is considerable overlap. It is 
therefore interesting to ask how much of this spread is due to 
variation among respondents and how much to variation in the 
choices made by each individual respondent.

Figure 6 shows f(d) for the respondents born in Australia. 
It also shows f(d) for one Australian-born respondent who had 
a relatively large number of sample responses, and thus gave 
reasonably good statistics. At d = 0, the rate of recognition by 
the single subject was about 60% while for the population it 
was about 25%. Of course, the plot shows that, even for one 
subject, a vowel occupies a finite area on the plane. For a large 
population, which may have and be familiar with different 
accents, the distribution for each vowel is larger than for an 
individual.

Dowd et al. [10] fitted both exponential (a0e-d/λ) and 
Gaussian functions (b0e-d2/2σ2) to f(d), so we fit those functions 
here, to give two characteristic, non-dimensional distances, λ 
and σ respectively. In the present study, the Gaussian appears 
to be a rather better fit (Figure 6). For the Australian individual 
and the Australian sample data, the values of a0 are respectively 
0.63 and 0.27, b0 are 0.56 and 0.23, values of λ are 0.94 and 1.00, 
while those of σ are 0.62 and 0.74 respectively. These values 
of σ correspond to 86 and 229 Hz in the F1 and F2 directions 

Table 1. The percentage of choices that were for a long vowel, for each word and for each of three countries. Bold font highlights values above 
75% or less than 25%, that is, words that are classed as long or short in Figure 3.

%long had head heed hid hod hood hud who'd hard heard haired hoard
US 61.0 41.9 74.5 27.9 54.3 29.1 26.2 72.4 87.6 90.5 80.0 87.7
AU 45.7 31.3 80.9 15.8 18.4 15.4 5.3 63.6 93.4 92.1 98.1 96.8
UK 55.9 29.5 88.2 11.7 28.1 15.1 5.4 79.7 98.9 98.0 95.9 98.0
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respectively for the individual, and 109 and 277 Hz for the 
population. The population values are surprisingly similar to 
those of [10], who reported 105 and 279 Hz. Direct comparison 
between them is not advised, however: in the Dowd et al. [10] 
study, we used acoustic measurements of the tract resonances, 
not formants, we used real human speech, not synthesis, and the 
language studied was French, not English.  

Figure 6. The fraction of sounds identified as a having a particular 
vowel plotted as a function of the dimensionless Pythagorean distance 
(d) from the mean position for that vowel. The data are averaged 
for all vowels. Solid lines and black points are for the Australian 
population. Dashed lines and grey points are for one Australian 
respondent with a large data set. The straight and curved lines indicate 
the results of an exponential or Gaussian fit respectively to the data. 
Error-weighted fits are used, hence points with large values of d that 
were chosen infrequently do not contribute strongly to the fit.

The values of σ from the Gaussian fits are listed in Table 
2 for all respondents and for the five countries having the 
greatest numbers of respondents (Australia, US, UK, Canada 
and France). There is little variation among these.

Table 2. The characteristic distance required to distinguish vowels 
(Gaussian model). σ is the dimensionless separation defined by 
equation (1) and σ1, σ2 the separations in F1 and F2 respectively. 

Population AU US UK CA FR ALL
σ 0.74 0.79 0.76 0.70 0.79 0.78
σ1/Hz 109 116 112 103 116 115
σ2/Hz 277 295 284 262 295 292

future use
One possible use of the data gathered by this survey might 

be voice synthesis that is tailored for different regions. To 
obtain finer detail, it would be necessary to advertise the survey 
in the required geographical regions.

The survey [11] has run for only a few years, so it is too 
early to look for evidence of vowel drift with time. It would 
be interesting, however, to study changes on a time scale 

of decades, as suggested by Mannell [12]. The authors are 
prepared to make data available to other researchers, subject 
to conditions that include the anonymity of the data being met.

ConCLUsions 
This survey quantifies the vowel plane for several countries 

and regions thereof. A relatively unused region of the vowel 
plane is identified at about (F2, F1) = (1800 Hz, 350 Hz). 
In several cases, vowel length helps distinguish vowels that 
overlap on the plane. The values of F1 and F2 rise slightly 
when the fundamental rises from typical women’s to men’s 
range. Using a Gaussian model for vowel distribution, the 
characteristic separations required to distinguish vowels in the 
(F2, F1) plane were respectively 115 Hz and 292 Hz in the F1 
and F2 directions. 
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SHOCK WAVES AND THE SOUND OF A

HAND-CLAP — A SIMPLE MODEL
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The aerodynamics of the impact between two human hands in a hand-clap is examined, in particular in relation to the hand profile which

may be either nearly complementary between the two hands, giving a nominally flat impact, or else domed so that there is a significant

enclosed volume. It is shown that shock waves are generated in nearly all hand-claps, with the addition of a Helmholtz-type resonance in

the case of domed impacts. As can be judged by simple listening, a flat clap produces broad-band sound that typically extends to about

10 kHz while the spectrum of a domed clap usually has a subsidiary maximum somewhere below 1 kHz and then declines with frequency

more rapidly than does the flat clap.

INTRODUCTION

While the Zen koan of ‘the sound of one hand clapping’ aims

to encourage meditation, the practical human two-hand-clap is

an emotive communication gesture used in many gatherings

such as concerts or lectures. A brief experimental study

shows that the sound can vary from a dull thud through a

low-frequency pulse to a sharp high-frequency snap, selection

between these sounds being controlled by the shape of the

hands on impact. A simple semi-quantitative examination of

the impact dynamics shows that, for those configurations of the

hands that produce a loud sharp sound, the generation of shock

waves is involved. It is the purpose of the present brief paper to

examine this process.

There is little in the way of previous studies to refer to,

despite the ubiquity of clapping. A 1987 study by Repp [1]

examined the sound spectra for different hand configurations,

but concentrated on perceptual psychophysics rather than on

physical acoustics. A later study by Hargather et al. [2] noted

the presence of shock waves in some handclap sounds and

examined them by schlieren photography, but again did not

investigate the underlying physics.

VARIETIES OF IMPACT

While the surface profile of the human hands is rather

complex, a quick self-experiment shows that, in order to

produce a loud sound as is generally desired, the two hands

are oriented so that the more protuberant part of the profile

— the ridge below the fingers or the fingers themselves — is

brought into collision with the recessed palm of the other hand.

Because the flesh of the hand is softly elastic, the collision is

generally terminated by complete contact over the impact area,

though it is possible to arch the hand so that some enclosed

cavity remains. The flesh of the hands is also sufficiently

damped by its cellular structure that acoustic vibration of the

solid structures can be ignored, so that sound production is

entirely due to the enclosed air.

Since the hands are not flat, there are several possible

simplified geometries of this enclosed air, as shown in Figure 1.

(a)

(b)

(c)

Figure 1. Three simplified geometries for impact of two hands during

a clap. (a) very little sound produced, (b) a sharp clap sound with

no resonance, (c) a sharp loud clap with a low-frequency resonance.

There may be vents left at the edges.

If the hands are brought together where both surfaces are

convex, as shown in Figure 1(a), then experiment shows that

almost no sound is generated. If the relative positions and

orientations of the hands are chosen so that the surface shapes

are complementary, as in Figure 1(b), then the sound is a sharp

high-frequency snap with no audible resonant component. If,

however, the hands are cupped as in Figure 1(c), then there

is a sharp sound with emphasized low-frequency components,

the central frequency of which can be altered by adjusting the

curvature of the hands, and thus the enclosed cavity volume,

and also perhaps the geometry of the exit opening.

DYNAMICS OF A FLAT IMPACT

While the hand surfaces are generally somewhat curved, as

idealized in Figure 1, any matching curvature of the two hands,

as in Figure 1(b), has very little acoustic effect. An initial


