Proceedings of The Institute of Acoustics

MODELLING THE PERCEPTION OF CONCURRENT VOWELS
Potar Asamann and Quentin Summerfield

MRC Institute of Hearing Research, University Park, Nottingham

INTRODUCTION

The effects of noise on speech communication have been understood in broad
terms for some time (10). Howaver, only relatively recently have speech
ragearchers begun tp address the guestion of how listenars extract individual
acoustic cues to phonetic categories from speech signals corrupted by noise
(6), and how that process can be modelled to be independent of the
spectro-temporal structure of the noise (17). A particular problem, both for
human spesch perception and for automatic speech recognition, arises when the
background noise is that of a competing volice. Three cues for segregating a
single voica from a background of other voices have received attention:
binaural information (9), fundamental freguency differences (3,15), and
onset/offset asynchronles {6,16)., In this paper we investigate &8 restricted
case of the multi-source recognition problem, where none of the abovae cues are
available: that of two simultanecus, synthetic vowels presented monaurally
with the same, fixed fundamental fregquency, and their pitch pulses in
synchrony. :

Scheffers (15) reported that listeners could identify both members of such a
pair of vowels with better-than-chance accuracy. This rather surprising
finding was confirmed in a later study by 2Zwicker (18) and was replicated in
tha data presented here. Scheffers suggested that the perception of
simultaneous vowel Sounds might be modelled as & template-matching process.
Tha spectrum of an incoming vowel pair is compared with a set of steored
reference profilea, and tha two best-matching profiles determine the responses
made to the presented vowels, Scheffers adopted a formant representation as
the basis for his classification algerithm. In his medel, formant peaks were
extracted from auditory excitation patterns, and classification was based on a
comparison of the frequencies of detected formant peaks with those of a set of
stored referenca profilea. Here we compare a formant-based representation of
the perceptually salient information in vowel sounds with several alternative
spectral representations {1,8,14), and evaluate their performance in
predicting identification profiles for paired vowels.

THE EXPERIMENT

The data were obtained from a larger experiment investigating the 'enhancement
effact' of spectral amplitude increments on the identification of simultaneous
vewals (16€). Listenars identified paired vowels in saveral precursar
conditions and a control condition with no precursor. The data described
below were from the control condition.
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Stimuli were produced digitally (10,000 samples/sec, 12-bit  amplitude
quantisation) by summing the waveforms of isolated synthetic vowels from the
set / 1 aud B /. A total of 25 pairs was constructed, representing all
pessible combinations of these five vowels. Formant frequencies were based on
estimates from natural tokens from a speaker of British English. The
fundamental f£requency was conatant at 100 Hz. Two sets of vowels were
produced using different synthesis procedures., In the first set, the vowals
were produced by means of cascade formant synthesis [7]. We will refer to
stimuli f£rom this set as ‘'Klatt vowels'. 1In the second set, pairs of adjacent
harmonics of a 100 Hz fundamental frequency were synthesisad at frequencies
straddling the centre frequencies of the lowest three formants. Harmonics
were of eagual amplitude, with random starting phasea. Stimuli from this set
will be referred to as '6-harmonic vowels'. Lina gspectra illustrating the two
stimulus setas for the vowel fi/ are shown in Figure 1.

Vowel cnsets and offsets were shaped
by a 10.7 ms Kaiser function. Vowels
were 188.6 ms in duration between the
-6 4B points. Stimuli were presented
on-line by means of a DEC PODP-11/60
and LPA-1lK, low-pass filtered at
4,25 kHz {KEMO VBF/8, =135
dB/octave), and presented to
listeners over the left channel of a
set of Sennheiser HD-414 headphones.
Six listeners with normal hearing
participated in the experiment. Thay
= LHLELTLUT T "“ . were tosted individually in a
FREQUENCY [kHz] sound-attenuated room, instructed to
give two responses to each stimulus,
and responded by pressing VDU keys
LARARLARRALAAAL | I LR labelled with thae orthographic
representations of each of the
vowals: /1/1EE, JajiAH, fu/:00,
[1 ~ /3/+OR, /B/:ER.
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Pooled identification rates are shown
g ] in Table 1. No aignificant
differences were found between the
;1 4 two stimulus types, suggesting that
formant amplitude and overall
B i 3 ' i ! spectral shape may bo relatively
FREQUENCY [kHz) unimportant in the identification of
paired vowels with the same
fundamental frequency, at least for
the vowel set investigated here.

Figure 1, Line spectra of vowel fi/.
(a) 'Klatt vowels'
{b) '6é-harmonic vowels'
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Table 1. Identification rates (8 correct) for single vowels
and for paired vowels (both identified correctly).
Standard deviations (6 listenera) shown in brackeis.

Klatt vowels 6-harmonic vowels
singla vowals 99.0 (1.1} 98.3 (3.2)
palred vowals: 49.2 (9.5} 54.2 (16.6}

SPECTRAL INFORMATION AND THE IDERTIFICATION OF PAIRED VOWELS

Listeners typically reported hearing the paired vowels as stemming from a
aingle socund sourca. They were aware of two distinct ‘voices' only in the
casa of /i/ paired with /a/, where both vowals could be 'heard cut' and were
identified with a high degree of accuracy (better than B80%). For the
remaining pairs, listeners reported hearing only a single vowal guality,
‘coloured' by another. Ag reported by Scheffers [15] and Zwicker [18], one
mamber of the pair was dominant, and listeners felt that they frequently had
to guess at the identity of the second vowel. Since the paired vowels were
genserally heard as stemming from a single socund source, no attempt was made
explicitly o separate the composite vowel into two components in medelling
the results.

Ag 8 first step toward predicting the identification responses to paired
vowaels, wa computed measures of the degree of dissimilarity or ‘*distance’
batween each paired vowel and a set of reference patterns representing the
response alternatives. The resulting distance vectors were compared with
cbserved response vectors. The reaponse vactor Eor each paired vowel was
defined as the proportion of responsea assigned to each category, pooled
across trials, listeners and the two responses given on each trisl. No
attempt was made to Incorporate a clasaification rule to assign the paired
vowals to response categories on the baais of their distances. It was asaumed
that the probability of selecting a particular response alternative for a
paired vowel depends only on the degree of similarity te the reference
pattern, and not on the responss to the other member of the pair, as it
might if a process of partitioning the composite spectrum was involved.

It is generally considered that information specifying the identity of wvowels
is encodad in the short term amplitude spectrum. To reprasent this
information, we computed auditory excitation patterns according to the model
of Moore and Glasberg {1l). Four spectral distance metrics were applied to
the excitation patterns to determine the degree of similarity of paired vowels
and aingle vowal prototypes. Three of these metrics were modified versions of
Klatt's weighted spectral slope metric (8,13)]. The fourth was a formant peak
froquency metric (PEAK) similar to the model proposed by Scheffers [15].
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Klatt's welghted spectral slope metric (WSM)

Klatt (8] proposed a waighted spectral slope metric (WSM) to account for
perceptual judgements of phonetic quality involving pairs of isolated vowels.
Phonetic dissimilarity judgaments [4,5,8) were found to be greatly influenced
by changes in farmant peak freguencies, but were little affected by changes in
overall spectral tilt, formant amplitude, or formant bandwidth. WSM compares
pairs of spectra, or auditory excitation patterns, in terma of differences in
amplitude level between adjacent spectral channslsa. This metric highlights
local contrasts in spectral amplitude, but 1s relatively insensitive to
changes in overall spectral balance. A set of weighting coefficients adjusts
the contribution of a given frequency channel depending on: (a) the output of
the channel relative to the global maximum in the spectrum (kGMAx)' {b) the
output of the channel relative to the nearest local spectral maxjimum
(k J1 (e} overall leval ‘differences between the two spectra (k_).

The  values of these c¢oefficlents are seslected to optimise pregiction
performanca. Tha distance according to WSM between two spectra, S and S

is given by: t 2
a 2
= - L - '
dwsn kB [551 Bszl + ; kl“" [31 {1) 52 (i)} (1)
where Es1 and Bsz are the overall energy lavels of sl and 52;

Sl' and Sz' ara their spectral slopes, computed a5 the first difference:

L - 1 - L - -
S1 {i} Slli) Sl(1+l) and 52 (i) 3211) Szl£+1h
kS(i) - kthx / [kL"Ax + DLHAx(i)I Ikcnﬁx * DGHAxli)l ]
DGMAx(i) is the 4B difference between the level of the i1th spectral channel
and the glcbal maximum of the spectrum; DLHAxli) is the db difference

between the ith channel and the neareast local maximum of the spectrum;

and 0 is the number of spectral channels.

Weighted level metric {(WLM)

Two modified versions of the W5M were also investigated. The first was a
weighted level metric (WLM) which replaced the spectral slopes, S,' and
§.*', with spectral amplitude levels, S and S_. Matries similar Eo

tﬁe unweighted form of WLM have been used to predict vowel similarity
judgements {2,14). Although Klatt {8) reported that these matrics appeared to
be overly sensitive to spectral tilt and formant amplitude manipulations, we
falt that comparisons of WLM and WSM might help to establish whether a
slope-based representation provides a better characterisation than the
level-based rapresentation of the identification of paired vowels.
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Negative portion of the second differential (N2D) metric

The weighted N2D metric (WN2DM) replaced the s=spectral slopes S ‘(i) and
§ "{i) with S_'"{i) and 5_,*'(i), the absclute values of the negative
portion of the second differential of the spectrum, setting the positive
portion to zaro. 51" was computed as follows:

Sl"{li = MAX | - Sl(i-li - 251(1) + 31(1+ll , 0] (2)

This metric is not sensitive to differences in overall spectral tilt, assigns
greatest waight to differences in peak locations, but also emphasises spectral
regiona involving ‘shoulders®' and poorly resolved peaks. The detection of
shoulders is 1likely ta be of particular importance for the perception of
paired vowals, where the formants of different vowels can merga to form a
aingle peak.

Figure 2 illustratea the spectral
raprasentations which underly each of
the three metrics. In the top panel,
excitation level (as used by WLM) is
plotted as a function of erb-rate
[11). This profile shows a serias of
poaks in the low Erequency region of
the excitation pattern, zepresenting
prominent harmonics near the first
. A " A " " formant. Peaks in the high frequancy
ragion reflect the presence of highar
formants; individual harmonics are
not rasolvad, 1In the spactral slope
reprosontation used by MWSM (middle
panel), zero crossinge correspond to
maxima and minima of the excitation
L pattern. In the N2D represoentation
. (bottom panel} peaka correspond to
either peaks or shoulders in the
\\ excitation pattern. Since only the

EXCITATION LEVEL [0B)

ERB RATE Jerb}

SLOPE laDrerd]

L negative portion of the second
. L . differential is wused, the resulting

r - profile appears as a *sharpened’

w
ERB RATE lerb
varalon of the excitation pattern.

b L Figure 2.

Spactral representations used

by (a) WLM (b) WSM (¢} WN2IDM for
the vowel /i/ {cascade synthesis)

N1D (-dB/ert’)
[
A

o » -
ERB RATE (arb]
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Formant peak metric

The PEAK metric is similar to Scheffers' model [15] which represents vowel
quality in terms of the estimated frequency locations of Eormant peaks in the
spectrum envelope. The frequency locations of the lowest two or three
formanta are generally considersd to be the primary determinants of vowel
quality. In the low frequency ragion of the excitation pattern, a formant may
be defined by several peaks corresponding to strong harmonics, while in tha
high frequency region, several harmonics may combine to form & single peak.

Following Scheffers, we sampled the excitation pattern at integer multiples of
tha fundamental frequency. This ostep was necessary to avoid confusion betwaen
harmonic peaks and formant peaks. S$Six dB/octave preemphasis was applied to
the spectrum to obtain better formant fraguency estimates. The frequencies of
all peaks and shoulders in the sampled excitation pattern wera sstimsted by a
miltiple differentiation technique.

To aestablish a set of reference patterns with which to compare the peaks found
in the excitation patterns of the paired vowels, estimates of the fregquencies
of F1, F2 and F} were obtained, by tha same technique, from excitation
patterns of the isolated vowels, / £ aud 3 /. These estimates were in all
cases very asimilar to the synthesised formant frequencies. For each formant
peak of the reference pattern, the distance to the nearest spectral peak or
shoulder in the paired vowel was computed. The formant peak distance to the
ith response vowel was computed as:

2
i3 " Fn ) (3
whera ?11 is the estimated frequency of the jth formant of the reference
pattern “for the ith vowel, F is the frequency of the nearest estimated peak
or shoulder in the palired voue?, ] is a weighting coefficient reflecting
the relativa contribution of tﬂe jth formant, selected to optimise the
performance of the metric.

dPBAK - wj In [ F

COMPARISON OF DISTANCE PROFILES WITH IDENTIFICATION RESPONSES

For oach paired vowel, A response vector was computed as dascribed above.
Separate analyses were carried out for the Klatt vowels and the 6-harmonic
vowels. Diatences between the paired vowel spectrum and each of the
corrosponding reference patterns were computed for each metric, as described
above, for a total of 125 distances (25 vowsls by 5 response alternatives).
For each of the four metrica and three stimulus types, a correlation
coefficjent was computed betwsen the distance profiles and response profiles
(Tabla 2). ‘'Unweighted® analyses were carried out for medala WLM, WSM, and
WN2DM by setting kE to 0, and kLHAx and K x to 1#107., For the PEAK
model, W_, Hz and W wera aet aqual to fﬁh A general function
minimlsnt}on routine [12] was used to find values of the weighting
coefficients which optimised correlations with the perceptusl data.
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For each stimulus type, the largest correlations were obtained uaing models
WNZDM and PEAK. Both models resulted in highly significant correlations. It
can be seen that optimisation of the weights for the WN2DM and PEAK models
resulted only in small increases in the correlation coefficients, while more
gubstantial increases wera observed for the WLM and WSH models. Since the
optimisation was carried out independently for each vowel =met, it is
significant that unweighted versions of the WN2DM and PEAK metrica perform
nearly as well as the optimised versions. It would appear that these metrics
give superior results because they highlight spectral peaks and shoulders,
Togather with the finding that the performance of listeners was very similar
for two synthesis types, thesa findings confirm that spectral peaks and
shoulders are important in the perception of concurrent vowels. .

Table 2. Pearson product moment correlationa (d.f.=123) between spectral
distance vectors and response vectors from listeners.
Set 1: Klatt vowels Set 2: 6-harmonic vowels

unwelghted metrics 'optimised* matrics
Set 1 Set 2 Set 1 Set 2
WLM +36 .73 .68 .75
WSM .79 .76 .85 .81
WN2ZDM .88 .83 .88 .85
PEAK .88 .8l : .89 .85

Theae high correlations were found without partitioning the composite
spectrum. Such a strategy 1is appropriate when thare are no cues to source
segregation, such as a difference in fundamental frequency between the vowels,
and the vowels are generally percelved as coming from a single source.
However, when paired vowels have different fundamental fregquencies, two
sources may be heard and accuracy of identification improves [15). Thus, to
model the general case, it may be nacessary to include & 'perceptual grouping*
stage in which the composite apectrum is partitioned. Scheffers suggested
that listeners might be able to partition the excitation pattern of a paired
vowel on the basis of spectral fine structure. In his model, two fundamental
frequencies are astimated from the peaks in the excitation pattern, which is
then partitioned by sampling through a pair of 'harmonlc sieves'. However,
this approach did not succeed in modelling the improvement in performance with
inecreasing difference in fundamental frequency, possibly because the strategy
can only crudely segregate the higher-frequency part of the excitation pattern
where individual harmonics are not rasolved. An alternative strategy that
might avoid this limitation would be to group and segredate the ocutputs of an
array of auditery filters on the basis of common periodicity in their temporal
fine structure {17]. Our present efforts are directed at incorporating
spectral distance metrics of the sort discussed in this paper into models of
the perception of paired vowels differing in fundamental Erequency and degree
of pitch-pulse asaynchrony using time-domain and frequency-domain grouping
strategies.
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