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The perception of speech is a complex process which, o a certain extent,
depends on the peripheral auditory system's ability to resolve frequency. Thiy
suggests that there is a direct relation between auditory frequency resolution and
lbmh intelligibility. As connected speech presented in quiet is highly redundant, the
ear's high selectivity in frequency is thought to be of particular importance o
understanding speech in a critical listening situation, for example, with interfering
noise or competing speech.

HE s While the car's frequency resolving power itself has been studied quite

=l extensively over the past two decades (for an overview, cf, Moore, 1986), and ity

S AT ) relation o speech intelligibility is often stated, the degree of frequency resolution

f i r needed in speech discrimination has never been investigated qu‘nntila‘tivcly. A

R e practical problem in establishing a direct relation between frequency selectivity and

R b= specch intelligibility is that the degree to which the ear is able to resolve frequency
1 cannot be manipulated directly.

Y Generally, peripheral auditory frequency resolution is modelled as a bank of
overlapping bandpass filters. The output of an auditory filter at a given frequency v
determined by the shape of that filter applied to the power spectrum of an incoming
sound. Consequently, reduced frequency resolution is modelled as a hm&d!ﬂiﬂ; ‘af

1 the auditory filters,

_ Reduced frequency resolution is thought to affect speech intelligibility
I roughly in two ways, Firstly, broadened auditory filters will preserve less spectral
F
1

detail of the speech signal, which makes it more difficult to distinguish between the
many spectrally based speech contrasts, With respect to spectral features, probubl
the most salient effect is a blurring of the spectral envelope. Secondly, in ouse of
speech reception in the presence of interfering sounds, broadened fillers will pass
more of the background sound, which makes it more difficult to detect the speech

signal. Indeed, limited frequency resolution has often been assoclated with hearing
logs for speech in noise (e.g., Festen and Plomp, 1983; nrmhm lﬂd Plomp, | 1985 ,

Stelmachowitz er al., 1985). (i =




eritienl lstening situation depends on auditory frequency resolution, which bypasses
(he problem that the latter cannot be manipulated directly, s to decrease the amount
of apectral information in the speech yignal presented to the ear, and (o measure the
effect of this reduction on intelligibility. In this approach, those aspects of the
spegch signal are manipulated that, from the point of view of auditory frequency
resolution are assumed to be important to the intelligibility of speech.

The aim of the present study is to quantify the importance of spectral
cantats o the intelligibility of speech in a critical listening situation. Apart from
(he purely selentific purpose of getting a better understanding of the spectral
properties of speech and the involvement of auditory frequency resolution in speech
receplion, quantification of the importance of spectral contrast may also serve a
more practical purpose, in that the results can be applied to, for example, the coding
und  trangmission of speech signals, and to the signal processing performed to
eihinnee the intelligibility of speech for hearing-impaired listeners.

The slgnal processing applied in the present study to achieve a reduction in
spoctral contrasts 1s based on an analysis-resynthesis system that consists of short-
(e fust Fourler transforms, spectral manipulation, and overlapping additions to
reconstruel @ continuous signal, Spectral contrasts are reduced in the speech signal
by smearing the short-term spectral envelope by a convolution with a Gaussian-
shaped filter on a log-frequency scale. In this way spectral contrasts can be gradually
peddiicnd, whereas the signal’s phase and harmonic structure are preserved. The
slpnnl processing may be interpreted as the effect of limited resolution of the power-
spectium envelope isolated from auditory processing.

The masked speech-reception threshold (SRT) for sentences is chosen as the
primury measure (o assess the effect of reduced spectral contrasts on speech intelligi-
bility, The masked SRT is defined as the speech-to-noise ratio in decibels at which
A0% wf short meaningful sentences, which are subjected to different degrees of
ypectral envelope smearing, can be reproduced by listeners without a single error
(Mlomp and Mimpen, 1979). The SRT is an accurate quantification of the intelligibi-
lity of the (spectrally smeared) speech in a critical listening situation, and because of
itn fixed performance eriterion may be compared across experiments.

In the first two studies, chapters 2 and 3, a series of listening experiments is
conducted with, in total, forty normal-hearing listeners (0 nasess the general relation
hotween spectral contrasts and speech intelligibility in a eritieal Hatenenig situation,
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in these experiments the degree of spectral envelope smearing 1 fystematically
virled and the (noise o speech) masker 18 subjected to the same degree of spectrul
envelope smearing as the target speech, In chapter 2, the effect of spectral envelope
smearing on the masked SRT for sentences pronounced by a female speaker Iy
investignted. Additionally, the susceptibility of individual vowels and consonants 1o a
reduction in spectral contrasts is assessed. In chapter 3, a possible differential effect
of speetral envelope smearing on the intelligibility of male versus female speech Iy
examined. Subsequently, the contribution of spectral contrasts (o the rather large
release from masking found for a speech masker relative to a noise masker |y
determined for both male and female target speech,

The results from chapters 2 and 3 point out a clear relation between spectral
contrasts and speech intelligibility. An interesting question which follows, is whether
limited resolution of spectral contrasts can explain (part of) hearing loss for speech
in noise. This question is addressed in the final experiments described in this thesis,
in chapter 4. Auditory filter bandwidth, as a measure of frequency resolution, iy
determined for fifteen sensorineurally hearing-impaired and eight normal-hearkng
listeners by estimating auditory filter shapes at center frequencies of 0.8, 1.6, and
3.2 kHz, using a notched-noise masking paradigm. The spectral contrasts essential (o
speech discrimination are determined by reducing the spectral contras(s in speech
and measuring the reduction beyond which the SRT for sentences in noise increases,
Correlation coefficients are computed between the various findings.

Chapter 5 summerizes the contents of this thesis. Chapters 2 (0 4 are bused
on papers by ter Keurs, Festen, and Plomp (1992a, 1992b, 1992¢) published,
accepted, and submitted for publication in the Journal of the Acoustical Society of
America, respectively.
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md”. 2 oct. Results shnwad the BRT 111 noise to hmram as the spectral
~ gmeared  over bandwidths exceeding the ear's critical bandwidth
~identification suffered more from this type of processing (han

 identification. Vowels were primarily confused with the back vowels |
consonants were confused where place of articulation is concerned,




 decades and its muuori © M mmgwmw i8 often suated (Mo
the relation itself, that is the relation between reduced
slectivity and the resolution of spectral contrasts M!d in M
' m not been clearly established.
A major problem in establishing a direct relation Mwm
and speech intelligibility is that the ear’s ability 1o resolve frequency
‘manipulated directly. Sensorineurally hearing-impaired subjects have be
elucidate the problem but this approach is rather rigky, as Ienlm‘lm
‘dmpnirmant seldom consists of a loss of frequency resolution only, Moreoy
difficult problem when comparing normal and hearing-impaired Wdﬁ
‘presentation level of the stimuli, especially because many psychoaco
‘phenomena depend to some degree on stimulus level (e.g., Dubno mﬂ'
1989; Tyler, 1986).
~ Quite a different approach, is an attempt to isolate frequency reso
“other factors that influence speech intelligibility by processing the speec,
- this approach one assumes a reduction of mmmmmu in the sp
- cause a loss in perception by no '
their auditary bandwldths were ially




intelligibility was judged by the experimenter (o be badly impaired but not entirely
destroyed, More recently, Gagné and Erber (1987) simulated reduced frequency
selectivity and diserimination by passing the signal through a time/frequency jittering
device that effectively increased the bandwidth of the signal, The quality of the
gpeech suffered from the processing, but a clear effect on intelligibility could not be
sstblished, Howard-Jones er al, (1991) used three different types of analog
processing and a digital one to degrade the frequency content of speech. Again,
spectral blurring seemed to have a detrimental effect on speech discrimination.

A more quantitative approach was used by Celmer and Bienvenue (1987).
They modified the short-term speech spectrum by dividing it in fixed consecutive
{requency reglons, and setting the amplitude of the discrete spectral components in
prch region o the regional root-mean square. With increasing processing bandwidth
masked word intelligibility scores decreased.

Clenerally, speech discrimination (in noise) seems to decrease with
deterforating spectral contrasts. It is obvious that more subtle approaches are needed
{0 prove a direct relation between reduced frequency selectivity and the resolution of
spectral contrasts needed in speech reception.

In the present paper, we investigated in listening experiments the extent to
which speech intelligibility in noise depends on spectral contrasts in the signal. Loss
of frequency resolution of the auditory system was simulated by smearing the short-
tarm  spectral ﬁnvclopc of the speech signal on a log-frequency scale with a
Cluugslan-shaped filter. In this way spectral contrasts were gradually reduced, but the
gignal's phase and harmonic structure were preserved. In the first experiment the
specchreception threshold (SRT) for sentences in noise was measured as a function
of spectral envelope smearing. Effects on vowel and consonant identification were
yludied in a second and third experiment.

I. METHIOD

A, Signal processing to reduce spectral contrasts : Spectral envelope smearing
The si?,nu] processing is based on an analysis-resynthesis scheme that allows
for more or less arbitrary modification of the short-term spectrum in either its phase
or amplitude content without introducing undesired distortion in the resynthesized
signal, 1t consists of short-time fast Fourier transforms (FFT) and overlapping
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additions (OLA) o reconstruct a continuous signal, Detailed conditions for such a
aystem have been described by Allen and Rabiner (1977). Speetral contrasts are
reduced by smoothing the short-term spectral envelope,

The analysis-resynthesis system (FFT-OLA) is represented schematically in
Mg, 1. The speech signal - digitized into 16 bits at 15625 samples per second - is
woetioned into overlapping 16.4-ms segments (256 samples). The shift between
consecutive segments is 4,1 ms (64 samples). A Hamming window is applied to each
sogment and the windowed segment is padded symmetrically with 768 zeros (49.1
14 1o accommodate the spectral modification to be made. This is necessary since
spectral modifications may increase the corresponding signal duration. On the whole
sopment of 1024 samples (65.6 ms) a forward FET is performed and the envelope of
(e resulting short-term spectrum is smeared (see below). Each processed spectrum
s then Inversely transformed into the time domain, and a second window is applied.
Iiis window of 1024 samples consists of an unity central part of 256 samples and
slie wave squared skirts, The resulting successive segments are added to reconstruct
A continuous signal, Just analyzing and resynthesizing a signal with this system does
fiot, apart from rounding errors, alter the signal.

A schematic representation of the spectral smearing is given in Fig. 2. For
pach segment the short-term spectral envelope is computed on the basis of the power
spectrum, From the discrete (log) power spectrum the cepstrum is calculated by an
inverse FET. This cepstrum is "liftered” and through a forward FFT the (log)
spectral envelope is obtained. The envelope is then adjusted to run smoothly over the
spectrnl peaks.  This envelope is then projected onto a log-frequency scale and
sonvolved with a Gaussian-shaped filter of fixed relative bandwidth. The degree to
which the envelope is smeared is given by the equivalent rectangular bandwidth
(IRI) of the Gaussian-shaped filter. The smeared spectral envelope is then imposed
upon the original complex spectrum by a frequency-dependent multiplication of the
original spectrum with the ratio of smeared and original envelope. In this way
speeiral energy is smeared - that is, the spectral contrasts are reduced - but the
glgnal's phase and harmonic structure are preserved. As it is unclear how phase
would be affected by the ear's limited frequency resolution (cf. Moore, 1986), and
there 1y o experimental evidence that phase (cf. Plomp and Steeneken, 1969) and
sesolution of harmonics have noticeable effects on speech intelligibility, this
ymearing process is, as far as speech intelligibility is concerned, assumed to be a
rensonable simulation of the ear’s limited frequency resolution,
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FIG, 2, Schematic representation of the spectral envelope smenring prociédure,

Figure 3 gives an example of the effect of spectral envelope smearing on an
wrbiteary speech segment in 3 conditions. From top to bottom the figure shows the
orfgingl log-power spectrum and the log-power spectrum of the segment smenred
over an ERB of 1/8, 1/2, and 2 oct, respectively, The smearing chuses rapid
fluctuations in the spectral envelope to disappear (irst, When the smearing bandwidih
fnereases, ever slower fluctuations follow, As the smearing I8 performed on the
spectral envelape 1t works just as well for nolsy as for perlodic signals,
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110G, 3, Log-power spectra of an arbitrary speech segment as a function of spectral envel{?pe
pmenring. From top o bottom: the original log spectrum and the log spectra after smearing
over 1/8, 1/2, and 2 ogt, respectively.

B, Materials

The stimuli used in the three experiments - sentences, monosyllables and
yowels in Isolation - were digitized into 16 bits at a sample frequency of 15625 Hz
with four times oversampling, and digitally low-pass filtered at 6250 Hz. Filter-
rejection slopes exceeded 80 dB/oct. All stimuli were pronounced in a normal
faghiion by a trained female voice.

b

', Subjects

Sixteen nofmul-henring college students between the ages of 18 and 24 served
an pudd Hsteners fn nll three experiments, All subjects hnd o purestone hearing level
in both ears lower than 15 dB over the range 250 Hz to B kHz, and were free of a
history of ear pathology. The order of the experiments was varied over listeners,

1L EXPERIMENT 1 : SPEECH RECEPTION IN NOISE

As stated earlier the primary goal of thig study was (o investigate the extent 1o
which speech intelligibility in noise depends on the presence of spectrnl conleasis in
the speech signal, In the following experiment the effect of spectral envelope
smearing on the speech-reception threghold (SRT) for sentences in nolse was
investigated,

A. Stimuli

The specch material consisted of ten lists of 13 short (eight or nine syllables)
everyday Dutch sentences (Plomp and Mimpen, 1979). A masking noise with the
same spectrum as the long-term average spectrum of the sentences was used,

Hight conditions were investigated : the signal analyzed and resynthesized by
the FET-OLA system but unsmeared (US), and with seven conditions of spectal
smearing with ERBs 1/8, 1/4, 1/3, 1/2, 1, 2, and 4 oct, regpectively.

The (long-term) S/N ratio should be constant over the speetrum In sach
condition of spectral smearing, Otherwise, depending on the spectral smearing, some
frequency regions in the spectrum may be masked more than others. Therefore, (o
preclude any unwanted masking both speech and noise were subjected o the sme
degree of spectral smearing in each condition. Analysis of the long-term average
spectra of the sentences and the noige after processing showed them o ba sioiilar.
The processing used to accomplish the reduction in spectral contrast neludes o
nonlinear component; The estimation of the short-term spectral envelope, Therelore,
specch and noise must be processed separately to prevent the smearing depending on
the S/N ratio of speech mixed with noise,

B, Test procedure

The subjecty lstened to the sty of sentences monaurally (right ear) through

20



headphone (Beyer DT 48) in a soundproof room. The listy were presented in a fixed
order. The sequence of presentation of the eight conditions was varied over listeners
and lists according 1o a Bx8 digram-balanced Latin square to minimize order and list
effects, A there were eight sequences and 16 subjects, each sequence was heard by
two subjects. Prior to the administration of the test lists, the subjects were presented
with @ sentence list spectrally smeared over 1 oct and a list smeared over 4 oct to
fumiliarize them with the quality of the speech and the experimental task.

The level of the masking noise was fixed at 65 dBA and the level of the
sentences was changed according to an up-down adaptive procedure (Plomp and
Mimpen, 1979). The masked SRT was defined as the speech-to-noise ratio in
decibels at which 50% of the sentences could be reproduced without a single error.
In the adaptive procedure, the first sentence of each list was presented at a level
below the reception threshold. This sentence was then presented repeatedly, each
tlme at a 4-dB-higher level, until the listener was able to reproduce it correctly. The
pemalning 12 sentences in a list were then presented only once in a simple up-down
procedure with a step size of 2 dB. An errorless reproduction of the entire sentence
wiis required for a correct response. The average presentation level over sentences
A« 13 way taken as the SRT.

€, Results and discussion

Figure 4 shows the mean SRT for sentences in noise as a function of spectral
gnvelope smearing. The SRTs for smearing conditions of 1/8, 1/4, and 1/3 oct are
pomparable with the SRT for unsmeared speech. This shows that for these
gonditions the processing does not affect intelligibility, while in fact there is already
some loss of spectral contrast. The average threshold of about -4.5 dB agrees with
the threshold found for normal speech in earlier studies (Plomp, 1986).

Prom a bandwidth of 1/3 oct upwards the SRT increases progressively. The
elevation in threshold between the 1/3- and 1/2-oct condition is just significant (two-
tiled ¢ test, p<0.04); from a 1/2 oct upwards all elevations between successive
smearing bandwidths are highly significant (two-tailed ¢ test, p<0.004).

The standard deviation of the interindividual differences in SRT for conditions
up o 2 oct is on the average 1.4 dB. This is only slightly higher than the standard
deviation of about 1 dB of the measuring procedure (cf. Plomp and Mimpen, 1979).
This shows that for these conditions the subjects are quite alike in their ability to
understand speech with reduced spectral contrast, However, in the 4-oct condition a

b

maskor level 65 dBA I
i
G 4f :
) _ ‘
e : d
ﬁ i

spactral smearing In oclavaes

PG, 4, Mean specch-reception threshold for spectrally smeared sentonces n- nolie,
oxpressed In signal-to-noise ratio, as a4 function of smearing bhandwidth, Vertical hark
popresent the standard deviation of the SRT In each condition,

elearly increased interindividual spread of 3.7 dB is found. Apparently, when the
gpectrum is highly smeared, other factors such as the ability to make use of temporal
cues determine whether the sentences are understood,

These data confirm the threshold shifts found in a pilot study on the subject
(ter Keurs er al., 1989a, 1989b), Similar conditions were tested with a slightly
different smearing process. Flevated SRTy were found for smearing bandwidths of
1/2 oct and upward, and the transition between the threshold plateau and the
glevated thresholds was somewhere between 1/4 and 1/2 oct (the 1/3-0¢t condition
was not included), Tn the present study, the transition Hes between 1/3 and 1/2 oct,
This bandwidth approximates the ear's eritical bundwidth which lies botween 1/4 and
13 oct, A similar inflection point was found by Celmer and Blenvenue (1987) who,
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with  different smearing process, found that masked-word scores dropped for
smnenring bandwidihy wider than the subject’s measured critical bandwidth.

Although speech intelligibility in noise has now been shown to depend on
spoeetral contrasts in the signal, one can draw only tentative conclusions about the
implications of the results for specch perception by the sensorineurally hearing
impaired, as reduced frequency resolution is only one aspect of the problem and may
{nteract with other aspects of sensorineural hearing loss. However, the present data
do suggest that in critical listening conditions like in background noise, reduced
frequency resolution over the whole frequency range has a substantial effect on
speech intelligibility (cf. Plomp, 1986).

An interesting question which follows from the preceding experiment is how '

vowels and consonants contribute to the loss in intelligibility caused by the spectral
ymearing. Therefore, in the following two experiments vowel and consonant
Identification in quiet and in noise were studied for three conditions of spectral
anvelope smearing. The primary goal of these experiments was to determine how
reststant the individual phonemes were to this type of processing, and whether the
rosulting confusions showed a specific pattern.

111, EXPERIMENT 2 : VOWEL IDENTIFICATION

A Stimuli
The stimuli consisted of 8 utterances of 11 Dutch monophthongs

Ii,0,0,8,1,1,0,3,u,y,/. The vowels were equalized in SPL and length. Total length
of the stimuli including rise and fall times of 12.5 ms was 115 ms.

18, Test procedure

~ Unsmeared vowels, and vowels processed in three conditions of spectral
srvelope smearing - 1/8, 1/2, and 2 oct - were presented for identification both in
quiet and in noise. Conditions were selected on the basis of a pilot SRT experiment
(ler Keurs er al., 1989a, 1989b), and were chosen (o reflect the normal intelligibility
plateau (unsmeared and 1/8 oct), the onset of reduced intelligibility (1/2 oct), and
low intelligibility (2 oct), respectively. In the masked conditions, noise with the
long-term average spectrum of the sentences of experiment 1 was used. All vowel
stimuli were presented binaurally through headphone (Beyer DT 48) at a level of 65

100

| vowels
B 0o | | qulet
) 60 | Bz
nolse

40

mean
n
o

L]

Us 1/8 1/2 2

spectral smearing In octaves

G, 5, Overall vowel-identification score in gui
quiet and (n nofse for unsmeared vowsl
vowaels spectrally smeared over 1/8, 1/2, and 2 oct, respectively, R

UBA, The level of the noise was fixed at 60 dBA; that is, the masked vowel stimull
were presented at a S/N-ratio of +5 dBA. At this /N ratio, 10 dB above the SRT
1_'_9_1' unsmeared sentences, a maximal identification score of about 90% wis expected
for unprocessed vowels (ef. Bosman, 1989, Chap. 5). In each condition, both
vowels and noise were subjected to the same degree of spectral smearing, and
vowels and noise were processed separately.
From (he vowel material (eight repetitions of the eight utierances x 11
\_'pwollli 32 semirandom lists of 22 vowels were constructed containing two
uttmncas of each vowel, The test stimuli (32 lists x 4 smearing conditlons) were
- presented 1o 16 subjects over (wo blocks n quiet and two blocks In nofse, In oach
~ block, the four smearing conditions were (ested aver elght lists (lwo consecutive liaty
per condition), The lists within each block were presented in a fixed order, The
Aequence of the four smearing conditions in each black varied over fisteners and lius
.:.h'_' o a dxd digram-balanced Latin square, The order of the blocks (Le,,
whether the subjects started with the masked or quiet condition, or with the first or



second block In quiet or nofse) was counterbalanced, In the masked condition, noise

TABLE L, Confuslon matrlees fo - . _
was given continuously throughout a list, The stimuli were presented at 2.5-8 g for vowals smenced over 2 oct. Scores for the quiet conditlon

wre given [ the top matelx and seores for the musked condition in the bottom one.

Intervals. Prior to the test blocks, subjects were given 2 lists smeared over a 1/2 oet,
one In quiet and one in noise, to familiarize them with the experimental task. " s o VOWILS IN QUINT
Subjects wrote their responses down. The possible alternatives were given on the . gl a__ e o\ 1 o 3 T il e | am
response sheet, In total, 128 identifications (16 subjects x 8 utlerances) were 2 o 3% . 3 TN e A 1
obiained for each vowel in each condition. CHRE T T S L
\ TR T R | 12
, Results 4 104 5 TR | : \ 128
Figure 5 gives the overall vowel-identification scores in quiet and in noise for I . ' e 4 6 00 2 I o
{he unsmeared vowels, and the three conditions of spectral envelope smearing. | , ) TR A ai o e i
Identification scores for the long vowels /e/ and fo/ were not included as these i E e D e S U
Vowels were systematically confused with the short vowels /I/ and />/. In all > 1 - -
eonditions, (including the unsmeared), correct identification of these vowels was less . 16 2 ' 128
M 30%. Apparently, a duration of 115 ms is too short to warrant correct ' ' DR, Iy o1y 128
Identification for these vowels. d ; : s e 2 (R el (L 128
Overall identification for unsmeared vowels and for vowels smeared over 1/8 i d ¢ i i (et - il T i [+ 120
and 1/2 oet was 97%, both in quiet and in noise. Identification dropped dramatically Reas 83 127 . 18 15 15 102 S} A8 M O 1408
10 32% in the 2-oct condition. Unfortunately, the ceiling effect in the first three -y S ——
conditions makes an estimation of the critical smearing bandwidth impossible. e e 3
Confusion matrices for the 2-oct condition in quiet and in noise are given in o i VOWELS IN NOISH
Tuble 1. Spectral envelope smearing of the 11 vowels - including back, middle and gt a g | M it I 0 3 u y w sti
front vowels - resulted in a predominant proportion of vowels being identified as the 5 @ » 7 ’ v 40 o | 'l 1%
buck vowels /3/ and /u/. The patterns of confusions in the quiet and masked g & a8 3 I 4 62 0 | 1 198
condition were very similar, Therefore, in the following discussion data are taken o TR TR I R 1 e T et 28
from the quiet condition, but the results apply equally well to the masked condition. £ 2 18 13 6 \ 80 P \ s 28
! Clenerally, responses corresponded to vowels with low first and second 1 : v A e AR R T ¥
formants (F1 and F2), and within this subset, vowels were chosen whose F1 was | | ) S 6 19 6 Q 1 . 2 a
glosest in frequency to the Fl of the target vowel [formant frequencies of Dutch " | T
vowels (female) as given by van Nierop e al., 1973]. In particular, 73% (90/124) of ¥ i 1 : . } 4 kL]
puenrrences of the target vowel /i/ and 78% (100/128) of occurrences of the target " . W4 ' 120
vowel /y/ were identified as fu/, while target vowel /u/ itself was correctly identified ' Sl ' L ' 12N
05% (121/128) of the time. Target vowels with higher Fl, /a,a,e,é,],0,0/, were 4 : ' ' dedal L ' | (L | | 120
" J p gy e dgeege iy s

ot often identified as />/. The frequency of F1 of these target vowels seemed to
- determine the degree (o which they were confused with /3/. For example,

e
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(dentification of target vowel /a/, the vowel with the highest £1, ran from /a/ (30%,
40/132), vin lal (27%, 36/132) to />/ (33%, 44/132), At the other end, 70%
(#9/128) of occurrences of target vowel fe/, whose F1 is comparable with that of
I3/, were confused with /3/, Smearing the spectral envelope of the vowels results in
un envelope of which the high-frequency ripples are increasingly smoothed out. In
the 2-0et condition the ripples characterizing F2 and higher formants have been
offectively smoothed out, leaving a broadened F1 to primarily determine
(dentification. It is plausible that increasing the gmearing bandwidth to more than 2
oel will eventually result in all vowels being identified as the back vowel /u/.

The results accord with the findings of Delattre et al. (1952), and Dubno and
Dorman (1987). Delattre er al. determined vowel identification for two-formant
vowels of which the second formant was reduced in intensity. This resulted in the
fnrget vowels being identified as those particular back vowels whose first formant
(he target vowels shared. Dubno and Dorman determined front-vowel identification
using synthetic stimuli whose first formants were specified in a normal manner and
whose higher formants were either absent or represented by a flat low-amplitude
feglon of energy in the vicinity of the second formant. A large proportion of the
sl with only one formant was identified as back vowels. Consistently, the
incorrect identification was a vowel whose F1 was closest in frequency to the first
formant of the target vowel. The stimuli with a broad low-amplitude region of
gnergy in the vicinity of the second formant yielded very good identification scores.
Plily 18 consistent with the identification score we obtained for vowels spectrally
smedred over a 1/2 oct, Likewise, in this condition there is energy left in the region
of the 12, and apparently, at the presentation level used this is enough to warrant

normal identification.

IV, EXPERIMENT 3 : CONSONANT IDENTIFICATION

A, Stimuli

'l'hr:"xpcuc:h material consisted of 16 lists of 12 Dutch meaningless syilables of
the consonant-vowel-consonant type (CVC syllables) as designed by Bosman (1989,
Chap. 3). Each list consisted of 12 different syllables and each syllable was
gompased of an initial consonant, a vowel, and a final consonant chosen from three
sets of 12 phonemes. All phonemes of a set appeared only once in each list, The set

A0

of Inida) consonants consisted of /4,kb,d X, w200 ,wh/, the set of vowels of
I, e, 0,09, 0000t/ and  the set  of final  consonants  of
Itk L Xm g L w/e A major ndvantage ol this mauterial 1y that the consonanty
appenr with different vowels, The syllables were normalized for rms level,

I, Test procedore

Apparatus and stimulug-presentation paradigm were similar to those used in
experiment 2, Unsmeared syllables and syllables processed in three conditiony of
spoctral smearing - 1/8, 1/2, and 2 oct - were tested both in quiet and in noise. In
order (o avold a bias of sense responses Lo nonsense stimull, subjects were asked to
dlentify only either initial or final consonant of the presented syllables, Once again,
musking noise with the same spectrum as the long-term average spectrum of the
sentences was used, In each condition, both speech and nolse were subjected (o the
game degree of spectral smearing, and speech and noise were processed separately,
Al stimuli were presented binaurally at a level of 65 dBA through headphone (Beyor
11 48), In the masked condition the noise was fixed at 60 dBA,

From the original 16 lists of 12 syllables 32 semirandom lists of 24 syllables
wore constructed (each new list was composed of two original lsts of which the
sequence of the syllables was semirandomized). The test stimuli in four smearing
gondittons and two consonant conditions (initial versus final), were presented (o 16
subjects over two blocks in quiet and two blocks in noise. Both in quiet and in
nalse, one block was scored for initial consonant and one for final, In ench block,
the four smearing conditions were tested over eight lists. The lists within each block
were presented in a fixed order. The sequence of the four smearing conditions in
such block varied over listeners and lists according to a 4xd digram-balunced Latin
square, The order of the blocks (i.e., whether the subjects started with the masked
or quiet condition, or with initial or final consonant) was counterbalanced. In the
musked condition, nolse was presented continuously throughout a list, The stimull
were presented at 2-5 intervals, Prior o the test blocks subjects were given two Lists
simenred over a 1/2 oct, one in quiet to be scored for initlal consonant and one in
nolse 1o be scored for final consonant, to familiarize them with the experimental
sk, The subjects wrote their responses down, and were allowed an open-response
set, In this way, 64 identifications (16 subjects x 4 repetitions of the syllables) were
obtained for ench initial and final consonant in each condition,

L1l
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83% in the 1/2-oct condition, and _

The average Identification seore for consonants spectrally smeared over 2 oet
Wis 61%. “This is nearly twice the average vowel identification score (32%) In the
sime condition. Apparently, in this condition, consonant identification (s much less
susceptible to loss of spectral contrasts than {8 vowel Identification, This iy not
Nurprising as consonant (dentification is known to depend only partinlly on spectol
cues, and the harmonie structure of (he signal (voleed-voleeless distinetion) Iy
preserved,

Confusion matrices for initial and final consonants In the 2.0t conditions In
quiet and in noise are glven In Table I, Spectral envelope smearing of the
cansonants consistently resulted in place-of-artleulation errors, This upplies (o both
Initinl and final consonants, and to the quiet and masked condition, It seems (it
primarily the spectral information cueing the articulatory point of constriction of (he
fargel stimuli is affected by the processing or by masking. Thus, plosives, frigatives,
nasnly, and semivowels were predominantly confused with consonants within thelr
fenpective categories, A similar result was found by Miller and Nicely (1954), who
Analyzed the pattern of perceptual confusions resulting  from  low-pass-filterad
CONsONaNtS,

The degree to which each individual consonant suffered from specinl
smearing depends both on the degree to which it (s characterized spectrally and on
% distribution of energy over the spectrum, For example, the fricatives /8/ or /¢/
ure spectrally characterized by energy at high frequencies, whereas the fricatives A/
und /v/ are characterized by energy spread uniformly over the speetrum (broad band
Apectrograms of consonants as given by Nooteboom and Cohen, 1984), As o result
of spectral smearing the high-frequency energy of /s/ and /z/ i spread over (he
spectrum, while the energy distribution of /f/ and /v/ remains relatively unaffected.
Consequently, /s/ and /z/ were increasingly identified as /1/ and /v/, Another

example is the identification of the plosives /b/ and /d/fy /b s spectrully
characterized by energy at low frequencies and /d/ by energy at higher freguoncies,
AN a result, identification of target stimulus /b/ remained relatively unnffected by
Apectral smearing, whereas target stimulus /d/ way inereasingly identified ay /b/,
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r, we investigated the extent o which speect
wmmgf;pwtralmnmtsw the car, L _
— s P the sl
quditory system was simulated by smearing (e SHOTFEHE
o ﬁﬁkmﬁ on & log-frequency scale with a Gaussian-shaped filter.
RT in noise to increase as the spectral energy was smmed
il et andwidth. uld be expected, _ . . ek
i muca_]_.bandw@th :af :;’nu.am and their This paper describes two experiments on the effect of reduced speci;
ation appears t‘.’ 'defpma m?T \frZreSI;:marﬂy confused with the contrast on the speech-reception threshold (SRT) for sentences in a background o
consonant identification. Vowels

. Ll is
Iy />,u/, and consonants were confused where place of articulation

squared short-time fast Fourier transform by a convolution with a Gaussian-shay
filter, and overlapping additions to reconstruct a continuous signal, In the flrst
experiment the effect of reduced spectral contrast on the SRT for male specch iy
investigated and compared with previously obtained results for female M‘ 3
[chapter 2]. Spectral energy is smeared over bandwidths of 1/8, 1/4, 1/3, 1/2, Tl '
and 4 oct. The results show that, despite the differences in spectral pattern between:
male and female voices, the SRT in noise increases similarly for both voices for
smearing bandwidths over 1/3 oct. In terms of the ripple density of the spectral
envelope the results indicate that the range of lower spectral modulations, up 1o i
limit of about 1.5 periods/oct, is sufficient for the intelligibility of specch in interfe-
ring sounds. In the second experiment the extent of the threshold difference between
a speech masker and a noise masker is investigated for spectral smearing bandwidthy
of 1/2, 1, and 2 oct. The release from masking found for the speech masker ulm‘c, |
to the (steady-state) noise masker decreases with spectral envelope smearing,
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salient effat&t of limitad frequenoy resolution i§ a .b.Iumn,g, of the tpﬂcwll ony

Wider auditory filters will preserve less detail of the spectral envelope, thu

it more difficult to distinguish between the many spectrally based speech ¢
In a omnp‘mion paipe,r (chapter 2) we investi'gat‘ed the exterit t'ﬁ' '

ncusa) depends on spectral Somtmsts] A reductlon of speetrs.l cont'mﬁti 1n the ,

signal was used to simulate limited auditory spectral resolution, In this lmm

assumes a reduction of spectral contrast in the speech signal to cause a mid’

intelligibility by normal-hearing listeners in the same degree as though their auditory

bandwidths were actually broadened., Reduction of spectral contrasts was accompliy:

hed by smearing the short-term spectral envelope of the speech signal on a log

frequency scale with a Gaussian-shaped filter. In this process spectral energy I8

smeared, but the signal’s phase and harmonic structure are preserved. Ruultlm

that the speech-reception threshold (SRT) for sentences in noise, pronournced by a

female speaker, increases as spectral energy is smeared over bandwidths exceeding

1/3 oct. Vowel identification suffers more from severe spectral envelope smi

than consonant identification. Vowels are primarily confused with the back v

/3,u/ and consonants are confused where place of articulation is concerned, .,
In the present study we continue our investigation of the extent to wh h

intelligibility of speech in a critical listening situation depends on spectral

This paper has two aims. One is to determine whether the intelligibility of

female speech is differentially affected by spectral envelope smearing. It I une

whether the differences between male and female speech reflected in the an

speetral contrast in the speech signal, including position, amplitude and b

formant peaks and the depth of the valleys in between, are critical,

speclra.l contmt. ulm 18 radu’cing the peak-to—valley diffemnm" lh- 1




“sound more difficult, As male speech (vowels) tends to have lower: !
ol (In Duteh about 10%, Pols, 1977 than female speech (of, Peterson and Barney,
1952; Vant, 1960; Childers and Wu, 1991), with the maxima in the spectral
welope generally being more closely spaced, male speech might be more suscep-
| { :'W‘:lpulﬂl envelope smearing than female speech. On the other hand, formant
Pandwidihs of male speech tend (o be narrower and formant slopes steeper (e-g.
Jufimura and Lindgvist, 1971: Childers and Wu, 1991), which should improve
.Wmimtlan (Horst, 1982). In running speech formants often do not reach the
'm-v&luu {hey attain when uttered in citation form, but it is unclear whether or
how this affects the differences between male and female speech. Sometimes
mimpllrﬁd listeners have a strong opinion on the differential intelligibility of
(e and female voices, often in favor of the female voice. Therefore, in the first
xperiment the SRT for sentences pronounced by a male speaker, as opposed 10 &
female speaker [ the previous paper, is measured in a background of steady-state
nolse as o funetion of the degree of spectral envelope smearing.

The second aim of this study is to determine whether the release from
miking found for fluctuating maskers relative to steady-state maskers is affected by
spoctral envelope gmearing. In a fluctuating interfering sound, for example, compe-
fing speech, normal-hearing listeners seem to benefit from the relatively silent
{nfervaly in the masker. Accordingly, the SRT for sentences in this condition is
considerably lower than the SRT for sentences in steady-state noise. On the other
lnd, sensorineurally hearing-impaired listeners tend to show a severe reduction 1n
fhiy release from masking (e.g. Carhart and Tillman, 1970; Duquesnoy, 1983;
Pesten and Plomp, 1990). Several factors seem 10 play a role in this phenomenon,
including reduced frequency resolution. To determine the contribution of spectral
contrasty, and their resolution, to this phenomenon, the extent of the threshold diffe-
rence between a noise and a speech masker is investigated in the second experiment
for both male and female target speech for a number of smearing bandwidths.

1, METHOD

]
A, Signal processing
~ The signal processing consists of short-time fast Fourier transforms (EFT),

s filtering of the spectral envelope, and overlapping additions (OLA) to

reconstruel i cond

short-term mm_.

Gauulm-mmw' s Of the speech signal on a log-frequency scale with a

expressed in uia ui - m to which the spectral envelope is smeared |y

pmcess. .. ooq' valent rectangular bandwidth (ERB) of this filter. In- thix

Ao ntrasts are .ﬂmd“ﬁny reduced, but the signal's phase and harmonic
e are preserved, The processing is described in detail in chapler 2.

B. Effect of spectral envelope smearing on the speech signal

- R 3
e 1he dvanflnon in spectral contrast in a signal may be quantified in terms of
ple density (in periods per oct) i '
present in the signal's short-t '
envelope. Accordingly, smearin g
- g of the short-term spectral en
; : _ . velope may be
::;r;uﬁed 1‘11 terms of the ripples in periods/oct present in the envelope baforz and
smearing. The smearing process is accompli :
plished by a convolution of (h
o of he shor(-
spectral envelope on a log-frequency scale with a Gaussian-shaped function, A

: 5 th
b&l]d\'-lldlll mn oct. T]‘I(‘.‘. Sllle'dIJllg funCllon iS gi\f’f:ﬂ br-

k’ng)z

Wiog,) - L3 “’-

ith . :
with log,f : the logarithm of frequency with base 2, and B ! the ERB of the siien

ring tliulncnon in oc.t. The convolution is equivalent to a low-pass filtering of the
spectral envelope with the Fourier transform of W(log,f), which is given by;

F Wogy 31 = B¢ 1" v

\:;tth d : the ripple density in radians/oct, The cut-off ripple density of the envel
ilter is defined ns the density at which the spectral intensity ripples im raduu:?t:- J

u
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© {nverse of twice the bandwidth of the spectral-envel
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; in the two experiments - two sets
i requency of 15,625 Hz. One set of sentences

: {0 16 bits at a sampling f .
“wm :!nu'naed by a female speaker (Plomp and Mimpen, 1979) anfl one setc1 tllb' Ei
?hm’::nm FFor presentation the stimuli were converted to analog signals and low
s filiered at 6250 Hz.

ch sentences - were

-4 "T';:'Ily-four normal-hearing university students between the ages of 19 and

A0 served as paid listeners. Eight subjects participated in experiment 1, anciths:x:ie:;
;ﬁ,.lwmant 5 The stimuli in the two tests were presented monaurally t; vy
1;;&. ﬂﬂ’"l‘.\hjmtl had a pure-tone hearing level in the test ear lowir tha::;smry e
ﬂ[l .-MJI!M}' range from 125 Hz 1o 8 kHz, and were free of a
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: experiment is to determine the difference in intelligl-
bility between I female speech as a result of spectral envelope smearing.
That is, whether differences between male and female speech reflected in the
spectral contrasts in the speech signal, such as amplitude and bandwidth of formmun
peaks and the depth of the valleys in between, are critical. Therefore, the masked
SRT for sentences pronounced by a male speaker, as opposed to a female speaker in
the previous paper, is measured as a function of smearing bandwidth.

A, Stimuli

The speech material consisted of ten lists of 13 short (eight or nine syllables)
sentences spoken by a male speaker. The masker was noise with the same spectrum
as the long-term average spectrum of the sentences.

Eight conditions were investigated : the signal analyzed and resynthesized by
the FFT-OLA system but unsmeared (US), and the signal in seven conditions of
spectral smearing with ERB 1/8, 1/4, 1/3, 1/2, 1, 2, and 4 oct, respectively, The
corresponding range of spectral ripple densities in the speech signals varies from 4
periods/oct to 1/8 period/oct. The first mentioned ripple density agrees with the
estimated upper limit of spectral ripple densities the ear is able to detect when (he
effect of lateral suppression is included (Houtgast, 1974; Plomp, 1983). Without this
effect the upper limit is estimated to be about 2 periods/oct (smearing bandwlidih of
1/4 oct).

The spectral-smearing process changes the short-term spectral slope towards
@ straight line with -3 dB/oct. Because the average speech spectrum is different, the
process changes to some degree the overall slope of this spectrum, In order (o
preclude extra effects of masking or unmasking, both speech and nolse were
subjected to the same degree of spectral smearing in each condition. Speech and
noise were processed separately in order to obtain a degree of spectral smearing
independent of the signal-to-noise rafio in the mixed signal.

B. Test procedure

Eight subjects listened to the lists of sentences monaurally (right ear) through
headphone (Heyer DT 48) in a soundproof room. The lists were presented in fixed
order. The sequence of the smearing conditions applied was varied over listenery




uegording (o o B8 digram-balanced Latin square 1o miniinize effects of the order of
wmﬂm of the conditions, and effects of sentence listy {0 the average results,
Prior to the administration of the test material the listeners were presented with one
of sentences spectrally smeared over | oct and another list smeared over 4 oct to
arlze them with the quality of the speech and with the experimental task.

‘e masked SRT is defined as the speech-to-noise ratio in decibels at which
) of the sentences can be reproduced without a single error. The level of the
masking noise was fixed at 65 dBA and the level of the sentences was changed
M‘s {0 an up-down adaptive procedure. In the adaptive procedure, the first
m of each list is initially presented at a level below the reception threshold.
'M sentence {8 then presented repeatedly, each time at a 4-dB higher level, until
fhe listener iy able to reproduce it correctly. The remaining 12 sentences in a list are
presented only once in a simple up-down procedure with a step size of 2 dB. An
errorless reproduction of the entire sentence is required for a correct response. The
Jyetage presentation level over sentences 4-13 is taken as the SRT.

i

. € Results and discussion
Jigure | shows the mean masked SRT for sentences pronounced by a male

apouker as @ funetion of the degree of spectral envelope smearing. Critical differen-
ooy hetween ymearing conditions were evaluated with an analysis of variance for a
repeated-measures Latin-square design (Hays, 1988). A significant effect of spectral
nvelope smearing was found (F=61.57, p<0.0001). Post-hoc analysis (Tukey
M'.- Neter ¢f al., 1990) revealed a significant difference (p<0.001) between the
'ﬁ@'ﬁiﬂi{!ﬂﬂ--\lﬁsmw@d condition and the SRT for spectral smearing Over 1/2 oct and
W’. The SRT for unsmeared speech, and for spectral smearing Over 1/8, 1/4,
and 1/3 oct are not statistically different, and the threshold is on average -4.0 dB.
~ The primary aim of the present experiment was (o determine the difference in
‘ffectiveness of spectral envelope smearing on the intelligibility of male and female
lwg Therefore, the present results are compared with the results obtained earlier
for the same type of sentences in similar smearing conditions, but pronounced by a
WWR (chapter 2). A repeated-measures analysis of variance was performed
on the pooled data with one between-subjects factor (female versus male speaker)
nd one within-subjects factor (smearing conditiony. This analysis showed: (1) a
o slenificant effect of spectral envelope smearing, with SRT increasing as 2
it of increasing smearing bandwidth (F =108.19, p=<0.0001); (2) no effect of
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.m musked consonant identification (chapter 2). These findings a;e in égrf-:cn.uzzi

! M&I by van Veen and Houtgast (1985), who found that the dissimi aﬂt :
_w'n”.‘ynthnﬂc vowels are determined mainly by the glob‘al shape of the Sdpet:];ed
W' i,¢., by spectral ripples up (0 about 1.5-2 pa-nods{oct. More ev e
!»ﬂmﬁm‘ atlon in the spectral envelope appeared to be of inor mﬂuenf:e O:d !
ﬂlMﬂtﬂl’kﬂl In turn, this critical ripple density agrees with the estimat uppea]
it tral ripple densities the ear is able to detect when the effect of later
Mf l- not inﬁl.uded (Houtgast, 1974; Plomp, 1983). The results suigest thn:i

iled differences in spectral pattern between male and female speech are

eritical for the Ix h, an intelligibility seems (o depend primarily on
the global sy envelope (see also, for vowel Identification, Beddor
and  Hawking, 1990), ore, as there {s a difference in spacing of (he
harmonics between the male and female speech of about a factor two. but no
difference in SRT uy o result of spectral smearing, this result suggests that resolution
of harmonics does not have a noticeable effect on speech intelligibility,

The results suggest that there is a direct relation between spectral contrusty,
and their resolution, and speech intelligibility in a critical listening situation, The st
specification seems to be essential as it is well known that connected speech
presented in quiet is highly redundant. Evidently, broadened auditory filters would
preserve less spectral detail in this condition as well, but due to the redundaney of
speech the resulting decrease in intelligibility may to a certain extent be overruled
(ceiling effects).

In listening to spectrally smeared speech two smearing filters are dealt with,
One, the external smearing filter and two, the internal auditory filter. The combined
action of these filters can be represented by a single filter which is a convolution of
the individual filters. Therefore, one would expect the critical smearing bandwidth (o
be slightly narrower than the ear’s auditory filter bandwidth, which s approximately
1/4-1/3 oct (Patterson ef al., 1982). However, it is slightly broader: between 1/3 and
1/2 oct. A possible conclusion is that not all resolvable spectral ripple densities nre
critical for the intelligibility of speech, as indicated by the findings that intelligibility
depends primarily on the global shape of the spectral envelope, Together, this muy
explain the findings in several studies that vowel identification in quiet and the
minimal detectable depth of a spectral notch sufficient for vowel identificution seem
to be relatively insensitive to variations in selectivity (e.g. Klein et al., 1970; Tumer
and Van Tasell, 1984).

III. EXPERIMENT 2 : SPEECH RECEPTION IN INTERFERING SPEECIH

The aim of the second experiment is to determine whether the release from
masking found for fluctuating maskers relative to steady-state maskers 1§ reduced by
spectral envelope smearing, Therefore, the difference in SRT obtained with a nolwe
masker and a speech masker is investigated for a number of smearing bandwidths
for both male and female target speech,




'

A Stimuli
 The speech material consisted of ten lists of 13 sentences pronounced by a
male speaker, as used in experiment 1, and ten comparable lists of 13 short: (eight or
nine syllables) sentences pronounced by a female speaker. As masker, both pseudo-
running speech and noise, with a spectrum equal to the long-lerm average spectrum
d ﬁ‘a sentences were used. Pseudo-running speech was obtained by generating
w sontences in succession without pauses. Target sentences of the female
Wpenker were masked by pseudo-running speech of the male speaker or noise with
tht spectrum and vice versa.

~ Pour conditions of spectral smearing were investigated: the signal analyzed
mmntml{ud by the FFT-OLA system but unsmeared (US), and the signal
wmeared over 1/2, 1, and 2 oct. Apart from the overall difference in long-term
Aversge spectrum between the male and the female speaker, small variations in the
verage spectrum that are introduced by the spectral smearing should be present
Both In the target speech and in the masker (pseudo-running speech and noise) fo
preclude unwanted masking. Therefore, both speech and masker were subjected to
fhe wame degree of spectral smearing in each condition. Speech and noise were
© processed separately for the same reasons as in experiment 1.

1 Test procedure
Apparatus and stimulus-presentation paradigm were similar to those used in
oxperiment 1, ‘The sentences were presented monaurally (right ear) through head-
phone (Sony MDR-CD999) in a soundproof room. Each of 16 subjects listened to
both the male and the female target sentences in eight conditions (4 smearing
conditions x 2 masker conditions). Eight listeners started with the female target
apeech in eight different conditions and eight listeners with the male target speech.
‘e listy were presented in fixed order. The sequence of presentation of the eight
~ gonditlons was varied over listeners and lists according to a 8x8 digram-balanced
LAt square to minimize order and list effects in the average results. Prior to the ad-
ministration of the tests with the male and the female speaker the listeners were
| with one list of sentences smeared over 1/2 oct and another list smeared
ﬁm% et 1o familiarize them with the quality of the speech and the experimental
m m level of the masker was fixed at 65 dBA and the level of the target
“was changed according to an up-down mptlvl pmldurl. Once again, the
QR’I‘ i defined as the speech-to-masker il in decibels at which 50% of
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FIG. 3. Mean speech-reception threshold for female target speech in male competing specch

and noise as a function of smearing bandwidth. Vertical bars represent the standurd deviation
of the SRT in each condition.

the sentences can be reproduced without a single error.

C. Results and discussion

Figures 3 and 4 show the mean SRT for sentences in noise and in competing
speech as a function of smearing bandwidth, Figure 3 shows the results for femnle
target speech masked by male speech or noise with a corresponding spectrum, and
Fig. 4 shows the results for male target speech masked by female speech or noise. A
repeated-measure analysis of variance on the data showed four highly significant
effects : (1) an effect of spectral envelope smearing, with SRT increasing us o
function of increasing smearing bandwidth (F=239.52, p<0.0001); (2) an effect of
masker type, with the speech masker giving a lower SRT than he steady-state nolse
masker (F= 173,63, p<0.0001); (3) an interaction of masker type and spectral
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envelope smearing, with the difference in SRT between speech and noise masker
dpereasing with increasing smearing bandwidth (F=18.73, p<0.0001);. (4) an effect
of target speech, with the SRT for male target speech being slightly higher than the
SIT for female target speech (F=10.76, p<0.001). .
The effect of target speech is probably an effect of the overall difference in
spectrum between the two voices. The male voice seems to be more adequately
musked by a sound with the spectrum of the female voice than the othe.r' way
uhund. Spectral components above 3 kHz are up to about 10 dB stronger in "Lhe
female voice than in the male voice. Additionally, voice-related effects, like
clenrness of articulation and speech rate, may play o role, il
’ Tor the female speech in the unsmeared condition the mean SRT in noise
Ay 6.4, and <11 dB in competing speech, In the sume conditions the mean SRT for

the male spoech Iv 8.5 div and 12,6 dB, respectively, Thus, without spectral
smearing the ST for sentences masked by competing speech is 5 dB (female
simull) to 7 dib (male stimull) lower than the SRT in noise. This release from
masking of 57 dB found for a speech masker relative to a steady-state noise masker
agrees well with the release found for similar conditions in other studies (e,
Duquesnoy, 1983; Festen and Plomp, 1990).

Spectral envelope smearing results in spectral contrast being reduced in both
target speech and masker. This reduces the intelligibility of the target speech: that is,
for both male and female speech, the SRT in competing speech and in steady-state
noise increases as a function of smearing bandwidth. However, it also reduces (he
threshold difference between a speech masker and a noise masker. Thus, the
beneficial effect of a competing speaker relative to an interfering noise on the intels
ligibility of sentences is reduced by smearing the spectral envelope of both farget
speech and competing speech. This suggests that spectral contrasts and their
resolution are involved in the rather large release from masking found for specch
maskers relative to noise maskers. It seems likely that spectral dips in the competing
speech facilitate the detection of the target speech by virtue of the favorable signal-
to-noise masker ratio in these regions. This suggests that the extent of the difference
in SRT between competing speech and noise should decrease as a function of
spectral envelope smearing. Likewise, Festen and Plomp (1990) found that the
threshold difference between a speech masker and a steady-state noise maskor
decreases, when, instead of competing speech, noise modulated with the broad-band
intensity fluctuations of speech was used as masker. Additionally, although the grosy
temporal structure of the signal is preserved by spectral envelope smearing, varl
ations in a limited frequency region in the temporal envelope may be introduced due
to the variation of the spectral modulations over time. This may also contribule o
the decrease in threshold difference.

IV. SUMMARY AND CONCLUSIONS

In the present study we investigated the extent to which reduced gpeciral
contrast affects the intelligibility of speech in a critical listening situation, Spectral
contrasts were reduced by smearing the short-term spectral envelope of (he speech
signal on o log-frequency seale with a Gaussian-shaped filter, The degree to which
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the spectral envelope is smeared is expressed in the bwduddlhu frvdm
In the first experiment the effect of reduced spectral ¢o i M
le v female speech in noise was investigated. Results sho uw_-..mm-
f male and female speech is not differentially affected by spwml envelope
\g, In spite of detailed differences in spectral patter. For both male an‘d
speech, the SRT increases for smearing bandwidths exceeding 1/3 oct. This
5 4 clear indication of the detrimental effect of limited resolution of spectral
| the inﬁalﬁi-lblllty of speech in a critical listening situation. In terms of
e of the short-term spectral envelope, the lower spectral ripples, up to
bout 1.5 periods/oct, seem to be sufficiant for the intelligibility of speech
indicates that the intelligibility depends primarily on the global shape
envelope.

In the second experiment the effect of reduced spectral contrast on the
hold difference between speech and noise masker was investigated. Results
v tha thi: ﬂ'l'mho"l'd difference decreases with increasing smearing bandwidth.
s that spectral contrasts, and their resolution, are involved in the rather
release from masking found for the intelligibility of speech masked by
ting speech relative to speech masked by steady-state noise.

LIMITED RESOLUT C RAL CONTRAST AND HEARING LOSS
FOR SPEECH Fart

ABSTRACT

This paper examines the relation between the spectral contrasts needed in
speech discrimination and hearing loss for speech in noise. Fifteen hearing-Ampaired
listeners with relatively flat, mild-to-moderate sensorineural logses and eight normil-
hearing listeners participated in the study. As a criterion of the spectral contrasty
essential to speech discrimination the reduction in contrasts in speech beyond which
the speech-reception threshold (SRT) for sentences in noise increases way used,
Reduction of spectral contrast was accomplished by smearing the envelope of (he
squared short-time fast Fourier transform by a convolution with a Gaussian-shaped
filter, and overlapping additions to reconstruct a continuous signal. Auditory filler
bandwidth was determined by estimating auditory filter shapes at center frequencies,
0.8, 1.6, and 3.2 kHz, using a notched-noise masking paradigm. Correlation coef-
ficients were computed between the various findings. The results show that limited
resolution of spectral contrast is only loosely associated with hearing loss for speech
in noise. Moreover, the correlations between the SRT for unsmeared speech und the
auditory filter bandwidth at various frequencies were weak.

tlon {n: Journal of the Acoustical Soclety of Amerlca (1992¢)
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resolution is thought 'af&“wt speeeh mtelhgtbilit}f in rmisu hoth--bm-
filters will pass more background noise, making it more difficult to detect the speec
signal, and because broadened auditory filters will preserve less spectral

contrasts.
To quantify the importance of spectral contrasts to speech intllllﬂ'ﬂﬂ!@’

investigated, in two previous papers with normal-hearing listeners, (I

which speech intelligibility in a critical listening situation is affected

in spectral contrasts (chapters 2 and 3). Reduction of spectral contrast WW "
plished by smearing the short-term spectral envelope of the speech signal

frequency scale with a Gaussian-shaped filter. In this process spectral energy Iv
smeared, but the signal’s phase and harmonic structure are preserved. The w
processing may be interpreted as the effect of limited resolution of the power:
spectrum envelope isolated from auditory processing. The results show that
intelligibility decreases progressively for smearing over frequency bands W!ﬁﬂm g
1/3 oct. The smearing bandpass filter can also be interpreted as a low-pass

the ripple densities in the spectral envelope. In these terms, the results

previous two papers indicate that speech intelligibility in a eritical ﬁml‘lm

depends primarily on the global shape of the spectral envelope. That

lower ripple densities in the spectral envelope up to about a limit of 1V4

appears to be sufficient. Although these results establish a direct roll.ﬁ _

spectral contrasts and speech intelligibility in noise, it i still unclear s whether
resolution of spectral contrasts may explain (part of) hearing loss m .

noise.

The primary aim of the present study, therefore, is 0 exa
neurally hearing-impaired listeners the relation between the spectral
in speech diaorinﬂamon and hearing loss for speech in noise. - #ir m;.
periment, m upper limit of speetra.l conwm-m




1 Mld Imm Ear sentences in neiu Cr

R on sensorineurally hearing-impaired (HI) listeners between the ages of 22
i , and eight normal-hearing (NH) university students between the ages of
ears served as paid listeners. HI listeners with relatively flat audiograms

since the smearing process is based on spectral contrasts being reduced

egree over the whole frequency range, and limited frequency resolution
though not always, confined to the region of absolute threshold loss (cf.

6), The HI listeners showed mild to moderate sensorineural hearing losses

) over the frequency range 250 - 6000 Hz and were tested at the ear with

average loss. Table I shows for the HI listeners the absolute threshold

4 al the lest ear, and other relevant data. HI listeners were selected to

ihe involvement of conduction loss: air-bone gaps did not exceed 10 dB.

monosyllables in quiet reached at least 80%. The latter restriction
since the speech-reception threshold for sentences in noise is scored in

3 l\uii-to-noi'se-ratio required for 50% correct identification of complete

h mm processing to reduce spectral contrasts consists of fast Fourier
W} on 16 4-ms frames, spectral promslng, inverse Founer trans-

: Muuﬂ hy a_moothlns Lho uhcmw

requency scale with a Glny ,Ium to which
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the spectral envelope is smeared is expressed in the equivalent rectangular bandwidih
(ERB) of this filter. In this process, spectral contrasts are¢ gradually reduced, while
the signal's phase and harmonic structure are preserved, The processing iy described
in detail in chapter 2, o1 i

n
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18 NEEDED IN SPEECH RECEPTION

speech material consisted of ten lists of 13 short (eight or nine syllables)
iteh ces (Plomp and Mimpen, 1979). The stimuli were digitized into 16 bits
\ sampling frequency of 15,625 Hz, All stimuli were pronounced by a female
r, Por presentation, the stimuli were converted 0 analog signals, and low-pass
L 6250 Hz The masker was noise with the same spectrum as the long-term
Wm of the sentences,
ght conditions were investigated: the signal analyzed and resynthesized by
OLA system but unsmeared (US), and the signal in seven conditions of
Wm with ERB 1/3, 1/2, 1, 1.5, 2, 3, and 4 oct, respectively. In order
die overall spectral differences between signal and masker, both speech and
were subjected to the same degree of spectral smearing in each condition.
and nolse were processed separately in order to obtain a degree of spectral
fing independent of the signal-to-noise ratio in the mixed signal.

fmun

All subjects (fifteen HI and eight NH listeners) listened to the sentences

Ily through headphone (Sony MDR-CD999) in a soundproof room. In this

' prime interest {s not the average speech-reception threshold as a function

lenvelope smearing, but the relation between the SRT and the bandwidth

uditory filter, For this reason sentence lists and smearing conditions were

(0 the subjects in a fixed order: US, 1/3, 12, 1, 1.5, 2, 3, and 4 oct,

. In this way, fatigue and learning effects have a minimal effect on the

ny Al the expense of an effect on the average results. Prior to the administ-

e fest, the listeners were presented with a list of sentences spectrally

| d over 1 oct and another list smeared over 4 oct to familiarize them with the
. [ the speech and with the experimental task.

~ 'Ihe masked SRT is defined as the speech-to-noise ratio in decibels at which

0% of the sentences can be reproduced without a single error. The SRT is measu-

' ohanging the level of the sentences relative to the level of the masker

10 an up-down adaptive procedure, [n this adaptive procedure, the first

 ech List is presented at a level well below (he level of the masker. This

d listeners. For each listener, the
ﬂsc masker spectrum levels in di/iHz

Spectrum level noteh noise dB/Hz

Subj SRT dBA 800 Hz 1600 Hz 3200 Nz
1 85 52 46 a0
2 95 62 56 50
3 90 57 51 A
4 85 52 46 40
3 85 52 46 40
6 85 52 46 A0
7 95 62 56 50
8 95 62 56 50
9 95 62 56 50
10 95 62 56 50
11 95 62 56 50
12 85 52 46 40
13 95 62 56 50
14 95 62 56 50
15 95 62 56 50
—_—

sentence is then presented repeatedly, each time at a 4-dB higher level, until the
listener is able to reproduce it correctly. The remaining twelve sentences in l-‘-lmm
presented only once in a simple up-down procedure with a step size of 2 di, An
errorless reproduction of the entire sentence is required for a correct response, The

average prtllﬂllﬂﬁn lﬂ’l ndjusted after sentences 4-13 is taken as the SRT for that
particular condition
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G, 1.8 llﬂh-rlcuptiun threshold for sentences in noise, expressed in signal-to-noise ratio,
m f.lm tlon of the bandwidth of spectral envelope smearing. In each condition, the mean
n* und corresponding standard deviation are given for the normal-hearing listeners;

{ndividual data are given for the hearing-impaired listeners.

'y
~ Jor each HI listener, the level of the noise masker was fixed at a level which
Wil Intermediate between the listener's absolute threshold for pure tones and the
m*l level of uncomfortable loudness over the frequency range 250-4000 Hz.
'-mln shows for the HI listeners the noise levels used: 85, 90, and 95 dBA. With
et bands of noise it was ensured that the masker was presented at least 10 dB
o the listener's absolute threshold over the frequency range 250 - 4000 Hz. For
o NI listeners, the masker level was fixed at 85 dBA.
I

€, Results and discussion
ﬂcun | shows the SRT for sentences in nolse ay o funetion of the bandwidth
al envelope smearing. Mean thresholds are M for the NH listeners,

- the NH lisleners, MM ure elevated, which points to an overall loss in intelligl
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FIG. 2. Fitted critical smearing bandwidth in oct for eight normal-hearing and fourteen
hearing-impaired listeners, Vertical bars represent the standard deviation of the (itted
bandwidth.

individual thresholds for the HI listeners. HI subject 15 experienced such severe
problems in understanding speech in noise that for none of the conditions a rellable
SRT could be determined. Furthermore, it appeared impossible to determine u
reliable SRT in the 4-oct condition for all HI listeners, and for some HI listeners (n
the 3-oct condition. Therefore, data from the 3- and 4-oct condition of spectral
smearing were excluded from statistical analysis.

The NH listeners show speech-reception thresholds that are somewhat higher
than the thresholds obtained for the same speaker in similar conditions in a previous
study (chapter 2). This may have been a result of the fixed order of presentation of
the smearing conditions and sentence lists. Nevertheless, as this effect is constant
across listeners it will not influence the comparison between listeners or the correla
tions to be computed, The HI listeners show curves of the same shape as those of

bility irrespect

ring. As can be seen from Figure | there iy wide
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WG, 3, Speech-reception threshold for unsmeared speech in noise for eight normal-hearing
Wit fourteen hearlng-impaired listeners plotted against their critical smearing bandwidth.

vatlation in hearing loss for speech in noise across HI listeners: thresholds for

anwmenred speech vary from about -3 dB, the average SRT of the NH listeners in

his condition, to +2 dB, Surprisingly, one HI listener actually showed better-than-

sl gpeech intelligibility in all conditions (.., lower SRTS).

"~ The eritical smearing bandwidth was determined for each NH and HI listener
1 nonlinear regression technique (Dixon, 1985, module 3r). The SRT for

un « speech, and for smearing conditions 1/3, 1/2, 1, 1.5, and 2 oct, were

resldunl sum of squares, The CSB is defined as the bandwidth in oct at the intersec-

mdf the two fitted line segments. The residual sum of squares is used in compu-
..1]. (he standard deviation of the fitted line segments and Inflexion bandwidth.

g Tigure 2 shows for each NH and HI listener the fitted CMB and the standard

viation of the fit. Most remarkably, there Iy fio e difference in CSB

NH and HI listeners, The CSB varles from about 174 < | oct among lis-

-

teners, but the sp comparable for NH and HI listeners,

A0 Hmie ton of sapectral contrast was the only factor determining
hearing loys fo: 0 nolse, then one would expect the CSB to be broadened in
proportion to & listener's elevation in SRT. If, on the other hand, additional effeets
of broadened auditory filters, such as increased susceptability to masking, or other
suprathreshold deficits, such as limited temporal resolution, contribute (o a ligtener's
hearing loss for speech in noise, then onc would expect an elevated SRT for
unsmeared speech without a proportional widening of the CSB. Figure 3 shows i
scatter diagram of the SRT for unsmeared speech and the CSB. Although, for the
pooled data, the CSB seems to broaden with increasing SRT (r=0.45, p<0.02), the
relation is non-significant for the subgroup of HI listeners. This suggests that for
these listeners limited resolution of spectral contrast is not the major factor determi-
ning their hearing loss for speech in noise.

III. EXPERIMENT 2: AUDITORY FILTER BANDWIDTH

To determine a listener’s ability to resolve frequency, auditory filler shapes
were estimated at center frequencies 0.8, 1.6, and 3.2 kHz. Filter characteristicy
were estimated by measuring the threshold for a sinusoidal signal in a notched nolse
masker (Patterson, 1976). The notch was positioned both symmetrically and
asymmetrically about the signal frequency on a linear frequency scale. The signal
and masker were presented simullaneously, and signal threshold was measured ns o
function of the width of the notch in the noise.

Several studies have suggested that frequency resolution may depend (o some
degree on stimulus level (e.g., Pick, 1980; Lutfi and Patterson, 1984), To avold u
confounding effect of stimulus level when comparing speech-reception abilities with
frequency-resolution abilities, the presentation level of the notched-noise stimull wiy
adjusted for each listener to the presentation level of the masker in (he peech:
reception experiment.

A, Stimuli

The signal frequency, f,, was a sinusoid of 0.8, 1,6, or 3.2 kHz, presented
for 400 my including cosine rise and fall times of 50 ms. The notch masker was

produced by positioning (wo bands of noise with very steep skirts and a flat top
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symmettically or asymmetrically about the signal on a linear frequency soale, The
complete masker (the sum of the two noise bands) came on 50 ms before the signal
and teeminated 50 ms thereafter,

Noise bands were prepared by defining the spectrum in a 8192-point array
and performing an inverse Fourier transform to obtain a 524-ms noise fragment with
64y Intersample time. Within cach noise band the amplitude of all Fourier
pomponents (spacing 1.9 Hz) was fixed and the phase angles were random. The
width of each noise band wag 0.4f,. In each trial the masker was randomly chosen
ffomm & set of 50 maskers with different random phases.

he deviation of the nearer edges of the upper or lower noise bands from the
slgnnl frequency f, is denoted as Af. In symmetrical conditions Afff, was: 0.0, 0.2,
0.4, und 0.6, In the asymmetrical conditions the near edge of the upper or lower
mndker bands was 0,21, farther away from the signal frequency. In the upper and
lower asymmetrical conditions the relative deviations from the signal frequency
were: 0.2/0.4, 0,4/0.6, 0.6/0.8, and 0.4/0.2, 0.6/0.4, 0.8/0.6, respectively. The
widih of the lower frequency band was reduced where necessary to avoid "wrapping
wround" zero frequency.

I, Procedure

The subjects listened to the stimuli monaurally through headphone (Sony
MDI-CDY99) in @ soundproof room. Masked thresholds were measured using a
iwasnlternative forced-choise adaptive procedure that estimates the 70.7% point on
the paychiometrie function (Levitt, 1971). Measurements at the three center frequen-
clen were performed in fixed order: 1.6, 0.8, and 3.2 kHz. Notch conditions for
gnch center frequency were completed in random order.

For sach combination of center frequency and notch width, the threshold was
determined in the following way. In the first trial, the signal was presented 15 dB
ghove the expected threshold level, The signal level was decreased after two
gonsecutive correet responses and increased after each incorrect response, with an
{i1itial slep size of 4 dB. After three reversals in level (the transition from decreasing
10 Inereasing level, and vice versa) the step size was reduced to 2 dB. Testing
pontinued until 12 reversals occurred, and the average level of the last 8 reversals
Wi tiken a8 the threshold. The standard deviation of the reversals was typically less
than 5 di,

Fach trial consisted of two bursts of the masker, and in one of them, chosen

randomly, the sgnal was presented, The lstener was instructed to press a button
corresponding with the interval containing the signal, When the correct interval wis
chosen, feedback was provided by a red light.

[For each listener and each center frequency, a spectrum level for the nolse
masker wag chosen that approximated the level of the speech-shaped noise masker in
the corresponding frequency region in the SRT experiment. The spectrum lovels
chosen for the HI listeners are shown in Table II. Spectrum levely for the NI

listeners were 52, 46, and 40 dB/Hz at the respective center frequencies of 0.8, 1.6,
and 3.2 kHz.

C. Results and discussion

Auditory-filter characteristics were derived from the notehed noise duln
assuming that each side of the auditory filter has the form of the roextp,r) (e
described by Patterson e al. (1982). In this model, p is a parameter determining the
slope of the filter skirt (values of the lower and upper side are denoted by p e g,
respectively), and r is a parameter that delimits the dynamic range of (he filter, It (n
assumed that r has the same value for both sides of the filter. The fitling procedure
is based on a program published by Glasberg and Moore (1990), and includes two of
their modifications. That is, changes in filter bandwidth with center frequency when
allowing for the effects of off-frequency listening are taken into account, and the
amount by which the center frequency of the filter can shift in order to maximise the
signal-to-masker ratio is limited. From this fitting procedure the equivalent rectangu
lar bandwidth (ERB) is taken as a measure of the selectivity of the filler,

Parameters of the fitted auditory filters are given in Table III for the NI
listeners, and in Tables IV and V for the HI listeners. Masked thresholds for HI
listener 15 were more or less constant as a function of notch width, Therelore, no
reliable filter shapes could be determined for this listener, Consequently, this suhjecl
was, just as in the speech-reception experiment, excluded from further analysis,

An analysis of variance on the fitted filter parameters indicates that the group
of HI listeners generally shows poorer frequency resolution on all auditory (Her
characteristics. That is, (1) the ERB tends to be broader (F=51,372, p<0,0001); (1)
consequently, as p is inversely related to the ERB, the slopes, g and g, tend 1o e
shallower (F=15.562, p<0,0001; F=25.633, p<0,0001, respectively); and (1), the
dynamic range » tendy (o be reduced (F=146.509, p<0.0001). Furthermore, (or
both NH and HI listeners the filter is generally shallower on the low-lrequency side
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FIG. 4. Auditory filter ERB in octaves for eight normal-hearing and fourtesn
impaired listeners at signal frequencies 0.8, 1.6, and 3.2 kHz.

than on the high-frequency side (paired t-test, p<0.0001), with the filters
listeners being more asymmetrical.

Figure 4 shows for NH and HI listeners the ERB in oct at thl
frequencies. The ERB is quite consistent across NH listeners: on avera
1/4 oct. This is in good agreement with the results from other smﬂ'm ‘
hearing listeners (e.g., Dubno and Schaefer, 1992; Moore and
Moore et al., 1990) On the mhér hand, ERB- va:'i'e;s Md’e’l?

normal Wldlh A smular variation in ERB ac:oss 11steners wj
sensorineural losses was found by Glasberg and Moore (],9&6‘)1
(1992), and Tyler (1986).
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iV, RELATION BETWEEN RESOLUTION OF SPECTRAL CONTRANT,
AUDITORY FILTER BANDWIDTH, AND SPEECH HEARING LOSS IN
NOISE

Flgure § shows a scatter diagram of critical smearing bandwidth and auditory
f{lter bandwidth averaged over signal frequencies 0.8, 1.6, and 3.2 kHz for NH and
M1 lsteners. From this plot it is clear that, despite the fact that the average auditory
WD varles from normal to 2% times the normal width, the relation between
spectral contrasty needed in speech discrimination and auditory filter bandwidth is
very weak, Thus, the results suggest that for the HI listeners in this study the effect
of limited resolution of spectral contrast on speech reception, if present, is so small
(it 1y view of the spread in CSB among NH listeners it cannot be clearly establis-
ol 1 seems that an ear with auditory filters broadened to maximally 214 times the
pormal bandwidth over the frequency range relevant to speech reception has still
sulficlent frequency selectivity left to resolve the ripple densities of the spectral
envelope sufficient for speech intelligibility (1-1.5 period/oct and lower).

The present findings, indicating that limited resolution of spectral contrast is
“only loosely associated with hearing loss for speech in noise (see also, experiment
1), nre consistent with several studies on vowel and consonant identification by
yonsorineurally hearing-impaired listeners. It is often found that hearing-impaired
Huteners make few errors in vowel identification (e.g., Owens ef al., 1968; Dorman
o al., 1985, Hood, 1990), although vowel identification is thought to depend
primarily on spectral cues. Thus, even when frequency resolution is reduced, the
spectral shapes associated with different vowels are probably preserved. This
sorroborates the evidence that suggests that accurate vowel recognition requires only
resolution of the global spectral shape, rather than resolution of details across the
Apectrum (e.g., Van Tasell et al,, 1987; chapter 2). With respect to consonant
{dentification: although place of articulation depends largely on spectral cues, several
resenrchers have demonstrated that there is no consistent difference between listeners
with reduced frequency selectivity and noise masked normals, when equal speech-
spectrum  audibility is assured across listeners (e.g., Zurek and Delhorne, 1987,
Dubno and Schaefer, 1992). Moreover, there are indications that, if differences in
punsonant identification exist between normal-hearing and hearing-impaired listeners,
these are probably more related to deficits in temporal resolution (cf. Rosen and
Vourcin, 1986), Obviously, if a listener shows total or near-total degradation in
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HG. 5. Critical smlearing bandwidth for eight normal-hearing and fourteen hearing bmpiirad
listeners plotted against their auditory filter ERB averaged over 0.8, 1.6, and 3,2 kHz,

frequency resolution, such as HI listener 15, this has a serious effect on speech
reception in noise.

Although listeners with a relatively flat loss have been used in the present
study, it seems likely that the results apply to other audiometric configurationy as
well. With respect to the effect of limited resolution of spectral contrasts on speech
reception, uniform losses may be considered to represent a worst-case situation.

Together, these results may explain why several attempls to improve speech
intelligibility with spectral enhancement for listeners with mild-to-moderate sensort-
neural losses have been rather disappointing (e.g., Stone and Moore, 1992, Summer-
field et al., 1985). It seems that a beneficial effect of enhancing essential speciral
contrasts in speech may only be expected in listeners with a rather severe loss of
frequency resolution.

In order to assess the general effect of limited frequency resolution on speech
hearing loss in noise, we examined the relation between the SRT for unsmeared
speech and varlous auditory-filter characteristics. Pearson product-moment correl

e

"
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measuring the signal-to-noise ratio needed for 50% correct identifics
red sentences. Auditory filter bandwidth was determined at signal freq
1.6, and 3.2 kHz by estimating auditory-filter characteristics with a nol
_ paradigm in simultancous masking. For each listener, the signal level at w
028 (01 -0.56" (-0.36) 0.05 (0.35) D 00 frequency resolution was determined was matched to the signal level al w

06T ©.58) 0,40° (:0.31) 0.22 (-0.04) 0.39" (-0.48) speech-reception threshold was determined.
4 - The results show that limited resolution of spectral contrasts seem:
only a limited effect on the speech-reception abilities of listeners wi
moderate sensorineural losses. )

b" ':.QW-—(M; 0,577 (-0.38) -0.29 (0.15) 0.33 (-0.567)
e t

0,50° (0.18) 0.22 (-0.06) 0.47 (-0.03) 0.20 (-0.46)

nls were computed for both the pooled data of normal and impaired
or impaired ears only. Table VI shows these correlations, Although, for
(1, the SRT for unsmeared speech shows a moderate significant relation
ruge auditory filter ERB (r=0.60), the relation is much weaker and non-
ant for HI listeners only. A similar result is obtained for the relation between
average low-frequency slope of the auditory filter, p,. This suggests
resolution per se is at most one of more parameters associated with
ﬁity in noise for listeners with flat losses. Similar results were found }:1
‘Moore (1992), who investigated the relation between several N
| ilities, including frequency selectivity, and speech reception in
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a.@onstw signal. Thm suggests ﬂmmuﬁmﬁm 111 the ear’s ability to W
features, or a corresponding reduction applied to the signal’s spectral fe
have a detrimental effect on speech intelligibility. With respect lo:.{:'spedtrﬂ“
probably the most salient effect of limited frequency resolution is a blurr

spectral contrasts to the intelligibility of speech in a critical listening condition,
The signal processing applied in this study to reduce spectral contrasty
based on an analysis-resynthesis system that consists of short-term fast Four

reconstruct a conlinuous signal. Spectral contrasts are reduced by smearing
short-term power-spectrum envelope by a convolution with a Gaussian-shaped
on a log-frequency scale. In this way spectral contrasts can be gradually re
whereas the signal’s phase and harmonic structure are preserved. The
processing may be interpreted as the effect of limited resolution of th
spectrum envelope which is isolated from auditory processing. The effect
spectral contrast on the intelligibility of speech is mainly assessed by me
masked speech-reception threshold (SRT) for sentences. Both the sentencey
masker are subjected to spectral envelope smearing. = W

After a general introduction in chapter 1, chapters 2 and 3 present
listening experiments conducted with, in total, forty normal-haadn; listene
these experiments the degree of spectral envelope smearing is systematically
The first goal of this series was to determine the effect of md“mw
on sentence im«alligibilit),r in a critical listening situatian. "I‘he’ s'




bundwidthy up to 1/3 oct does not affect the intelligibility of speech, However, for
amenring bandwidths wider than 1/3 oct sentence intelligibility decreases progressi-
vely, that i, the masked SRT increases relative to the SRT for unsmeared speech.
Secondly, despite the differences between male and female speech reflected in the
wmount of spectral contrast in the speech signal, including position, amplitude, and
bandwidih of formant peaks, and the depth of the valleys in between, the intelligibi-
lity of male and female speech is not differentially affected by spectral envelope
ymearing. The masked SRT increases similarly for both voices for smearing band-
widihs aver 1/3 oct.

The second goal was to determine how resistant individual vowels and
COINONANLS fre to & reduction in spectral contrasts. As might be expected, identifica-
lon of isolated vowels appears to be much more susceptible to severe spectral
givelope smearing than identificaton of initial and final consonants in a consonant-
vowel-consonant context. The pattern of confusions in a severe condition (2-oct
sinearing bandwidth) of spectral smearing shows that a predominant proportion of
vowels 18 identified as the vowels />/ and /u/ (as in the Dutch words "bot" and
Uypet", respectively). Generally, the target vowels are confused with those particular

ek vowels that share a first formant position with the target vowel. The results
indlcnte that correct identification is warranted as long as the ripples in the spectral
prvelope denoting the first and second formant are preserved. Consonants are
primarily confused where place of articulation is concerned. Thus, in productive
ferms, target plosives, fricatives, nasals, and semivowels are predominantly confused
With consonants within the same categories. The degree to which each individual
lrget consonant suffers from spectral smearing depends both on the degree to which
{16 thrget consonant is characterized spectrally and on its distribution of energy over
the spectrum,
inally, the contribution of spectral contrasts to the rather large release from
musking found for speech maskers relative to noise maskers is determined. The
sosulty show that the extent of the threshold difference between a speech masker and
u nolse masker decreases as a function of the degree of spectral envelope smearing.
Thin suggests that spectral contrasts contribute to the release from masking mainly
because spectral dips in the competing speech facilitate the detection of the target
speech by virtue of the favorable signal-to-noise masker ratio in these regions.

An alternative way of quantifying spectral envelope smearing, is in terms of

the ripple density (in periods per oct) present in the signal's short-term speetral
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envelope before and after smearing. Bxpressed (n these termy, the results from
chapters 2 and 3 indicate that the lower speotral ripple densities up to a Hmit of
about 1.5 periods/oct are sufficient for the intelligibility of speech (Including vowel
and consonant identification) in a eritical listening situation, The importance of (he
corresponding degree of auditory frequency resclution can be illustrated with the
following example. Having to understand speech in the presence of a competing
speaker at a signal-to-competing-speech ratio of 0 dB is a very common situation,
and, normally, a listener is perfectly able to do this. However, if the listener would
have a degree of auditory frequency resolution corresponding to, for example, a
smearing bandwidth of 2 oct, understanding speech in this situation would he
impossible (cf. chapter 3, figures 3 and 4).

An interesting question which follows, is whether limited resolution of
spectral contrasts can explain (part of) hearing loss for speech in noise. Chupler 4
examines the relation between the resolution of spectral contrasts needed in speech
discrimination and hearing loss for speech in noise for fifteen hearing-impalred
listeners with relatively flat, mild-to-moderate sensorineural losses and eight normal
hearing listeners. Auditory filter bandwidth, as a measure of frequency resolution,
was determined by estimating auditory filter shapes at center frequencies of 0.8, 1,6,
and 3.2 kHz, using a notched-noise masking paradigm. The spectral conlrusls
essential to speech discrimination were determined by measuring the reduction of
spectral contrasts beyond which the speech-reception threshold for sentences in noise
increases. Although the average auditory filter bandwidth of the hearing-impiired
listeners varies from normal to 2 times the normal width and the degree of hearlng
loss for speech in noise varies widely, limited resolution of spectral contrasiy Seeims
to be only loosely associated with hearing loss for speech in noise.

In conclusion, the results from this study show that there is a clear relation
between spectral contrasts and the intelligibility of speech in a critical listening
situation. With respect to hearing loss for speech in noise, the resulls suggest that
limited resolution of spectral contrast is a factor of minor imporlance,
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gezocht in ons varmmrr onder moeilijke mlstaromstandxgheden nog M
verstaan. Hoewel in de afgelopen twintig jam- het frequentie-oplossend vermogen vin
het auditieve systeem uitvoerig is onderzocht, en er vaak gewezen is op de rel;
met het verstaan van spraak, is de vraag in hoeverre de verstaanbaarheid van §

ook daadwerkelijk afhangt van het frequentie-oplossend vermogen nog |
onderzocht. De moeilijkheid is dat de frequentieselectiviteit van het oor niel
streeks kan worden gevarieerd.

Het frequentie-oplossend vermogen van het perifere auditieve systeem wordi
meestal voorgesteld als een serie overlappende filters. Het signaal aan de ultgang
van zo’n auditief filter met een vaste centrale frequentic wordt bepaald door de vorm:
van het filter toegepast op het energiespectrum van het binnenkomende lil‘nltl.
Verbreding van de auditieve filters leidt dus tot een verminderd frequentie-oplossend
vermogen. Dit zou op grofweg twee manieren het verstaan van spraak kunnen
beinvioeden. Ten eerste geven bredere auditieve filters de spectrale eigenschappen
van spraak slechter door, waardoor het moeilijker wordt spraakklanken op basiy van

spectrale eigenschappen te onderscheiden. Wat betreft deze spectrale eigenschuppen

is het vervagen van de spectrale omhullende waarschijnlijk de belangrijkste factor,
Ten tweede zullen bredere auditieve filters in een situatie waarbij spraak moet
worden verstaan tegen een achtergrond van stoorlawaai meer lawaal door
waardoor het verstaan moeilijker wordt. Een verminderd frequent
vermogen is dan ook regelmatig in verband gebracht met gehoorver
spraakverstaan in ruis, zoals kan optreden bij slechthorendheid,

Een methode om zonder de frequentieresolutie van het oor te verande
iets te weten te komen over het belang van deze eigenschap voor het W v
spraak, is de spectrale informatie in het spraaksignaal dat aan het oor
aangeboden te degraderen en het effect van deze degradatie op de verstaanbi
te meten. In dm aanpak worden dus uit het oogpunt van auditieve frequent

n i gwmaerd die belangrijk gmm we

-._-._|= l.%' I all

|
)



Het doel van dit onderzoek iy het belang van spectrale contrasten voor de
verstannbaarheid van spraak te bepalen, Afgezien van het wetenschappelifke belang
een beter inzicht te krijgen in de spectrale eigenschappen van spraak en de rol van
suditieve frequentieresolutie in spraakverstaan, kunnen de gegevens ook gebruikt
worden voor meer praktische toepassingen, zoals de codering en transmissie van
spranksignalen, en de signaalbewerking ter verbetering van de verstaanbaarheid van
sprauik voor slechthorenden.

De in deze studie toegepaste signaalbewerking om spectrale contrasien te
verminderen 18 gebaseerd op een analyse- en resynthesesysieem dat bestaat uit
Mourler (ransformaties op korte segmenten van het spraaksignaal en na bewerking
gen overlappende optelling van die segmenten om een continu signaal te reconstrue-
fen. De spectrale contrasten worden verminderd door een convolutic van de
amhullende van het energiespectrum met een Gaussisch filter op een logaritmische
frequentie-ns. Op deze manier kunnen de spectrale contrasten geleidelijk worden
verminderd, terwijl de harmonische structuur en de daarbij behorende faserelaties in
het spraaksignaal bewaard blijven.

Aly manl voor de verstaanbaarheid van spraak is de drempel voor het
. yerstaan van eenvoudige zinnen tegen een achtergrond van stoorlawaai, de "speech-
reception threshold" of SRT, genomen. De SRT is gedefinieerd als die signaal-
rulsverhouding in decibels waarbij een luisteraar 50% van de zinnen zonder fouten
kan reproduceren, Spectrale contrasten werden zowel in de zinnen als in het
stoorsgnaal verminderd.

Na een algemene inleiding in hoofdstuk I, wordt in de hoofdstukken 2en3
sen serle lulsterproeven met in totaal veertig normaalhorende luisteraars beschreven.
In deze experimenten wordt de mate van spectrale versmering systematisch geva-
pleerd, Het primaire doel van deze serie experimenten is het effect van verminderde
ypectnle contrasten op de verstaanbaarheid van zinnen onder moeilijke luisterom-
standigheden-te bepalen. Hiertoe wordt de SRT in ruis gemeten als functie van de
ite van spectrale versmering, zowel voor zinnen uitgesproken door een vrouwen-
slerm aly voor zinnen uitgesproken door een mannenstem. De bandbreedte van de
versmering varieert van 1/8 tot 4 octaven. De resultaten laten zien dat versmering
vin de specteale omhullende over een bandbreedte tot 1/3 octaaf geen invloed heeft
op het sprankverstaan. Echter, voor versmering over meer dan 1/3 octaaf neemt de
gluaverstaanbaarheid progressiel af, dat wil zeggen, de SRT in ruis neemt toe ten
apeichte van de SRT voor onversmeerde spraak, Verder laten de resultaten zien dat
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de verstaanbaarheld van mantens en yrouwenspraak niet verschillend te Hjden heoft
onder versmering van de spectiale  omhullende, ondanks de  versohitlen (ussen
MAnNnen- en Veouwensprink i spectrale contrasten in het spraaksignaal, inclusief de
positie, amplitude, en bandbreedie van de formantpleken en de diepte van de dalen
daartussen. Voor beide stemmen neemt de SRT in ruis op dezelfde wijze toe voor
versmering over meer dan 1/3 octaaf,

Een tweede doel van deze experimenten is te bepalen hoe goed individuele
klinkers en medeklinkers bestand zijn fegen een vermindering van spectraal contrast,
Zoals valt te verwachten, blijkt de identificatie van losse klinkers veel gevoeliger (o
zijn voor ernstige versmering van de spectrale omhullende dan de identificatie van
begin- en eindmedeklinkers in betekenisloze woordjes van het type medeklinker:
klinker-medeklinker. Uit de verwarringsmaltrix verkregen bij sterke versmering vin
de spectrale omhullende (versmering over 2 octaven) blijkt dat een groot aantul
klinkers verward wordt met de klinkers /3/ en /u/ (als in de woorden "bot" en
"voet"). Over het algemeen worden de klinkers verward mel een achterklinker
waarvan de eerste formant vergelijkbaar is met die van de te identificeren klinker,
De resultaten suggeren dat een correcte identificatie van Kklinkers gewaarborgd iy
zolang de modulaties die de eerste en Iweede formant aangeven in de spectrale
omhullende behouden blijven. Medeklinkers worden vooral verward wal botrefl de
plaats van articulatie. Dus, gesteld in productietermen, plofklanken, wrijfklunken,
nasalen, en halfklinkers worden voornamelijk verward met medeklinkers hinnen
dezelfde klasse. Verder hangt de mate waarin een medeklinker gevoelig I8 voor
spectrale versmering zowel af van de mate waarin die medeklinker spectraal bhopaald
is als van de manier waarop de energie van die medeklinker verspreid i over lol
spectrum.

Tenslotte wordt de bijdrage van spectrale contrasten aan het nogal grote
verschil in maskering tussen spraak en ruis als stoorder onderzocht (sprask wordt
makkelijker verstaan tegen een achtergrond van stoorspraak dan stoorruly), De
resultaten laten zien dat dit verschil afneemt als functie van de mate van versmering
van de spectrale omhullende. Dit wijst er op dat spectrale contrasten bijdragen wun
het verschil in maskering voornamelijk omdat de spectrale dalen in de stoorsprank de
te volgen spraak helpen detecteren door hun gunstige signaal-ruisverhouding.

Een alternatieve manier om het effect van versmering van de spectrale
omhullende uil te drukken I8 in termen van de dichtheid van de modulaties (In
perioden per octual) i de speatrale omhullende van het signaal voor en ni bewer-




King. Mierin uitgedrukt, geven de resultaten uit de hoofdstulken 2 en 3 aan dat
Apectrale modulities Lot ongeveer 1.5 periode/octual al voldoende zijn voor de
meﬂ vim sprank onder  moeilijke luisteromstandigheden  (inclusiel
dentifieatie van Klinkers en medeklinkers), Ben voorbeeld kan het belang van een
Mll corresponderende  auditieve frequentieresolutie  duidelijk maken. Het
VOrAlAn van spraak in aanwezigheid van een storende spreker, met een signaal-
m.mwdml- van 0 dB, is cen alledaagse sitvatie, waarmee een goedhorende
Iulpteriar geen enkel probleem heeft. Echter, als de mate van auditieve frequentiere-
an deze luisteraar zou overeenkomen met een filter van 2 octaven, dan zou
uigleraar in de gegeven situatic onmogelijk de bedoelde spraak kunnen verstaan
(vgl hoofdstuk 3, figuren 3 en 4).
© en interessante vraag is of een verminderd vermogen om spectrale contras-
om0 te logsen het gehoorverlies voor spraakverstaan in ruis zoals dat voorkomt bij
sechihorentield zou kunnen verklaren. Hoofdstuk 4 onderzoekl deze vraag bij
‘Uﬁﬁlﬂ lulsteraars met een beperkt, viak perceptief gehoorverlies en acht normaal-
Jorende luisteraars, Als maat voor het auditiof frequentie-oplossend vermogen,
woidt de vorm en de breedte van het auditieve filter gemeten met behulp van een
inotehed-nolse" maskeerparadigma bij de middenfrequenties 0.8, 1.6, and 3.2 kHz.
’h fpllll‘ﬂ]ﬁ contrasien die nodig zijn voor het spraakverstaan worden bepaald door
o upectrale contrasten in spraak te verminderen cn die versmering le bepalen
:MW-"'H! verstaanbaarheid begint af te nemen, Hoewel de gemiddelde bandbreedte
i het muditieve filter bij de slechthorende luisteraars varieert van normaal tot 2.5
eer breder dan normaal, is de relatie tussen de resolutie van spectrale contrasten
m&w&r'mmkverstaan en het gehoorverlies voor spraakverstaan in ruis zwak.
ll i
~ Samenvaitend, tonen de resultaten van dit proefschrift aan dat er een duidelij-
e relutle 18 tussen spectrale contrasten en de verstaanbaarheid van spraak onder
-mﬂ-l’.ll.’llturumstan'di_gheden. Wat betreft gehoorverlies voor spraakverstaan in
mmm een verminderd vermogen om specirale contrasten op le lossen een factor
v ondergesehikte betekenis te zijn.
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