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ABSTRACT

EFFECTS OF INTER-TALKER DIFFERENCES
ON SPEECH PERCEPTION

by
Bethany A. Mulhearn
Advisor: Arthur Boothroyd, Ph.D.

Clinical measures of the speech perception of hearing-impaired listeners typically
use one talker who may not be representative of the “average talker”. While inter-talker
differences in the acoustic properties of speech are known, the contribution of these
differences to the confidence limits of speech perception measures has not been
established. The goals of this study were: a) to measure inter-talker differences in terms
of key parameters of the distribution of information across frequency, b) to establish the
acoustic correlates of these differences, and c) to estimate their potential contribution to
the confidence limits of test measures.

Consonant-vowel-consonant words were produced by three adult males and three
adult females. Phoneme recognition was measured in normally hearing adults as a
function of cut-off frequency for low- and high-pass filtering. For each talker, the
following was derived: a) “cross-over frequency” for the two functions, i.e., the point
where the frequency spectrum is divided into two equally intelligible parts, b) “half-band
phoneme intelligibility, i.e., phoneme recognition at cross-over, and c) “full-band
phoneme intelligibility”, derived from half-band intelligibility by application of the

articulation index theory.
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Mean cross-over frequency for male talkers was 1599 Hz, with 95% confidence
limits of +/-117 Hz. Mean cross-over frequency for female talkers was 1806 Hz, with
95% confidence limits of +/-115 Hz. The difference of 13% was statistically significant
(p=0.027). There were also inter-subject differences of half-band and full-band
intelligibility, with no evidence that these differences were gender-related. The acoustic
data were consistent with the hypothesis that higher cross-over frequency for females
results from higher formant frequencies. Using data obtained under low-pass filtering, it
was found that inter-talker differences contribute significantly to the confidence limits of
phoneme recognition. That contribution is considerably less, however, than that of
inherent test-retest variability of speech recognition scores when they are based on the
small number of test items typical of clinical practice. If inherent variability can be
reduced, it may then be useful to seek ways of minimizing the effects of inter-talker

differences.
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CHAPTER ONE

INTRODUCTION AND PURPOSE

I. General Purpose:
The general goal of this study was to measure the effect of inter-talker differences

on speech perception.

II. Definition of Terms:
In this document, the following definitions are to be assumed:
a) Speech perception is the process by which a listener infers language patterns
from the sound patterns generated by a talker.
b) Phoneme intelligibility is the proportion of phonemes correctly identified by

the listener in lists of consonant-vowel-consonant words.

II1. Background and Rationale:

The motivation for this study arose from the need for valid tests of auditory
speech perception for listeners with sensorineural hearing loss. These tests are necessary
for diagnosis, quantification, and description of hearing disorders. Additionally, they are
used to assess the need for sensory aids, to select appropriate characteristics for those
aids, and to measure and compare their benefits.

Speech perception tests usually use one talker to produce the stimuli. The use of
one talker, however, does not take differences among talkers into account. Acoustic

characteristics of vowels differ on the basis of talker age and gender (Eguchi & Hirsh,
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1969; Hillenbrand, Getty, Clark, & Wheeler, 1995; Peterson & Barney, 1952). Also, there
are gender and age differences in fricative spectra (Boothroyd, Erickson, and Medwetsky,
1994; Boothroyd & Medwetsky, 1992; McGowan and Nittrouer, 1988). Differences in
these variables are also seen within gender and age groups.

Listeners with normal hearing have access to the full range of frequencies and
intensities needed to perceive speech accurately. Persons with a sensorineural hearing
loss must listen with limited access to the spectral and temporal information found in
speech. The range of intensities available within a certain frequency range can be reduced
- sometimes to zero. There may also be a loss of spectral and temporal resolution. In
addition to the distortion caused by the hearing loss, there may also be distortion inherent
in the sensory aid used for increased audibility of the speech signal.

It is possible that acoustic differences among talkers interact with an individual’s
hearing loss and/or sensory aid. That is, a listener may experience differences in speech
perception performance for different talkers. These inter-talker differences may also
affect individual listeners differently. Researchers have looked at the effect of inter-talker
differences on word recognition in listeners with sensorineural hearing loss (Bess, 1983;
Brandy, 1966; Gengel & Kupperman, 1980; Hood & Poole, 1980; Kirk, Pisoni, &
Miyamoto, 1997; Kruel, Bell, & Nixon, 1969; Penrod, 1979). These studies found that
varying talkers during word recognition testing influenced word recognition scores for

listeners with hearing loss.
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IV. Specific Aims:
This study assessed the effect of inter-talker differences on speech perception
in normal hearing listeners under conditions of reduced spectral information.
Specific goals were:
1. To measure phoneme intelligibility for a sample of adult talkers under various
conditions of high- and low-pass filtering.
2. To determine, for each talker:
i) the “cross-over” frequency that divides the speech spectrum into two
bands having equal contribution to phoneme intelligibility.
ii) phoneme intelligibility for the two bands so established (half-band
intelligibility).
iii) full-band intelligibility, as estimated from half-band intelligibility.
3. To determine the contribution of inter-talker differences to cross-over
frequency and to each measure of intelligibility obtained under 1 and 2.
4. To estimate the contribution of gender to the inter-talker differences so
measured.
5. To test various objective measures of the acoustic speech signal as potential

predictors of the inter-talker differences measured under 1-3.
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CHAPTER TWO

LITERATURE REVIEW

The literature relevant to this study falls into two main categories: the effects of
age and gender on the acoustic properties of speech and the effects of high and low pass

filtering on speech perception in listeners with normal hearing.

1. Effect of Age and Gender on the Acoustic Properties of Speech

It is obvious that the speech and voices of men, women, and children sound
different to a listener. Many studies have investigated the acoustic aspects of a talkers
articulation and voice that lead to a listener identifying the speaker as adult or child. male
or female. Another question that has been addressed is how listeners are able to perceive
phonologically identical sounds across speakers in spite of their differing acoustic
characteristics. The research reviewed here looks at which acoustic characteristics of
speech are used for: identification of a talker’s age and gender, identification of
individual sounds of speech produced by different talkers, and identification of individual
speakers.

Age and gender effects on the acoustic properties of speech have been
investigated by looking at two main topics. The first topic is the source of speech: the
glottal sound source including the fundamental frequency. The glottal sound source is the

vibratory activity of the vocal folds. Variations in the glottal sound source have been
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studied by looking at the instantaneous source spectrum and the long term average
spectrum of speech. The fundamental frequency is the lowest frequency of the glottal
sound source and is the principal determinant of the perceived pitch of the voice. Itis
determined by several factors, including anatomy of the speaker, his/her characteristic
subglottal pressure and vocal fold tension, and the moment-to-moment variations of these
used to convey prosodic information. The second topic is the filter through which sound
must travel to create speech sounds - namely, the various configurations of the vocal
tract. Vocal tract resonances are manifested as formant frequency values, which are the
principal acoustic characteristics of vowels and resonant consonants. These formant
freq}lencies are altered with changes in vocal tract size and shape that result from
articulation. Formant frequencies are also susceptible to anatomical variations that occur
as a function of speaker age and gender and individual anatomy. Additionally, the
difference in filter characteristics as a function of talker age and gender have been studied
with regard to fricative production and perception.

Monsen and Engebretson (1977) investigated the laryngeal vibration patterns of
five male and five female talkers who produced the vowel /a/ into a long reflectionless
tube. Productions were made using seven vocal registers: normal, loud, soft, creaky,
falsetto, rising/falling fundamental frequency, and stressed/unstressed syllable. For both
groups, the slope of the spectra was within the -12 to -18 dB/octave range. There was a
difference, however, in the steepness of the slope of the spectrum for the two groups.
Male talkers’ spectra fell off approximately -12 dB/octave while the female talkers’

spectra fell off approximately -15 dB/octave. Also, for all seven vocal registers, the
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fundamental frequency for female talkers was about 1 octave higher than that for male
talkers. A methodological concern about this study involves the coupling of the metal
tube to the speakers’ mouth. Because of the teeth, the vocal tract is not uniform and will
not be smoothly coupled to the tube. When the mouth is put to the tube, there is some
discontinuity between the vocal tract and the glottal tube. Therefore, resulting waveforms
will be somewhat affected by vocal tract shape.

Amplitude differences were found between glottal spectra of males and females
in the Monsen and Engebretson study. The average rms intensity of the glottal wave of
female talkers in this study was -6 dB relative to that of male talkers.

Eklund and Traunmuller (1997) found results similar to Monsen and
Engebretson’s (1977). Their study analyzed confusions in vowel quality and talker gender
for whispered and phonated versions of the long vowels of Swedish. They found that
above 2.15 kHz, the energy of vowels phonated by female talkers was slightly weaker
than the energy of vowels phonated by male talkers.

Klatt and Klatt (1990) found that, on average, female voices showed more
breathiness compared to male voices. This breathier quality in female talkers lead to a
higher degree of noise excitation in the higher formants and thus less harmonic energy in
those formants. The authors suggested that the energy in the higher frequency range may
serve as a salient cue to identifying a speaker as female.

Bbothroyd, et. al (1994), looked at gender differences in the long term average
spectrum of speech as well as inter-talker spectral envelope differences. The long term
average spectrum of speech is the average sound pressure level (SPL) in decibels (dB) as

a function of frequency of the signal within a certain bandwidth. This study located
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frequencies and intensities of seven phonemes via 13 spectral points within 1/3 octave
bands produced by male and female talkers. The long term average level found in the
analysis was 68 dBSPL, which the authors noted concurred with the literature. The
average intensity of the male talker exceeded that of the average female taiker in all but
one spectral point. Also, there were gender related inter-talker differences in the shape of
the spectral envelope. These data are consistent with those reported by Pearsons, Bennett,
and Fidell (1977) cited in Levitt and Webster (1991), where, for five different modes of
vocal effort produced by male and female talkers, the average long term speech level of
the males was higher than that of the female talkers. Pearsons et. al, also reported spectral
shape differences; female speakers’ spectra had substantially less power than the males’
below 200 Hz.

Fundamental frequency, another source characteristic, has been demonstrated in
the literature to vary according to age and gender. Two complementary studies
(Fairbanks, Wiley, and Lassman, 1949 and Fairbanks, Herbert, and Hammond, 1949)
examined fundamental frequency in 7 and 8 year olds. The fundamental frequency values
were similar for the 7 and 8 year old boys and girls (average 294 and 297 Hz,
respectively, for the boys and average 281 and 288 Hz, respectively, for the girls). The
mean fundamental frequency value of each group was about 1 octave higher than that of a
typical adult male. The gender similarities indicate that in this age range, it is possible to
characterize fundamental frequency as a function of age alone, without distinguishing

gender. Interestingly, the study of the 7 and 8 year old females by Fairbanks, Herbert, and
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Hammond (1949) found that the female talkers demonstrated voice break' similar to that
of the 7 and 8 year old boys. This is striking because it indicates that not only is voice
break not exclusive to adolescent speakers; it is also not exclusive to male speakers.
Curry (1940) compared fundamental frequency in 10-,14-, and 18-year-old male
talkers. Six talkers at each age level produced a 55-word passage from which the mean
and median fundamental frequency values were calculated. Curry found that fundamental
frequency fell as age increased; the difference between the values for the 14- and 18-year-
olds was about 1 octave. Also, while voice breaks were noted at about the same rate for
the 10- and 14-year-olds, none were noted for the 18-year-olds. Taken with the
aforementioned data by Fairbanks, et al. (1949), it appears that voice breaks are produced
by both pre-adolescent boys and girls, as well as adolescent boys, but not by adults.
Hollien and Paul (1969) and Michel, Hollien and Moore (1966) also measured the
fundamental frequency in 15-, 16-, and 17-year-old female talkers. The talkers produced a
portion of the “Rainbow Passage” (Fairbanks, 1960). The fundamental frequency of the
passage was measured by an electronic counter which sampled the period of the signal
every 33 milliseconds. The data from these two studies revealed mean fundamental
frequency values in the range from 207.5-215.7 Hz with non-significant differences
between the age groups. It was concluded, therefore, that female fundamental frequency
reached adult-like values by age 15. This finding is different from that for male
adolescents, who were still demonstrating voice break at a similar age (Curry, 1940.) A

potential problem with the Michel, et al. (1966) data arises from the subject group, which

! In these studies, the term voice break refers to a brief change of vocal register resuiting
in a temporary fundamental frequency change of about 1 octave.
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was a group of cheerleaders. These “trained speakers” may not be representative of the
average teenage female speaker.

Studies looking at fundamental frequency in elderly males and females introduced
interesting gender differences as a function of advanced age. Mysak (1959) looked at
pitch and duration characteristics of males in two age groups: ages 65-79 and ages 80-92.
The fundamental frequency values for these 2 groups were then compared to those of 15
middle-aged sons of subjects from the elderly groups. The fundamental frequency
increased with age. One possible reason is changing physiology, such as reduced muscle
mass and tension. The mean fundamental frequency value in the 80-92 year old group
fundamental was 136.5 Hz. The mean fundamental frequency value in the 65-79 year-old
group was 120.2 Hz. While the fundamental frequency values of the middle-aged sons
were lower than their elderly fathers, no significant family relationships were found.

Hollien and Shipp (1972) investigated fundamental frequency changes and
chronological age in male talkers. They used groups of 25 talkers in each of seven
decades: 20-29, 30-39, 40-49, 50-59, 60-69, 70-79, and 80-89. Each talker produced the
first paragraph of the “Rainbow Passage” (Fairbanks, 1960). Mean fundamental
frequency values taken from the paragraph showed an interesting trend: fundamental
frequency decreased with increasing age until 40-49 years old; then it began to rise with
increasing age, creating a “saucer shaped” function. The total range for all fundamental
frequency values was 107.1-146.3 Hz; the lowest fundamental frequency value was found
for the 40-49 year olds and the highest value for the 80-89 year olds.

The results of this study are especially fascinating in light of a study by McGlone

and Hollien (1963) which looked at fundamental frequency in females of advanced age.
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Recall that an adult female fundamental frequency value was seen in 15 year old females
(Hollien and Paul, 1969). McGlone and Hollien studied 20 female talkers in two groups
of ten: ages 65-79 and 80-94 (note the similarity to the Mysak, 1959, data). The talkers
produced the first paragraph of the “Rainbow Passage” (Fairbanks, 1960). Average
fundamental period of the voice within1/26-second time intervals was measured. These
two groups were not significantly different from each other nor were they from earlier
data from Linke (1953, unpublished doctoral dissertation) data on young a&ult females.

The McGlone and Hollien (1963) data for female speakers, taken together with
earlier data by Fairbanks, et al. (1949), Michel et al. (1966) and Hollien and Paul (1969)
reveals the following trend: by adolescence, fundamental frequency has reached an adult
level and remains at that level throughout a female’s life. This trend is different from the
saucer-shaped function seen for male speakers.

While many of the studies described above reported the fundamental frequency
value as a mean fundamental frequency value from running speech (often a portion of the
“Rainbow Passage™), there are data from other studies that used different stimuli.

A classic study by Peterson and Barney (1952) reported fundamental frequency
values for males (n=33), females (n=28), and children (n=15) for ten vowels produced in
an /hVd/ context. The child talkers consistently had the highest fundamental frequency
for all vowels. The fundamental frequency values of the vowels spoken by adult female
talkers were lower than those of the children, and adult male talkers had lowest
fundamental frequency values of the three groups. The results for the child talkers in this
study are somewhat difficult to interpret, however, because the ages and genders of the

children were not specified. As seen in the studies described earlier in this review (Curry,
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1940; Fairbanks, Herbert, & Hammond, 1949; Fairbanks, Wiley & Lassman, 1949;
Hollien and Paul, 1969; and Hollien and Shipp, 1972), there is a clear age effect on
fundamental frequency for talkers of both genders.

Eguchi and Hirsh (1969) synthesized and replicated some of the Peterson and
Barney findings in their study looking at fundamental frequency for six isolated vowels in
a group of children, categorized by either age alone or sex and age, and adults. From ages
3-10, male and female children were put into the same groups. From 11-13 years old.
children were separated by age and gender. There were also two other groups: adult males
and adult females. Fundamental frequency was found to decrease as age increased, with a
marked decrease from ages 3-6. Not coincidentally, this is an age range during which
rapid lengthening and thickening of the vocal folds takes place. Consistent with studies
discussed earlier, 13-year-old girls had fundamental frequency values (mean = 239.8 Hz)
similar to those of adult females. Thirteen year old boys’ fundamental frequency values
(mean = 221.1 Hz) were still above those of the adult male speakers (mean = 124.2 Hz),
indicating that more fundamental frequency decrease was yet to occur before the boys’
values reached adult values. Also, the fundamental frequency values of the 13-year-old
boys had the greatest between- subject variability. This finding supports the idea of
fundamental frequency as a “work in progress” for this particular age and gender group.

Hillenbrand, et. al, (1995) did a study that replicated the work of Peterson and
Barney (1952). The talkers in this study, 45 males, 48 females, and 46 children in the 10-
12 year old age group, produced the same ten vowels in the same vowel contexts as the
talkers in the Peterson and Barney study. When compared to the fundamental frequency

values found by Peterson and Barney, the adult fundamental frequency values reported by
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Hillenbrand, et. al were similar, but the fundamental frequency values for the children in
the Hillenbrand, et. al study were about 28 Hz lower than those found by Peterson and
Barney. It is possible that the ages of the children influenced the fundamental frequencies
of the child talkers; a comparison of the two studies cannot be made without knowing the
ages of the children in the Peterson and Barney study. Coleman (1976) studied the
manner in which fundamental frequency affects a listener’s perception of a voice as male
or female. Although the contributions of both fundamental frequency and vocal tract
resonances were examined in this study, only fundamental frequency will be discussed
here. Vocal tract resonances will be discussed later in this review. Twenty-five listeners
decided if phrases and vowels were produced by a male or female talker. The
fundamental frequency value was most closely correlated (r=0.94) with a listener’s
perception of male/female quality, indicating the importance of fundamental frequency in
identifying a speaker as male or female.

In a study described above, Eklund and Traunmuller (1997) looked at
fundamental frequency and gender differences in phonated and whispered Swedish
vowels. Listeners were asked to identify both vowels and speaker sex in the whispered
and phonated conditions. In the whispered condition, fundamental frequency is absent
(because of vocal fold abduction) and therefore unavailable to cue speaker gender.
Phonated vowels were correctly identified more often than whispered, and male-produced
vowels were correctly identified more often than female-produced vowels. Vowel
identification and speaker gender were only confused with each other in the whispered
condition. The authors concluded that subjects were using fundamental frequency to cue

both vowel identity and talker gender.
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In concluding the discussion of age and gender differences in fundamental
frequency, some general statements can be made. First, fundamental frequency decreases
as a function of increasing age for both male and female talkers. The changes occur in
different patterns, however, for the two groups. Adult female fundamental frequency is
generally lower than the fundamental frequency of child talkers and higher than the
fundamental frequency of adult male talkers. The male-female difference is
approximately 1 octave. Lastly, fundamental frequency can act as an important cue to the
correct perception of a talker’s gender.

We now turn to age and gender differences of the voice filter. or vocal tract. The
vocal tract assumes many different configurations as a result of the various articulator
positions realized for sound production. Each of these configurations contributes to
different vocal tract resonances, or formant frequency values. While the same relative
articulatory positions are employed across speakers of a language when they produce
identical sounds, there is some positional variability that manifests itself as differences in
formant frequency values. Both age and gender are partly responsible for this variability;
because head and neck size (which in turn influence the anatomy of the vocal tract) differ,
formant frequency values differ.

The study by Peterson and Bamey (1952) which investigated fundamental
frequency values for adult males, adult females, and children, also identified the first,
second, and third formant frequency values for these same three groups. The child talkers
had the highest formant values across the ten vowels studied. Their first formant values
were about 1/2 octave higher than those of the male talkers; second and third formant

values were substantially higher as well. Female talkers’ formant frequencies were in
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between those of males and children. Again, as stated earlier, lack of specific age and
gender data for the child talkers makes it impossible to ascertain up to what point a
child’s formant frequency values deviate from adult values.

Eguchi and Hirsh (1969), in the study described earlier, also looked at first,
second, and third formant frequency values for adult male talkers, adult female talkers,
and child talkers. Formant frequency values were examined for six vowels for these three
groups. Formant frequencies of the children were about 25% higher than those of adult
males and 20% higher than those of adult females. While both first and second formant
frequencies decreased as age increased, the second formant tended to have a greater drop
than the first formant. The patterns of formant frequency values are similar to those for
fundamental frequency: there was rapid change from ages 3-5 (a time when there is rapid
anatomical vocal tract development), and the values of 13-year-old girls were similar to
those of adult females while those of 13-year-old boys were still higher than adult males.

Formant frequency differences can also be used to determine the gender of the
talker. The study by Coleman (1976) (described earlier) contained a second experiment
where a laryngeal vibrator at 120 and 240 Hz (representing the average male and female
fundamental frequency, respectively) was substituted for speakers’ fundamental
frequencies in order to examine the role of vocal tract resonances on perception of gender
of a speaker. First, second, and third formant frequency values were averaged for each of
four vowels and presented to the listener in one of four combinations: 1.)low vocal tract
resonances/low fundamental frequency (2 male characteristics), 2.)high vocal tract
resonances/high fundamental frequency (2 female characteristics), 3.)high vocal tract

resonances/low fundamental frequency, and 4.)low vocal tract resonances/high
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fundamental frequency. Twenty-five listeners judged the voice as male or female. For the
two clear male and two clear female characteristic conditions, the listeners almost always
identified the speaker gender correctly (100% for male characteristics, 98% for female
characteristics). In both of the mixed or ambiguous conditions, however, the voices were
more likely to be judged as male even in the presence of a female characteristic,
indicating perceptual prominence of a male vocal tract characteristic (i.e., lower
fundamental and formant frequency values). Therefore, in this study the female
fundamental frequency was perceptually weaker than the male vocal tract resonances
while the male fundamental frequency retained its perceptual prominence.

Another study by Coleman (1971) eliminated between-gender differences of
fundamental frequency by substituting an electrolarynx at 85 Hz for the fundamental
frequency. The purpose of the study was to measure the contribution of the vocal tract
resonances alone to the perception of the voice as male or female. Values for first,
second, and third formants were averaged together and treated as “vocal tract resonance
characteristics”. Consistent with other data (Peterson and Bamey, 1952; Eguchi and
Hirsh, 1969; Hillenbrand, et. al, 1995), all of the female talkers had higher formant
frequencies than the male talkers. In the absence of fundamental frequency variation, all
male talkers and all but two female talkers were judged to have voice quality appropriate
to their gender. Classification of a talker as male occurred more often and with more
precision. However, while the author intended to remove the influence of fundamental
frequency from the study, it still may have been a factor. Although the 85 Hz tone of the
electrolarynx was lower than the average fundamental frequency of either male or female

talkers, it was closer to the fundamental frequency of male talkers. Therefore, while male
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vocal tract resonances may indeed be a stronger cue to voice quality perception than
female vocal tract resonances, the frequency of the electrolarynx must be kept in mind. It
can be concluded from both of Coleman’s studies that a combination of fundamental
frequency and vocal tract resonances contribute to perception of the voice as male or
female. One question that arises from both of the Coleman studies involves the validity of
averaging the first, second, and third formants and calling this average “vocal tract
resonances”. This procedure uses the assumption that each formant is perceptually
weighted equally by a listener and can thus be averaged. Further study of this question is
required.

While it is often suggested that male/female vocal tract resonance differences are
due to anatomical differences, a study by Diehl, Lindblom, Hoemeke, and Fahey (1996),
looked for an explanation beyond anatomy. The authors’ hypothesis was that behavioral
characteristics of a particular gender were the cause of certain articulatory adjustments in
the vocal tract. In particular, the authors looked at fundamental frequency as a function of
gender in order to investigate the tendency of female talkers, with a higher fundamental
frequency, to exhibit greater between category vowel dispersion in the F1 x F2 plane than
male talkers. The “sufficient contrast hypothesis” asserts that this greater dispersion is a
compensatory effect needed before higher fundamental frequency causes reduced vowel

identifiability due to sparser harmonic sampling of spectral envelopes. Subjects identified
two synthesized vowels, /I/ and /U/. It was found that once fundamental frequency

reached about 150 Hz, identification accuracy of vowels decreased as fundamental

frequency increased. It was also found that accuracy of vowel identification decreased as
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fundamental frequency increased more for the female-like formant patterns than the male-
like patterns. According to these findings, the higher fundamental frequency of the
average female talker (about 200-250 Hz) should create difficulty identifying vowel
sounds. The authors concluded that since a listener is usually able to perceive correctly
the vowels produced by a female talker (with a higher fundamental frequency), there
must be some type of compensation for the reduced identification accuracy demonstrated
in this study. The authors discuss the fact that higher fundamental frequency is often part
of a large fundamental frequency excursion which, within a syllable, can greatly reduce
the deleterious effects of the high fundamental frequency. Thus, they conclude that the
greater first formant x second formant dispersion seen in female talkers is a compensatory
strategy that enables female speakers to offset the negative effects of the high
fundamental frequency.

Effects of age and gender differences on vocal tract configuration have also been
studied by looking at differences in fricative productions. Boothroyd and Medwetsky
(1992) investigated the spectral distribution of the fricative energy of /s/ and examined
the gender, subject, and vowel context effects. They analyzed intervocalic samples of /s/
in nonsense strings and found marked gender differences. For male talkers the average
value of the lowest frequency prominent spectral peak was about 1 octave lower than that
of female talkers (4.3 kHz to 7.2 kHz, respectively). For male talkers, this value of 4.3
kHz was consistent with previous literature where the value was given has typically been
repeated as 4 kHz, with no reference to gender. For female talkers, however, 4 kHz is

obviously quite low in comparison. Large within-gender variations were also found in
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this study: the average within-gender frequency range of the fricative spectrum was about
2kHz.
McGowan and Nittrouer (1988) compared fricative production of children and

adults using the phonemes /§/ and /s/. Gender differences and vowel contexts were

analyzed as well. Adults and children of preschool to early school ages produced
consonant-vowel-consonant-vowel nonsense strings using /s/ and /§/ in combination with

/i and /u/. Second formant frequency values were compared and the results were as
follows: for all identical utterances, second formant values of female adults were higher
than second formant values of male adults; for all identical utterances, second formant
values of children were higher than second formant values of adults. Therefore, the
spectral differences between these two fricatives followed the same age and gender
difference patterns as those seen for vowels. As a potential explanation for the age and
genderrelated second formant differences seen in this study, the authors point out that
second formant will change according to shape and size of the cavities behind and in
front of the constriction. Thus, when one speaker has a longer cavity, second formant
values will be lower.

Nittrouer, Studdert-Kennedy, and McGowan (1989) did a study similar to the one
just described where the acoustic structure of fricative-vowel syllables produced by

children and adults was analyzed. The subjects produced fricative-vowel-fricative-vowel

nonsense syllables using /§/ and /s/ with the vowels /i/ and /w/. Centroids and second

formant frequencies were computed for each. The analyses revealed that for all talkers,

the /s/ spectra had a gradual rise across the whole frequency range and were weighted
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more heavily in the high frequencies with centroid values near 8 kHz. The /§/ spectra
were different, with a sharp rise followed by a flat or falling period with centroid values
close to 6 kHz. For children, the /§/ spectra rose slowly to a greater amplitude in the high
frequencies than the adult with higher centroid values than the adult production. The
children’s /s/ and /§/ spectra are less different from each other than in the adults

productions; the difference between the spectra of the fricatives increased as a function of

increasing age. All ages showed a vowel context effect (lower centroid values before /u/
than /i/), for /s/ but not /§/. Older children showed a stronger differentiation for fricatives

than younger children and adults showed a stronger differentiation than the children. In
fact, as age decreased, each age group of children consistently differentiated less between
fricatives. Second formant values decreased as a function of age with a significant drop
occurring from age 7 to adulthood. Centroid and second formant differences are
explained by the authors as anatomical differences. The centroid value is determined by
an index of front cavity size and second formant is determined by length of cavity behind
constriction; both of these will change as a child grows and thus, cavity size and length
changes. The fricative differentiation differences in age may be accounted for by less
control over mouth constriction and shape by younger children. Therefore, while children
coarticulated the components of the fricative-syllables more precisely than adults, there
was less evidence of precise syllabic detail as seen in adults. The authors note that the
children’s fricative judgments (unconstrained by motoric limitations) were more
influenced by fricative-vowel transitions and less influenced by the steady-state fricative

spectrum than were the judgments of the adults.
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Age-related amplitude differences for fricatives have also been studied as part of
some of the papers discussed here. The study by McGowan and Nittrouer (1988) looked

at age-related amplitude differences in fricatives. The second formant amplitude of / §/

was found to be higher than that for /s/ in both adults and children. The authors attribute
this difference to physiological differences between children and adults, where children
have a more prominent back cavity resonance in their fricative spectra than adults.

The literature described here indicates that age and gender affect the acoustics of
speech in terms of the characteristics of the source and the filter of speech. Both
fundamental frequency and formant frequencies decrease as a function of increasing age;
although at different rates depending on speaker sex. Gender differences are also seen at
the glottal sound source spectrum and long term average speech spectrum. Age and
gender differences are also visible in production of fricative sounds. Therefore, there are

numerous possibilities for cues to speaker age and gender.

II. Phonetic Level Perception by Normal Listeners of Filtered Speech

One approach to determining which frequencies of speech are most important for
accurate speech perception has been to study individuals with normal hearing listening to
low-pass and high-pass filtered speech. Results have often been reported in terms of an
importance function, which describes the contribution of various frequency regions to
speech intelligibility. One parameter of the importance function is the cross-over
frequency, which divides the spectrum into regions that contribute equally to speech

intelligibility.
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The following review is divided into three sections. The first section contains
studies in which the test materials used have affected the outcome of a test, in terms of
both percent correct and crossover frequency. The next section contains studies where the
talker gender has influenced the crossc;ver ﬁ'eque;my. The third section consists of studies
detailing the performance of listeners perceiving filtered speech and consonant confusion
patterns of those listeners. The end of this section will also include a discussion of
methods using low- and high-pass filtering that have been developed to predict
intelligibility of a speech signal.

Test materials can influence the outcome of speech perception studies. In the
original study that described importance functions for intelligibility of speech, French and
Steinberg (1947), used nonsense consonant-vowel-consonant syllables in several high-
and low-pass filter conditions. The most important frequency region for accurate speech
perception was found to be between 1500-2500 Hz. The cross-over frequency was 1930
Hz. This is among the highest reported in the body of literature reviewed here.

Hirsh, Reynolds, and Joseph (1954), looked at intelligibility of speech using
several different speech materials. Subjects listened to nonsense consonant-vowel-
consonant syllables, meaningful consonant-vowel-consonant syllables, spondaic words,
disyllabic words of trochaic and iambic stress, polysyllabic (>2 syllables) words, and
sentences consisting of five key words. The materials, produced by two male and two
female talkers, were high-pass and low-pass filtered at six different settings each with
four signal-to-noise ratios. For all filtering conditions, the highest and lowest articulation
scores were found for polysyllabic words and nonsense syllables, respectively.

Additionally, nonsense syllables and monosyllabic words were the first materials to be
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affected by filtering and were overall most susceptible to degradation by filtering. For all
materials, however, the articulation functions relating recognition to cut-off frequency
had similar slopes. For the high-pass conditions, the articulation function began to
decrease with a cut-off frequency of 3200 Hz. For the low-pass conditions, the function
began decreasing with a cut-off frequency of 800 Hz. Interestingly, at 6400 Hz cut-off for
high-pass filtering, the articulation score was still about 50% for polysyllabic words. The
authors attributed this finding to the areas enclosed by the filter skirt, which still included
low frequencies. The cross-over frequency was nearly 1700 Hz, and was about the same
for all materials. From this study, it appears that a speech material with more redundancy,
such as polysyllabic words, leads to greater intelligibility.

Speaks (1967) looked at the intelligibility of filtered synthetic sentences (but
natural speech) and then compared his results to previous work using monosyllabic
stimuli. Three normal-hearing listeners heard third-order approximations to English
sentences with several high-pass and low-pass filter settings and at several intensity
levels. Performance, measured as the percent of correct sentences identified, improved as
a function of both increased frequency range and increased intensity level. For this study,
the cross-over frequency was found to be 725 Hz, a striking difference when compared to
the 1700 Hz found by Hirsh, et al., (1954) and the 1900 Hz found by French and
Steinberg, (1947). For sentences, a lower frequency range is needed for intelligibility than
for single words. The authors concluded that, when compared to monosyllabic words,
less of the spectrum was required to make sentences intelligible; that the critical region of
the spectrum was lower than that for monosyllables; and that sentences were more

resistant to degradation by filtering than monosyllables. It should be noted, however, that
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the response format was a ten-alternative closed-set response task which may have
yielded a higher percent correct score than an open set recognition task. Another caveat
regarding the findings of this study arises from the use of synthetic sentences as test
material. Generalization of the results of this study to conversational speech should be
done cautiously.

Studebaker and Pavlovic (1987) determined the frequency importance function
for continuous discourse produced by one female and two male talkers. Listeners heard a
thirty-second speech sample (from Cox and McDaniel, 1984) recorded under seven high-
pass and low-pass conditions, a broadband condition, and nine speech-to-noise ratios, and
then estimated the percentage of words understood. Transfer functions were derived to
determine the relationship between Articulation Index and percent intelligibility. Transfer
functions and frequency importance functions were then compared to previous data for
different speech materials. Transfer functions indicated higher scores for the continuous
discourse at the same Articulation Index values than for those used in studies with
consonant-vowel-consonant nonsense syllables (French and Steinberg, 1947) and
monosyllabic words (Black, 1959). Also, frequency importance functions were different
for the continuous discourse results; the function was bimodal with 400-500 Hz as the
frequency region of maximum importance. The cross-over frequency was notably lower
than other studies as well: 1189 Hz as compared to 1900 Hz for consonant-vowel-
consonant nonsense syllables (French and Steinberg, 1947), and 1700 Hz for polysyllabic
words (Hirsh et al., 1954). When compared to the 725 Hz cross-over frequency for

synthetic sentences (Speaks, 1967) discussed above, the result found by Studebaker, et
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al., (1987) is quite different. Both studies, however, support the conclusion that the cross-
over frequency decreases as the redundancy of the test material increases.

Another factor that may affect intelligibility and cross-over frequency is the
gender of the talker. Studebaker, et al. (1987), described above, questioned the
contribution of talker gender to the importance functions they found in their study using
one female and two male talkers. They analyzed the cross-over frequencies from several
previous studies using male talkers only (Speaks, 1967; Wang, Reed, and Bilger, 1978),
both male and female talkers (their study; French and Steinberg, 1947; Hirsh, et al., 1954)
and female talkers only (Miller and Nicely, 1955 and Pollack and Pickett, 1964). They
noted that studies using male talkers alone had lower cross-over frequencies than studies
using male and female talkers or only female talkers. It must be noted, however, that the
importance functions from these various studies were derived using different materials.

Another aspect of the literature deals with the specific consonant confusions made
by normal hearing listeners under low-pass and high-pass filtering. The consonant
confusion analyses provided information on how filtering disrupted perception of
particular speech sounds by normal listeners and how their performance related to that of
listeners with impaired hearing.

A classic study by Miller and Nicely (1955) provided an analysis of specific
consonant confusions made by normal-hearing listeners. The authors summarized
patterns of confusions according to voicing, nasality, duration, affrication and place of
articulation and calculated relative information transmitted by each feature under several
filtering conditions and in masking noise. Place of articulation was most affected while

voicing and nasality were least affected by low-pass filtering. All five features studied
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were disrupted in much the same way by high-pass filtering. Much of the acoustic power
of some of the consonants was removed when the low frequencies were removed; parts of
the acoustic signal was inaudible, making errors much less predictable than by low-pass
filtering. The authors hypothesized that the presence of random noise also contributed to
the difficulties seen in the high-pass filter condition. While the noise added to the high-
frequency reduction imposed by low-pass filtering, for the high-pass condition it
produced a narrow band-pass system.

Dubno, Dirks, and Ellison (1989), looked at the contribution of particular
frequency regions to the perception of stop consonants differing from each other in terms
of place of articulation. Normal hearing and hearing-impaired listeners heard both

synthetic and naturally produced (by a male talker) consonant-vowel syllables where
/b,d,g/ were paired with /a,i,w/. The consonant-vowel syllables were presented in several

low-pass and high-pass filter conditions as well as fullband conditions at several
intensities. For the low-pass conditions the filtering affected the perception of these three
consonants differently. Once the low-pass filter cut-off frequency was 1400 Hz,
identification scores for decreased for /d/ but not for /g/ and /b/ until additional low
frequency energy was removed. For the high-pass conditions, /b/ and /g/ were most
affected by the removal of high frequency information, i.e., as the cut-off frequency
increased. These results indicate that although consonants have the same place of
articulation, they may not be affected equally by both types of filtering. A point to keep
in mind is the fact that a portion of the stimuli used in this study were synthetic, which

may yield different intelligibility than natural speech. While there were stimuli produced

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

naturally, only a male talker was used, which may affect test results (see discussion
above).

Wang, et. al (1978), compared the effects of filtering and sensorineural hearing
loss on consonant confusion patterns. Normal-hearing subjects listened to vowel-
consonant and consonant-vowel nonsense syllables under several low-pass and high-pass
filter conditions. They compared their results to listeners with sensorineural hearing loss
from a previous study (Bilger and Wang, 1976). The cross-over frequency of the
importance function was between 1750-2000 Hz. Also, low-pass filtering caused a greater
degradation in intelligibility than high-pass filtering. Sibilance was disrupted in the low-
pass filter condition when the cut-off frequency dropped from 2800 to 1400 Hz. Frication
and duration were also less accurately perceived under the low-pass filter conditions. In
general, high-pass filtering produced less consistent changes in feature recognition than
low-pass filtering, a result also seen in Miller and Nicely (1955). The authors concluded
that the scores for the low-pass filter condition with a 1400 Hz cut-off were similar to
those seen for listeners with a high-frequency sensorineural hearing loss and the scores
seen for the high-pass filter condition with a 2800 Hz cut-off, while less predictable than
those for the low-pass condition, were similar to those for listeners with a flat
sensorineural hearing loss.

Sher and Owens (1974) looked at consonant confusions for meaningful
consonant-vowel-consonant words naturally produced by a male talker. Eight voiceless
consonants and six voiced consonants were used in either the initial or final position of
the words, which were presented in a four-alternative closed-set response task. One group

of subjects had normal hearing and the other had a high-frequency sensorineural hearing
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loss. The normal hearing subjects heard the words through a low-pass filter with a 2040
Hz cut-off frequency. Percent correct score was computed for each listener. Additionally,
the performance of this group was compared to a group of listeners with sensorineural
hearing loss. The results were that the number of phoneme errors was similar for the two
groups and that the error and substitution probabilities were also similar. The authors
concluded that the results obtained using normal-hearing listeners’ responses to filtered
speech could be generalized to the hearing-impaired population.

A similar study by Owens, Talbott, and Schubert (1972), also compared
consonant errors of listeners with sensorineural hearing loss to those of normal-hearing
subjects listening to low-pass filtered (cut-off Hz 780 Hz) consonant-vowel-consonant
words. The results were comparable to those found by Sher and Owens (1974).
Performance of normal-hearing listeners under low-pass filters with cut-off frequencies
below 1000 Hz was similar to that of those with high frequency sensorineural hearing
loss. The authors expressed some surprise at this result. Their expectation was that the
performance of the sensorineural hearing loss subjects, who were “accustomed to”
listening to a degraded auditory signal, would be better than listeners with normal hearing
listening to filtered speech.

Finally, it should be noted that there have been methods specifically designed to
describe speech intelligibility data. In the 1920s, Bell Laboratories developed a method to
predict the intelligibility of a speech signal. Described by French and Steinberg (1947),
the Articulation Index predicts the intelligibility of a speech signal by dividing up the
signal into a series of bands that contribute equally to the overall intelligibility. The use

of the Articulation Index provides a method of mathematically treating speech
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intelligibility data to determine the additive contribution of each of the bands in the signal
by using the log of error probability.

French and Steinberg (1947) based their derivation of the Articulation Index on
results of articulation tests that determined the effects of high-pass and low-pass filtering
on speech perception in normal listeners. The speech signal was divided into 20
frequency bands, each contributing 2 maximum of 0.05 to the Articulation Index.
Subjects in this study heard nonsense consonant-vowel-consonant syllables through both
low-pass and high-pass filters and at various intensity levels. The cross-over frequency
for the importance function was 1900 Hz. It is important to note that the Articulation
Index for this study is valid only for these materials with the same talkers used in this
study. It should also be noted also that the 20-bands were derived using both male and
female talkers.

Later investigations of the work originally done by French and Steinberg (1947)
have both validated it and added to it. Kryter (1962a) proposed two methods for
calculating Articulation Index. The first method is the 20-band method as reported in
French and Steinberg (1947). Kryter’s method, however, assumed that the dynamic range
of speech was 36 dB (as opposed to French and Steinberg’s 30 dB) and used linear
intensity weighting to describe the contribution of an intensity unit within the dynamic
range. The second method is the 1/3 octave band method and the full-octave band method
derived from the 20-band method. Using hypothetical sample data, the author deduced
that the 20-band, 1/3 octave-band and full-octave-band methods yielded results that were
in agreement with each other. Consequently, the 1/3 octave-band and full-octave band

methods described by Kryter were adopted as national standards.
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Kryter (1962b) also conducted a study validating the Articulation Index as a
predictor of speech intelligibility using his modified calculation methods described
above. He used nonsense consonant-vowel-consonants (similar to French and Steinberg
1947), under conditions of low-pass, high-pass, multiple passband, and single passband
filters at several cut-off frequencies in quiet and noise. He then calculated Articulation
Index in accordance with the modified 20-band method. A comparison of the
intelligibility predicted by Articulation Index and the actual performance of the listeners
under all conditions indicated that the performance scores fell very close to those
predicted by Articulation Index. Thus, the validity of Articulation Index as a predictor of
speech intelligibility under low-pass, high-pass, and single passband filtering and in noise
was demonstrated. Additionally, a comparison of Articulation Index calculated by
Kryter’s modified 20 band method and the original French and Steinberg (1947) 20-band
method showed almost identical results for the two data sets. Interestingly, the results of
this study did not generalize to the multiple passband system; performance scores did not
fall close to the values predicted by Articulation Index. This finding questions the
assumption that each of the bands in the speech signal always contributes equally to
intelligibility. The author also cautions that the relationship between Articulation Index
and intelligibility must be interpreted carefully, keeping in mind that the relationship only
holds when test materials and abilities of talkers and listeners are held constant.

Pavlovic and Studebaker (1984) also looked at Articulation Index predictions by
testing some of the assumptions underlying Articulation Index; namely: a 30 dB dynamic
range, linear intensity weighting, exclusion of pauses in speech in calculating its level,

and use of actual peak values. These assumptions lead to development of different
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Articulation Index calculation methods (see Kryter, 1962a, above). In order to test these
assumptions, Articulation Index predictions were tested using nonsense syllables,
produced by 1 male and 1 female talker, in thirteen different listening conditions of
filtered speech and noise. When the importance function found by French and Steinberg
(1947) was used to compare the predicted and observed scores, it was seen again that the
actual scores agreed fairly well with the predicted scores. There were however,
differences in the function produced as a function of talker, which lead to the use of
results from only one talker. Therefore, these results support importance functions
derived in earlier studies as well as the idea that these functions are applicable only to a
particular talker, listener, and stimulus.

While the studies described in this section found importance functions for
normally hearing listeners, a study by Boothroyd (1967) looked at importance functions
in hearing-impaired children. Boothroyd found that the importance function shifted
toward the lower frequencies with increasing hearing loss and increasing audiogram

slope.

III. Summary

In summary, it is clear that there are acoustic differences among talkers -
both within and between gender and age groups. It is reasonable to assume that these
acoustic differences will affect the distribution of useful information across the frequency
spectrum, but few data are available to indicate the magnitude of such effects. The
present study was designed primarily to provide data on individual differences of cross-

over frequency among a small group of adult male and female talkers.
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CHAPTER THREE

METHODS

L. Subjects
There were two groups of subjects in this study, talkers and listeners.
a. Talkers
Talkers were 3 adult males and 3 aduit female native talkers of American
English with no known disorders of hearing, speech, or language. Ages ranged from 27 to
63 years old with a mean of 38.5 years. Individual talker characteristics are shown in

Table 3.1, below.

Table 3.1 Talker characteristics

TALKER | AGE | REGION OF ORIGIN FEATURES
Female 1] 27 Rhode Island None
Female2| 35 New Jersey Large neck musculature
Female 3| 32 Hawaii 5' tall; slight lateral lisp

Male 1 27 Massachusetts None

Male2 | 46 New Jersey None

Male3 | 63 New York None

b. Listeners

Listeners were 8 native talkers of English. Six listeners were from the
New York area and two were natives of Massachusetts. Ages ranged from 18-40 years
with a mean of 29.8 years. Hearing sensitivity was determined to be within normal limits
in both ears - defined by pure tone audiometric thresholds no greater than 20 dBHL at
octave intervals from 250-4000 Hz. The hearing criterion was established by screening

immediately before testing. The listeners were informed of the results of the screening.
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II. Stimuli

1. Test Material

Test material was twenty AB isophonemic word lists, each consisting of ten
consonant-vowel-consonant words. Lists 1-15 were originally developed by Arthur
Boothroyd (1968), who also modified the lists for American English pronunciation
(1984). Lists 16-20 were developed by Balaji Oruganti in 1996. Each list contains the
same 10 vowels and 20 consonants that occur most frequently in English. Each
consonant-vowel-consonant word appears only once in the set of 200 words. See

Appendix A for a complete listing of the words.

2. Recording of Test Material
Each talker recorded twenty AB isophonemic word lists. Talkers were seated
inside the sound isolated booth at a distance of 18” from the microphone of a sound level

meter. A foam ball fitted over the microphone of the sound level meter served as a

windscreen. The words were recorded using a Briiel & Kjer sound level meter model

2235 with the 1/2” sound field condenser microphone, set to the “C” scale in the 20-90
dB range. The signal-to-noise ratio of the recording environment was approximately +52
dB. AC output of the sound level meter was recorded onto a Panasonic RT-R124MP
Digital Audio Tape via the Panasonic SV255 Portable Digital Audio Tape recorder,

located outside the sound isolated booth. Recording sessions were monitored under
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headphones by the examiner. During the recording session, the talker monitored

recording levels using a Leader LMV-181A AC Millivoltmeter.

3. Editing of Recorded Materials

Each recorded word was digitized using 16 bit resolution and a sampling rate of
22050 Hz. Each word file was truncated at onset and offset (determined visually from the
waveform and confirmed by listening). One hundred milliseconds of silence was then
added at the beginning and end. The 100 millisecond buffers served to avoid onset and
offset artifacts when processing.

Two additional editing tasks were necessary. The first involved removal of
structure-borne infrasound that is present in the CUNY Graduate Center. The second
involved an adjustment to the overall level of each list so that the long-term rms level of a
list was constant across lists and talkers. Note that the second adjustment was intended to
preserve natural variations of level across segments and words but to correct for any
tendency of talkers to change effort or microphone distance during the recording session.

These changes were accomplished using DaDisp (version 4.0) software from DSP
corporation. Using a worksheet and program designed for the purpose (see Appendix B),
the ten word files from each list were imported. Each file was then high-pass filtered
using an elliptic filter with a cut-off frequency of 150 Hz and a slope of 50 dB per octave.
The 100 millisecond buffer was removed from each filtered word file and the ten words
were concatenated to create a single file. The long-term rms level, rms amplitude
distribution, and long-term average spectrum were determined from this file. The

measured long-term rms level (in dB re 1 digital unit) was subtracted from 73. The
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difference, in dB, was then added to each of the 10 word files so as to bring the long-term
ms level of each list (excluding silences) to 73 dB re 1 digital unit. The edited word files
were then saved with new names. The edited, filtered, and equalized word files were used

as input to the high- and low-pass filtering algorithms described next.

4. High- and Low-pass Filtering

Filtering was also accomplished in DaDisp. High- and low-pass elliptic filters
were created with slopes of 100 dB per octave and cut-off frequencies at half-octave
intervals ranging from 707 to 5656 Hz. The responses of these filters are shown in Figure
3.1. The complete DaDisp worksheet is included in Appendix C. Based on the results of
a pilot study, only 3 cut-off frequencies were used in the present study, namely, 707.

1414, and 2828 Hz.

II1. Stimulus Presentation

Stimuli were delivered via a Gateway 2000 P5-166 XL computer using custom
written software. The output from the computer went directly into a custom-made
Stimulus Presentation System box to control the presentation level in 2 dB steps. The
output from the box was sent to TDH-50 headphones. The listeners heard the words
binaurally under headphones in a sound-attenuating single wall AIC test booth. The
listeners heard each word once, with the possibility of one replay in cases of inattention
or distraction. The listeners repeated the word into a microphone located inside the test

booth and wrote their responses in the appropriate space on a score sheet.
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Figure 3.1. Filter transfer functions for high- and low-pass filters with cut-off
frequencies of 707, 1414, and 2828 Hz.
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IV. Calibration

The presentation level for testing was adjusted so that the peak rms levels of the
vowels in the unfiltered stimuli averaged around 70 dBSPL in a 6 cc coupler. No further
adjustments were made when presenting filtered stimuli, even though the peak vowel
levels were often lower than for the unfiltered speech. The goal was to present the filtered

stimuli at the same level as they would have been presented as part of the full-band

stimulus.

V. Test Conditions

The listeners heard two lists for each of the six talkers under six filter conditions,
for a total of 72 word lists. The following were randomized: the order of the filtering
conditions, the order of the talkers, the order of presentation of the AB lists (see
Appendix D for the test randomizations), and the order of the words within the lists

(randomized by the software program during presentation).

VI. Scoring

Oral responses were scored on-line by the examiner. Written responses were
scored off-line after conclusion of testing. Due to the possibility of misunderstanding
during the on-line scoring, written responses took priority over oral responses when there
was a discrepancy between the responses. Each of the three phonemes in the AB words
was scored individually. Omissions, additions, or substitutions of phonemes were scored

as €ITors.
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For on-line scoring, a correct response for a phoneme was recorded by entering
the number corresponding to the position of the phoneme, i.e., 1, 2, or 3. An “All
Correct” option was also available in the program in the case of a whole word correct
response. The responses were recorded and saved automatically into a Microsoft Excel,
version 7.0 worksheet which calculated a percent-phonemes-recognized score. This

worksheet was corrected, if necessary, based on the listeners’ written responses’.

VII. Test Procedure

Each listener passed a hearing screening before testing. The listener was then
seated in the sound-attenuating test booth and instructed how to respond during the
testing. Supra-aural headphones were placed on the listener and testing began.

The listener heard, repeated, and wrote the filtered words from the AB word lists.
A replay of a word was provided upon request in cases of inattention or distraction. The
listener heard one word list in each of the six filtering conditions for each of the six
talkers. At the completion of testing of six filtering conditions for three talkers (the
halfway point), the listener was given a break. A break was also provided upon request to
a listener at any point in the testing. Testing was completed in two sessions. One session
consisted of testing all six filtering conditions for all six talkers.

Each listener heard 72 word lists (6 talkers x 6 filter conditions x 2 replications).
There are, however, only 20 lists in the AB materials. During the course of the study, a

listener heard a given word list approximately three times - albeit in randomized

2 The written response took priority over the verbal response only when it was phonetically unambiguous
and in disagreement with the on-line score.
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order. There was, therefore, the possibility of a learning effect resulting from increasing
exposure to the test words. This effect might be expected to be greater in instances where
a list heard under difficult conditions had previously been heard under an easier
condition. Randomization of filter conditions and talkers within a session was intended to
avoid confounding learning effects with the effects of talker and filtering condition. The

two replications provided an opportunity to test for the magnitude of any learning effect.

VIII. Acoustical Analyses

Details of the acoustic analyses will be given in Chapter 5.

IX. Summary

Stimuli were high- and low-pass filtered with cut-off frequencies of 707, 1414, and 2828
Hz. Eight normally hearing listeners heard one word list (ten words) spoken by each of
the six talkers under six filtering conditions. For each word they both wrote and said what
they heard. The process was repeated a few days later. The percentage of phonemes
recognized was calculated for each listener, each talker, each filtering condition, and each

replication. Acoustic analyses were also performed on a sample of words for each talker.
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CHAPTER FOUR

RESULTS OF PERCEPTUAL STUDY

I. Raw data

Appendix E contains, for each listener, the phoneme recognition scores for each
talker x filter condition x replication. Appendix E1 shows the percent phonemes
recognized for six talkers under three high-pass and three low-pass filter conditions for
eight listeners for the first of two replications. Appendix E2 shows the percent phonemes
recognized for six talkers under three high-pass and three low-pass filter conditions for
eight listeners for the second replication. In each of these appendices, the data for the
female talkers for the six filter conditions are shown on the top table and the data for the

three male talkers for the six filter conditions are shown on the bottom table.

II. Repeated-measures analysis of variance

The percent phoneme recognition scores were arcsine-transformeq to increase
homogeneity of variance and subjected to a single-group three-way repeated-measures
analysis of variance. The three factors were: replication (two levels), talker (six levels),
and filter condition (six levels). Note that in this analysis, listener is a random grouping
variable and conclusions of significance apply to the means of the listener population
represented by these eight listeners. At this stage, talker is treated as a fixed effect. Any
conclusions of significance, therefore, apply only to these six talkers.

The analysis is shown in Table 4.1. It will be seen that there were highly

significant effects of replication, talker, and filter condition and a significant talker x filter
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condition interaction. It is important to note, that although replication was significant, it
did not interact with the other two effects. In other words, in the arcsine domain, any
learning effect between replication 1 and 2 can be assumed to apply uniformly across
talkers and filter conditions.

Table 4.1. Repeated-measures analysis of variance in arcsine-transformed phoneme
recognition scores. Shading indicates significance at at least the 5% level.

Source Sum Degrees  Estimated
of of of mean Error F p
variance Squares freedom square term ratio level
Listener 3060.7 7 437.2 -
"Replication  -1220.7 ST 12207 RxL 227 0.002
" Talker 18276 .5 365.5 TxL 46 0.003
Filter 166781.8 5 33356.4 FxL 2769 0.000
RxT 211.0 5 422 RxTxL 0.8 0.536
RxF 307.5 5 61.5 RxFxL 1.4 0.250
TxF = 46083 25 184.3 “TxFxL 39 0.000
RxTxF 1172.1 25 46.9 RxTxFxL 0.9 0.593
RxL 376.6 7 53.8
TxL 2810.1 35 80.3
FxL 4215.8 35 120.5
RxTxL 1776.2 35 50.7
RxFxL 1542.7 35 441
TxFxL 8226.5 175 47.0
RxTxFxL 9028.4 175 51.6
Total 207166 575 |

When the analysis was repeated with percent correct scores, the only difference
was a significant (p< 0.05) interaction between replication and filter condition. This can
be explained by the fact that the scores for the filter conditions high-pass 707 Hertz and
low-pass 2828 Hertz were close to 100% and provided little room for increase in the
percent domain.

The magnitude of the learning effect, collapsed across talker and filter condition,

was quite small. Mean score rose from 77.7% at replication 1 to 80.4% at replication 2, a
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difference of only 2.7 percentage points, or 1 phoneme in a list of 10 consonant-vowel-
consonant words.

Differences among talkers were somewhat larger, ranging from 76.7% to 82.3%. a
range of 5.6 percentage points. However, in post-hoc testing using the least-significant
difference test, female talkers TF2 and TF3 and all three male talkers were not found to
differ significantly. Female talker TF1 gave a significantly higher score than the other
five talkers. Even the difference between least and most intelligible of these six talkers
was not very great, amounting to about two phonemes in a list of ten consonant-vowel-
consonant words.

There were, of course, large differences in scores across filtering conditions,
which will be described later. At present, the main interest is in the interaction between
talker and filter condition. Figure 4.1 shows phoneme intelligibility as a function of filter
cut-off frequency for all six talkers. Under certain filter conditions the range of scores is
12-15 percentage points with a tendency for higher scores for the female talkers under the
high-pass filtering conditions and higher scores for the male talkers under the low-pass

filtering conditions - this issue will be explored further below.

III. Mean phoneme intelligibility
Table 4.2 shows phoneme intelligibility for each talker, collapsed across listeners,
as a function of filtering condition and replication. Note that the phoneme intelligibility is
obtained by combining intelligibility scores for initial consonant, vowel, and final
consonant and collapsing across the eight listeners. Means are also shown collapsed

across replication and gender groups.
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Table 4.2 % correct scores, logarithmic cross-over frequencies, and % correct at
cross-over for 3 high-pass and 3 low-pass filter conditions for 6 talkers.

mcation 1 xover |% correct
Talker HP2828 [HP1414 [HP707 |LP2828 |LP1414 |LP707 |in kHz |at xover
TF1 63.33| 96.67| 98.75| 97.08{- 78.33] 49.59| 1.805 84.93
TF2 55.00] 84.58] 97.92| 99.58| 72.08] 42.92| 1.646 78.11
TF3 58.75| 93.33| 97.50] 96.25| 67.08] 51.25] 1.881 79.09
mean 59.03| 91.53] 98.06| 97.64| 72.50| 47.92| 1.777 80.80}
SD 4.17 6.24] 0.64 1.74 5.64| 4.41

SE 2.41 3.60] 0.37 1.00 3.25] 2.55

TM1 5202| 87.50] 97.92| 97.50| 77.92| 49.58] 1.599 81.38
TM2 5292| 88.34] 96.67]| 97.92| 75.83] 56.25| 1.644 80.63
TM3 55.83] 89.17] 93.75| 96.25| 81.26| 48.33| 1.584 83.71
mean 53.80| 88.33| 96.11] 97.22| 78.33} 51.39] 1.609 81.88
SD 1.68 0.83] 2.14 0.87 2.74] 4.26

SE 0.97 0.48] 1.23 0.50 1.58f 2.46

Replication 2 xover |% correct
Talker HP2828 |HP1414 |HP707 |LP2828 |LP1414 |LP707 |in kHz |at xover
TF1 72.92| 97.50|100.00f 99.17} 80.83| 52.91| 1.851 87.95
TF2 60.83] 92.92| 97.92| 98.33| 71.67| 46.66| 1.817 81.31
ITF3 65.00] 94.58] 97.08] 92.91] 77.92| 44.58| 1.832 83.52
mean 6625/ 95.00] 98.33| 96.80| 76.81| 48.05| 1.833 84.27
SD 6.14 2.32] 1.50 3.40 468{ 4.33

SE 3.54 1.34] 0.87 1.96 2.70] 2.50

TM1 58.33| 87.50| 98.75] 97.50| 82.92| 53.75| 1.520 84.44
T™M2 65.83| 90.83| 99.17] 98.75] 76.67{ 50.42| 1.742 83.31
™3 56.67| 92.92} 97.08| 97.08f 89.17| 56.67| 1.500 89.84
mean 60.28] 90.42| 98.33] 97.78] 82.92| 53.61| 1.587 85.39
SD 488 2.73f 1.10 0.87 6.25| 3.13

SE 2.82 1.58| 064 0.50 3.611 1.81

Replication 1 and 2 xover |% correct
Talker HP2828 |HP1414 |HP707 |LP2828 |[LP1414 {LLP707 |in kHz {at xover
TF1 68.1 97.1] 99.4 98.1 79.6] 51.2| 1.825 86.41
TF2 57.9 88.71 979 99.0 71.9] 44.8| 1.730 79.77
TF3 61.9 94.0] 973 94.6 72.5| 47.9| 1.861 81.25
mean 62.6 93.3| 98.2 97.2 74.7| 48.0] 1.806 82.55
SD 5.15 4.21 1.07 2.33 428 3.23

SE 297 243] 0.62 1.34 247F 1.87

TMA1 55.6 87.5| 98.3 97.5 80.4] 51.7| 1.563 82.89
TM2 59.4 89.6| 97.9 98.3 76.1] 53.3] 1.690 81.80
TM3 56.2 910| 954 96.7 85.2] 52.5] 1.543 86.65
mean 57.1 894 97.2 97.5 80.6] 52.5| 1.599 83.59
SD 20 1.8 16 0.8 46 0.8

SE 1.2 1.0 0.9 0.5 26 0.5
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Also shown in Table 4.2 are cross-over frequency and full-band intelligibility. These last
two quantities are derived from the filtered phoneme intelligibility data. Their derivation

will be explained later.

IV. High- and low-pass filter functions

Figure 4.2 shows phoneme intelligibility, collapsed across two replications, as a
function of filter cut-off frequency for each of the six talkers. Similar graphs were
prepared for replications 1 and 2 separately, but there was no evidence of a significant
effect of replication on cross-over frequency. For that reason, only collapsed data are
shown here. It will be seen from Figure 4.2 that all cross-over frequencies fell between
1414 and 2828 Hz. Results for these 4 filter conditions were, therefore, used for

estimation of cross-over frequency by interpolation.

V. Cross-over Frequencies

It will be noted that a logarithmic scale is used for frequency in Figure 4.2. The
values of cross-over frequency shown in this figure and in Table 4.2 are, therefore,
logarithmic cross-over frequencies. The formula used for calculating cross-over
frequency is derived in Appendix F.

The mean value of cross-over frequency, collapsed across 6 talkers, was 1702 Hz
with a standard deviation of 130 Hz and a standard error of 60 Hz. In a simple analysis of
variance, however, there was strong evidence of a main effect of gender. The results of

this analysis are shown in Table 4.3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

ssed-ybiH —@—
ssed-moT —7—

G L GO0

G

|

G0 g

‘suopesldas g pue
SJ9US)S|| § UO paskeq si ueaw yoe3] ‘siayje} g 10} Aouanbayy Jjo-ind
1)y Jo uorouny e se Ayjiqibysiul swsuoyd uesyy Z'y ainbi4

ZHY ul Aouanbau4

SNL A S FTAL b LNL bl
s W NIV—% P ...... N . NIv_mm-._‘ . i - NIv_omF .......
v e e ] [

o o o
O < N
(%) uoniubooas swauoyd

o
o0

1[0

o O O
© < «

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

Table 4.3 shows that the within-gender variance is 5385 HZ’, giving a within-
gender standard deviation of 73 Hz (sqrt(5385)) and a standard error for each gender
mean of 42 Hz (73/sqrt(3)). The mean cross-over frequencies were 1806 and 1599 Hz, for
females and males, respectively. Thus, the mean cross-over frequency for the women was

some 200 Hz higher than for the men. The difference amounts to 13% or 1/6 octave.

Table 4.3. Analysis of variance of the cross-over frequencies in kHz for 6 talkers

Source Sum  Degrees Estimated
of of of Mean F p
Variance Squares Freedom Square ratio level
Gender 62628 1 62628 11.6 0.027
Talker Within 21541 4 5385
Total 84170 5

Assuming that cross-over frequency is normally distributed within the two gender
populations represented by these talkers, the following conclusions can be drawn with
95% confidence:

i) Mean cross-over frequency averaged across all women lies between
1689 and 1923 Hertz.
ii) Mean cross-over frequency averaged across all men lies between 1482
and 1716 Hertz.
Note that these confidence limits were obtained by multiplying the
appropriate standard deviation or standard error by 2.78 which is the value of student’s ‘t’
for 4 degrees of freedom.
Figure 4.3 provides an illustration of individual cross-over frequencies together

with the 95% confidence limits for the gender means.
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V1. Half-band phoneme intelligibility

Figures 4.4 and 4.5 show phoneme intelligibility as a function of cut-off
frequency for replications 1 and 2, respectively. Also shown are the values of phoneme
intelligibility obtained, by interpolation, at the cross-over frequency. In a repeated-
measures analysis of variance, shown in Table 4.4, there was strong evidence of a
replication effect - hence the presentation of both sets of data. There was, however, no
main effect of gender, nor was there an interaction between gender and replication - as
will be seen from Table 4.4. The group means (6 talkers) for replications 1 and 2 were
81.3% and 84.8%, respectively. Thus, measured half-band phoneme intelligibility
increased by 3.5 percentage points between two replications.

It will be seen from Table 4.4 that the estimated within-gender and
within-replication variance was 1.04%’ giving a standard deviation of 1.02 percentage
points. The corresponding standard error for the mean of a single talker (based on 2
replications) is 1.02/((sqrt(2)) ( = 0.72 percentage points). The standard error for the mean

of 6 talkers (based on 2 replications) is 1.02/((sqrt(12)) ( = 0.29 percentage points).

Table 4.4 Analysis of variance of the half-band intelligibility data

Source Sum Degrees Estimated
of of of Mean Error F p
Variance Squares Freedom Square Term ratio level
Gender 5.8832 1 5.8832 SW 0.31 0.606
- Replication, ' *#2.2003 7ok . 7422003  -RXSW-.. 4064 . 0003
GxR 0.1228 1 0.1228 RxSW 0.12 0.748
Subject Within  75.4325 4 18.8581 —_
RxSW 4.1621 4 1.0405 —_
Total 127.8910 11
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When the data are collapsed across replication, the mean half-band intelligibility
of the six talkers is 83.1 percent with a standard deviation of 2.8 percentage points and a
standard error of 1.2 percentage points. Using these values and 2.57, which is the value of
student’s “t’ for 5 degrees of freedom, it can be concluded that:
i) Population mean half-band intelligibility averaged across all adult
talkers lies between 80.2% and 86.2%.
Table 4.5 (below) shows the population and individual means for the half-band

and full-band phoneme intelligibility scores.

Table 4.5. Population and individual means for half-band and full-band intelligibility

scores:
Phoneme Intelligibility (%)
1/2-band full-band

95% confidence limits mean 83.1 97.1
for popuiation upper 86.1 98.1
mean lower 80.2 96.1
for individual upper 90.4 99.1
mean lower 75.9 94.2

VII. Full-band intelligibility

Full-band intelligibility can be predicted from half-band intelligibility using
probability theory (Boothroyd and Nittrouer, 1988), which is also the basis of
Articulation Index theory (French and Steinberg, 1947).

The equation is:

£=100*(1-(1-h/100)%).ccurmererrereerrenreraerrerennsecnencns ¢))
where f = full-band intelligibility in %, and

h = half-band intelligibility in %
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The underlying assumption is that the two half-bands are independent - that is,
failure to recognize via one band has no effect on probability of recognition via the other.
Applying this equation to the half-band data just reported it can be concluded that:
i) Population mean full-band intelligibility averaged across all adult talkers
lies between 96.1% and 98.1%.
Note that data from the two replications are collapsed to calculate the full-band

intelligibility score. These data are summarized in Table 4.5 above.

VIII. Gender effects for filtered speech

The phoneme intelligibility measures under the six filter conditions were
collapsed across the two replications, arcsine transformed to increase homogeneity of
variance, and subjected to an analysis of variance with gender as a grouping variable and
filter condition as repeated measures. The results are shown in Table 4.6. Of particular
interest is the interaction between filter condition and gender. Basically, scores for the
male talkers were higher under the low-pass conditions (by 4.5, 5.9, and 0.3 percentage
points for cut-off frequencies of 707, 1414, and 2828 Hz, respectively) and scores for the
female talkers were higher under the high-pass conditions (by 5.5, 3.9, and 1.0 percentage
points for cut-off frequencies of 2828, 1414, and 707 Hz, respectively). These findings
are illustrated in Figure 4.6. It is this interaction that accounts for the significant effect of
gender on cross-over frequency reported earlier. Note that the magnitude of the gender
effect is around 5 percentage points for scores under the two extreme filtering conditions

(which are both around 50%).
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Table 4.6. Analysis of variance in the arcsine transforms of phoneme intelligibility under
six filtering conditions, collapsed across replications

Sum Degrees |Estimated
of of Mean F o}
Squares | freedom | Square ratio level
Talker 2.57 1 2.57 0.11 0.76
K Filter |8922.76 | 5 1784.55 |=265:80 | -0.00
. TxF | 10444 | 8 = 2089 |- 31 | 003
Total 11118.59 1

IX. Summary of Findings

1. The average cross-over frequency for the female talkers (mean = 1806 Hz) was about
thirteen percent higher than the male talkers (mean = 1599 Hz). This was a
significant difference.

2. Female talkers tended to be more intelligible (by approximately S percentage points)
under high-pass filter conditions and male talkers tended to be more intelligible (by
approximately 5 percentage points) under low-pass filter conditions.

3. Due to the small number of talkers, there was overlap in the 95% confidence limits
for male and female talkers’ cross-over frequencies.

4. There was no gender effect seen for half-band phoneme intelligibility.

5. There was a 10-15 percentage point spread in the phoneme intelligibility scores in the
most severe filtering conditions (high-pass cut-off 1414 Hz and 2828 Hz and low-pass
707 Hz and 1414 Hz).

6. The average half-band phoneme intelligibility score was 83%.

7. Predicted full-band phoneme intelligibility score for the mean of all talkers was

between 96% and 98%.
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Figure 4.6. Phoneme intelligibility as a function of filter cut-off frequency for
female and male talkers. With low-pass filtering, the male talkers are more
intelligible. With high-pass filtering, the female talkers are more intelligible.
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CHAPTER FIVE

ACOUSTIC ANALYSES

L. Purpose
The purpose of the acoustic analyses was to document acoustical differences
among the six talkers with the goal of identifying potential correlates of behavioral

findings.

II. Methods

The consonant-vowel-consonant words in each of the 20 word lists containing the
point vowels /a,i,u/ were imported into a DaDisp for Windows worksheet (see Appendix

G). Therefore, a total of sixty words per talker was analyzed. The steady-state portion of
each vowel was identified using a spectrogram created in the worksheet. From the steady
portions of the vowels, fundamental frequency and first, second, and third formant
frequency values were obtained. Due to the effects of coarticulation, there was difficulty
locating the steady state portion of the vowel in cases where the vowel /u/ abutted a
nasal consonant (either in the initial or final position). As a result, these tokens were
excluded from this analysis. Another DaDisp worksheet (see Appendix H) calculated the
long-term average speech spectrum of each of the 20 word lists produced by each talker.
The values for the 20 lists were then averaged to obtain one long-term average speech

spectrum value for each of the six talkers.
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II1. Results
1. Fundamental Frequency and Formant Frequency Values
Table 5.1 shows the mean fundamental and formant frequency values collapsed
across male talkers, female talkers, and across all six talkers. Also shown are the
differences between male and female fundamental and formant frequency values in

octaves and percent. Tables 5.2-5.7 show the fundamental and formant frequencies in Hz

for the three vowels /a,i,w/ spoken by the three male talkers (talkers TMI, TM2, and

TM3) and three female talkers (talkers TF1, TF2, and TF3), respectively. The mean and
standard deviation of each fundamental and formant frequency value are also shown in
these tables. The difference between male talkers’ and female talkers’ fundamental
frequencies is approximately 0.9 octave (meah male fundamental frequency = 118 Hertz;
mean female fundamental frequency =220 Hertz). While the female formant frequency
values of F1 and F3 were similarly around 20% higher than those for the male talkers
(18% and 1J6%, respectively), there was only a 12% difference between the male and
female F2 value.

Figure 5.1 shows the scatter plots of F2 vs. F1 for the same three vowels for all
six talkers. The formants of the three male talkers are very similar, as are the formants for

female talkers TF1 and TF3. For female talker TF2 for the vowel /i/, there was a lower

mean F2 value for than the other two female talkers. Also, talker TF2 had a higher F1 and

F2 value for the vowel /a/ than the other two female talkers. This difference may reflect a

smaller vocal tract size and length than the other two female talkers. Figures 5.2-5.7

illustrate the formant values for each individual talker.
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Figure 5.1. F1 versus F2 scatter plots for 3 vowels produced in
consonant-vowel-consonant words by six talkers. Data points
show individual means collapsed over several tokens.
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Figure 5.2. F1 versus F2 scatter plots for 3 vowels produced in
consonant-vowel-consonant words by talker M1. Straight lines
join means for the three vowels. Axes of the ellipses extend to
the maximum and minimum values for each vowel.
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Figure 5.3. F1 versus F2 scatter plots for 3 vowels produced in
consonant-vowel-consonant words by talker M2. Straight lines
join means for the three vowels. Axes of the ellipses extend to
the maximum and minimum values for each vowel.
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Figure 5.4. F1 versus F2 scatter plots for 3 vowels produced in
consonant-vowel-consonant words by talker M3. Straight lines
join means for the three vowels. Axes of the ellipses extend to
the maximum and minimum values for each vowel.
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Figure 5.5. F1 versus F2 scatter plots for 3 vowels produced in
consonant-vowel-consonant words by talker F1. Straight lines

join means for the three vowels. Axes of the ellipses extend to

the maximum and minimum values for each vowel.
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Figure 5.6. F1 versus F2 scatter plots for 3 vowels produced in
consonant-vowel-consonant words by talker F2. Straight lines

join means for the three vowels. Axes of the ellipses extend to
the maximum and minimum values for each vowel.
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Figure 5.7. F1 versus F2 scatter plots for 3 vowels produced in
consonant-vowel-consonant words by talker F3. Straight lines

join means for the three vowels. Axes of the ellipses extend to
the maximum and minimum values for each vowel.
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2. Long-term average speech spectrum

Figure 5.8 shows the long-term average speech spectrum for each of the six
talkers. The top three graphs illustrate results for the three female talkers and the bottom
three graphs illustrate results for the three male talkers. The y-axis represents the relative
spectrum level in decibels integrated over 194 Hz and the x-axis represents frequency in
kHz. The numbers in the boxes on each graph represent the gradients in dB per octave
below and above 250 Hz and 500 Hz. While female talkers TF2 and TF3 and male talkers
TM2 and TM3 have similar slopes (between 7 and 8 dB per octave), female talker TF1
had the lowest slope (5.7 dB per octave) and male talker TM1 had the highest slope (9.2
dB per octave). Note that these slopes refer, essentially, to spectrum level (level per
cycle).When expressed in terms of 1/3 octave levels, they would be decreased by about
three dB per octave.

To investigate other possible differences in the spectra of the talker’s voices. the
energy ratio of the high and low portion of each talkers’ voice was measured. The energy
below 1000 Hz was compared to the energy above 1000 Hz and the low/high energy ratio
was calculated. Figure 5.9, (shown below) illustrates the low/high energy ratio in dB for
each of the six talkers. It will be seen that the range of ratios is from 11 dB to 6 dB. There
is a tendency for higher ratios in male talkers than female talkers but the data for the two
groups overlap. Note that gender-related differences of spectral shape have been reported

previously by Pearsons, et. al, (1977).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(s19%e} 8jelN 10} ZH 00S) ZH 0GZ SA0GE pue Mojaq J0o/gp ul sjuaipelb moys
SJIOqWINN ‘siaX|e) XIS Jo Yyoaads ay} Jo wnijoads abesane wia)-buo ‘g'g ainbi4

08 Ot 0¢ 0'L 606520

ZH) ul Aouanbal 4
08 0¥ 0¢C 0'L G0 SCO

08 0¥ 0C 0L G0 SC0

-——-—-—-—-—«-—-

............................

PR i

-——._—-.—-.____-—.-

-_‘-aq-‘-__-__—__-

:_:_:.:_:_:_.

LA LI LI L) LI LI
_ _ _ _ _ _

............................................

.................

_‘EH ........ ______

-—-——-—-——-.—-——-P

-d-_—q-—-—-—.-—-

..........................

4l

—.-—-_.___._-.—_-

Q- Lo 02
N
T TR . ’,, .................... b -

Cea ey

-—-—_-—-.—__—-—d-

I T

.._.__-_—-.—_.—.-_.-

-—-—-—-_—_-_-—-_

o O O o
T ™M N <

(ZH $61 120 pajelbaju

o @ © o
T ® « 9«

(=]
To)

1)
| [oA9] WNJjoads aAlle[oy

gp u

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

Low/High Energy
Ratio in dB

TF1 TF2 TF3 TM1 TM2 TM3
Talker

Figure 5.9. Energy ratio of the spectrum of the high and low portion of each
talker's voice. The energy below and above 1000 Hz was compared and the
low/high energy ratio was caiculated.

3. Cross-over frequency and half-band phoneme intelligibility as functions of
all six acoustic measures
Figure 5.10 shows the two behavioral measures, cross-over frequency and
half-band phoneme intelligibility score, as functions of all the acoustic measures taken.
The top six graphs represent the cross-over frequency as a function of fundamental
frequency in Hz, first, second, and third formants in Hz, the mean formant frequency in
Hz, and the long-term average speech spectrum slope in dB per octave above 500 Hz. The

fundamental and formant frequency measures were collapsed across the three vowels

measured (/a,i,w/).
Also shown on each graph are the linear correlations and regression functions.

The critical values for r (for four degrees of freedom) are: 0.81 for p = 0.05, and 0.73 for
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p=0.01. A strong positive correlation for all acoustic measures of fundamental and
formant frequency values and cross-over frequency should be noted. The correlation for
long-term average speech spectrum and cross-over frequency was not significant
(r(4)=0.49). The strongest correlation was seen between fundamental frequency and
cross-over frequency (r(4)=0.92). The linear correlations for the half-band intelligibility

scores and the six acoustic measures were not significant

IV. Discussion

The correlation between cross-over frequency and various frequency measures is
not surprising considering the large effect of gender. Cross-over occurred at a higher
frequency for female talkers - who also have higher fundamental and formant frequency
values. Because female talkers tend to have higher cross-over frequencies and higher
voice fundamental frequencies, a positive correlation was inevitable and does not
necessarily reveal a cause-effect relationship. The high information content of the second
formant makes it reasonable to infer a cause-effect relationship for this variable. The
danger of confounding correlation with cause, however, is emphasized by the fact that the
best predictor of cross-over frequency was fundamental frequency, for which no obvious
cause-effect relationship can be offered.

None of the acoustic measures offered was able to predict half-band phoneme
intelligibility. Presumably, one would need to examine other acoustic parameters in order

to identify potential correlates. It is possible, for example, that individual properties of
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articulation the primary determinants of phoneme intelligibility. These issues will be

examined at more length in the general discussion.

V. Conclusions

1. Formant frequencies and fundamental frequency were higher for the female talkers
than for the male talkers.

2. Formant frequencies and fundamental frequency accounted for significant amounts of
variance in measured cross-over frequency.

3. Because the formant patterns carry considerable phonemic information, it is reasonable
to assume that higher formant values cause higher cross-over frequencies, i.e., an
upward shift of the frequency-importance function, as seen in the female talkers.

4. The correlation of cross-over frequency with fundamental frequency, however, most
likely reflects the fact that women have a higher fundamental frequency value. There
is no obvious way in which the value of the fundamental frequency might influence
the frequency-importance function.

5. There was no evidence of an association between formant or fundamental

frequencies and half-band intelligibility.
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CHAPTER 6

GENERAL DISCUSSION

L. Cross-over frequency

The principal purpose of this study was to determine the presence of inter-talker
differences - including effects of gender - and their effects on phoneme intelligibility. The
dependent variable of primary interest was cross-over frequency, or the point on the
importance function for which high- and low-pass filtering provided identical phoneme
intelligibility.

The mean cross-over frequency for the six talkers was 1702 Hz. The mean cross-
over frequency for the female talkers was about 200 Hz higher than for the male talkers
(1806 Hz and 1599 Hz, respectively). Hirsh, et al. (1954) reported an average cross-over
frequency of 1675 Hz for male and female talkers. The average cross-over frequency for
the male talkers only (1599 Hz) is similar to the 1450 Hz found by Black (1959) and the
cross-over frequency for the female talkers only (1806 Hz) is similar to the 1920 Hz
found by Pollack and Pickett (1964). When Studebaker, et. al (1987) reviewed cross-over
frequencies generated by male and female talkers in several studies, they found that the
studies using only female talkers reported higher cross-over frequencies than those using
both male and female talkers or male talkers. In each of these studies, the test material
was meaningful consonant-vowel-consonant words. Therefore, the cross-over frequency

values reported in the literature support those found in this study.
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The results of the present study provide strong evidence to support the conclusion
that the cross-over frequency is higher for female talkers than for male talkers.
Considering the small sample size, the finding of statistical significance suggests that this
effect is very robust.

The finding of a higher cross-over frequency for female talkers is not surprising.
Many acoustic cues known to contribute to phoneme recognition are higher in frequency
for females than for males (Eguchi and Hirsh, 1969; Hillenbrand, et.al, 1995; Peterson
and Barney, 1952). The higher formant frequency values seen for females in the studies
reviewed in Chapter 2 were also seen in the acoustical analyses done for this study. This
male/female formant frequency difference is attributed to anatomical differences between
males and females, namely, the shorter vocal tracts of the females. Formant patterns are
known to be primary cues for vowel recognition, while formant transitions contribute to

consonant recognition. Moreover, there is evidence to show that the fricative spectra of
/s/ and /§/ are higher for females than for males (Boothroyd and Medwetsky, 1992).

The mean second formant value for the female talkers was 12% higher than the
male talkers. Moreover, the mean cross-over frequency for the female talkers was 13%
higher than the male talkers. It is tempting to take the quantitative similarity of these
findings as support for the conclusion that second formant frequency of the talker
determines the cross-over frequency. It should be noted, however, that because of the
small sample size there were wide confidence limits for estimates of mean cross-over

frequencies for the populations of men and women represented by these samples. It
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would be wrong, therefore, to attach too much significance to quantitative similarities
between second formant frequency and differences in cross-over frequency.

Another reason for caution in interpreting the cross-over frequency values
obtained in this study is the interpolation method used. The logarithmic scale was chosen
for frequency in Figures 4.2 - 4.4 because this transformation increases the symmetry of
the frequency-importance function (according to the published literature). The
interpolation used in this study, however, (see Appendix F) assumes a linear relationship
between phoneme intelligibility and the logarithm of frequency between 1414 and 2828
Hz. The data of French and Steinberg (1947) and others in fact show a curvilinear
relationship. It is expected, therefore, that this method of interpolation may have
produced some systematic error of estimation in addition to unavoidable random error of
measurement.

Lastly, while the mean values of cross-over frequency for female talkers and male
talkers were significantly different, there was overlap in the estimated ranges. Therefore,
there are some female talkers with cross-over frequencies lower than some male talkers,
and vice versa. Due to considerable variability within gender group, it is clear that gender

alone does not determine cross-over frequency.

I1. Half-band phoneme intelligibility

Based on the data from the six talkers in this study, it was concluded that 95% of
adults would have half-band phoneme intelligibility scores between about 76% and 90%,
which represents a 14 percentage point range. There was considerable individual

variation in the half-band phoneme intelligibility scores. While some of this range might
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be attributable to measurement error, a major portion must be attributed to genuine
differences in the intelligibility of these six talkers. Additionally, the gender effect that
was seen for cross-over frequency was not seen for half-band phoneme intelligibility.
Thus, this study finds that while there were differences among the talkers, there was no
evidence of inherent intelligibility differences between male and female talkers.

There was a significant effect of replicaiion in this study, which suggests the
presence of a learning effect. The implications of a learning effect on haif-band phoneme
intelligibility will be discussed later in this chapter in greater detail.

One aspect of the half-band intelligibility data warrants further discussion. Full-
band intelligibility was predicted from the half-band intelligibility. Listeners in this study
performed better than the predicted phonemé recognition scores in the two most favorable
listening conditions: high-pass 707 Hz and low-pass 2828 Hz. For these two conditions
many of the scores were near 100%. One explanation could be that the overlapping high-
and low-pass filter skirts (see Figure 3.1, Chapter 3) would have allowed some
redundancy in the estimates of half-band intelligibility. The result of such an error would,
however, be the overestimation of full-band intelligibility because a small part of the
acoustic spectrum would be represented twice. It could be argued that the underlying
assumptions of independence in Articulation Theory, and embodied in equation (2), are
incorrect. To test this possibility would require more detailed data than are available from
the present study.

A more likely reason for the discrepancy between predicted and measured full-
band intelligibility is an underestimation of half-band intelligibility. The full-band

intelligibility scores were predicted from the half-band intelligibility scores (see Equation
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1). The interpolation method used to determine the half-band phoneme intelligibility
scores assumed a linear relationship between phoneme intelligibility and the logarithm of
frequency between 1414 and 2828 Hz. The data reported in the literature by other
researchers, such as French and Steinberg (1947), indicate a curvilinear relationship
between phoneme intelligibility and the logarithm of frequency (see discussion above).
The predicted full-band phoneme intelligibility scores from this study tended to be

somewhat lower than if a curvilinear interpolation was used.

II1. Possible learning effects

A concern about the design of this study was the repetition of test materials. Each
listener heard a total of 72 word lists throughout testing, and because there are only 20
lists, each list was heard about three times. Although efforts were made to reduce effects
of learning, by randomization of all talkers, filtering conditions, and test sessions, the
possibility of learning effects should not be excluded. There was evidence of a small but
significant increase of mean phoneme intelligibility between the first and second test
sessions, suggestive of a learning effect. In addition, in the second testing session,
listeners were more familiar with the test procedure, which also may have improved
performance. In spite of the evidence of a learning effect, there was no evidence that its
magnitude was a function of filtering condition or gender, or that it affected cross-over
frequency. The presence of this effect does not, therefore, threaten the validity of
findings related to cross-over frequency.

The learning effect did, however, have a small but significant influence on

interpolated half-band intelligibility and inferred full-band intelligibility. The absence of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

interactions justified the collapsing of data across two test sessions. There is no reason to
question the validity of the qualitative findings. It must be noted that when generalizing
to clinical situations, listeners do not typically have the amount of exposure to either the
task or the test materials that they did in the present study. Therefore, in drawing
inferences about clinical testing from the present data, it might be more appropriate to

use the qualitative results from the first test session only.

IV. Clinical Implications

The issue of clinical application was central to the motivation of the present study. The
underlying question was how much influence do inter-talker differences have on the
reliability of measures of phoneme intelligibility in hearing-impaired individuals. While
the present study did not include hearing-impaired individuals, it did provide data on the
performance of adults with normal linguistic knowledge who are presented with the task
of interpreting incomplete acoustic signals. Most hearing-impaired individuals suffer a
greater loss of acuity in the high frequencies than in the low frequencies. Therefore, the
data from this study on low-pass filtering at 707 and 1414 Hz offer the best simulation.
For the present purposes, therefore, the data from these two low-pass conditions were
collapsed to give a single estimate of phoneme intelligibility. These values are shown in

Table 6.1.
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Table 6.1: Low-pass filtered percent phoneme recognition for the speech of 6 talkers
during two test sessions. The data for a single talker and session are collapsed across 8
listeners and 2 filter cut-off frequencies: 707 and 1414 Hz.

Replication

Talker First Second Mean
TF1 64.0 66.9 65.4
TF2 575 §9.2 58.3
TF3 59.2 61.3 60.2
™1 63.7 68.3 66.0
™2 66.0 63.5 64.8
™3 64.8 72.9 68.9
Mean 62.5 65.3 63.9

St.Dev. 3.9

In Table 6.1, the standard deviation of the mean percent intelligibilities of the six talkers
under low-pass filtering was 3.9 percentage points. Using the student’s value of ‘t’ =2.57
for 5 degrees of freedom, the best estimate of 95% confidence limits for the range of
intelligibilities in the population of adults represented by this sample of six talkers is +/-
10.0 percentage points around a mean of 64%. It must be noted that some of this range
includes the between-listener talker differences and effects of inherent measurement error
(the 95% confidence limits for a talker for half-band phoneme intelligibility are +/-1.9
percentage points). Since the latter sources of error are small, it can be assumed, for the
moment, that inter-talker differences are the primary determining factor. These numbers
suggest that, by picking a random talker, we create an uncertainty in the estimate of the
“true®” phoneme recognition performance capability of an individual in the region of 10
percentage points. While differences of this magnitude may not be considered serious in
terms of diagnosis, they may be considered serious in other applications, such as

establishing the effects of changes in amplification characteristics or effects of training.

3 The qualifier “true” is used here to represent the hypothetical mean phoneme intelligibility score for a
single listener averaged across all talkers for a large number of replications, in the absence of learning
effects.
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As talker gender was found to be a significant contributor to inter-talker
differences of the frequency-importance functions, its removal would be expected to
reduce the confidence limits of scores under a given filtering condition. In other words,
picking a talker at random from a single gender group will reduce the uncertainty in
“true” phoneme intelligibility. From the data in Table 6.1, we obtain a pooled within-
gender estimate of standard deviation of 3.0 with 4 degrees of freedom. Using the
student’s value of ‘t’ = 2.78 for 4 degrees of freedom, the best estimate of 95%
confidence limits for the range of intelligibilities in the population of adults represented
by these talkers is +/- 8.3 percentage points around a mean of 64%. Therefore, by picking
a talker at random from within a fixed gender group the uncertainty in the estimate of a
listener’s “true” phoneme intelligibility can be reduced from around 10 percentage points
to around 8 percentage points. Although an improvement of this magnitude in the
precision with which one can estimate an individual’s “true” phoneme recognition skills
may be of clinical significance, it is hardly dramatic. If precision cannot be improved by
adequately by restricting the choice of talkers to a specific gender, then perhaps more
dramatic improvements can be obtained by eliminating all talker differences. This
possibility was examined by subjecting the data from Table 6.1 to an analysis of variance
with gender as a grouping variable and replication as a repeated measure. The residual
error term gives an estimated standard deviation of repeated scores (averaged across two
filtering conditions) of 1.36 percentage points. Applying the ‘t’ value of 2.78 for 4
degrees of freedom gives 95% confidence limits for the estimate of “true” phoneme

intelligibility of +/- 3.8 percentage points around a mean score of 64%.
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Thus, to summarize: ignoring talker differences and picking a talker at random
(equivalent to live-voice clinical testing) yields a precision of measurement of phoneme
intelligibility of around 10 percentage points for scores in the 64% region. This precision
can be improved to around 8 percentage points by picking a talker at random within a
single gender group. Use of a single talker (equivalent to standardized recorded
materials), however, improves precision to around 4 percentage points. Therefore, there is
evidence that complete elimination of talker differences leads to considerable
improvements in precision. Also, from a practical viewpoint, use of a single talker can be
achieved through the use of recorded test materials. Although the data in this study were
obtained with simulated hearing loss, these data support the conclusions drawn from
previous studies mentioned in Chapter 1 (Beés, 1983; Brandy, 1966; Gengle &
Kupperman, 1980; Hood & Poole, 1980; Kirk, Pisoni, & Miyamoto, 1997; Kruel, Bell,
and Nixon, 1969; Penrod, 1979).

It should be pointed out, however, that the 4 percentage point value may be overly
optimistic because it assumes scores are collapsed across 32 presentations (eight listeners

X two conditions x two replications). This issue is explored further below.

V. Inherent measurement error

It was pointed out in the previous section that the estimates of confidence limits,
although based on the means of 32 presentations, Will contain a certain amount of
inherent measurement error. That error arises from the variability of a single percent
phonemes recognized score obtained from a single listener. It has been pointed out

previously that this variability can be estimated from the binomial model under the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

assumption that a single score is based on a set of independent test items (Boothroyd,

| 1968; Dubno, Lee, Klein, Matthews & Lam, 1995; Gelfand, 1998; Olsen, Van Tasell, &
Speaks, 1997; Thomton & Raffin, 1978).
The appropriate formula is:
sd = sqrt(p/100*(1-p/100)/n)*100.......oormrereeeeeenn ?3)
where:
sd = predicted standard deviation of repeated scores in percentage points
p = probability of a correct response in percent
n = the number of independent items on which a score is based

~ For each filter condition in this study a list of ten words was presented. While the

number of phonemes in that list was 30, this value should be reduced to around 25 to
account for inter-phonemic dependencies (Boothroyd and Nittrouer, 1988). Substituting n
= 25 into equation (3), together with a value of 64% for p, gives an estimated standard
deviation of 9.6 percentage points. Using a value of ‘t” = 1.98 gives 95% confidence
limits of +/-19 percentage points around a score of 64%. Thus, the measurement error for
a single estimate of phoneme intelligibility using a ten word list is about twice that
introduced by talker variability. Using scores based on 32 word lists (eight listeners x two
replications x two conditions), gives an estimated standard deviation of 9.6/sqrt(32)
percentage points, which equals 1.70 percentage points. The 95% confidence limits are
+/- 3.4 percentage points. This value of 3.4 percentage points is similar to the 3.8
percentage point estimate obtained in the previous section when all talker variability was

removed.
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Therefore, the conclusion is that removal of inter-talker differences will
dramatically enhance the precision of a test only if other steps are also taken to increase
test-retest reliability on a single measure of phoneme intelligibility. One way to achieve
this is to increase the number of test items. It has been suggested that the number of test
items can be increased without significantly increasing test time by using phoneme based
scoring, rather than whole word scoring (Boothroyd, 1968; Gelfand, 1998; Olsen, Van
Tasell, & Speaks, 1997). In fact, Gelfand recommends the use of 150 consonant-vowel-
consonant words scored phonemically, which yields 450 test items, to obtain a single

estimate of phoneme intelligibility.

VI. Additional Practical Concerns

Even if the problem of inherent test-retest reliability could be solved, the use of a
standard talker would automatically imply recorded materials. Along with the use of a
single talker in phoneme intelligibility testing, several other variables need careful control
to improve test reliability. Talker microphone position and distance should remain
constant. Also, studies have shown that attempts to make speech clear for the listener,
especially by decreasing rate of speech, can effect phoneme intelligibility (Howell and
Bonnett,1997; Picheny, Durlach, & Braida,1985; Picheny, Durlach, & Braida, 1986;

Picheny, Durlach, & Braida,1989).

VIL Further research
Subsequent research in this area is needed. The small number of talkers used in

this study, limited by the test materials used, create the need for a follow-up study using
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more talkers. Although statistically significant gender differences were seen for cross-
over frequency, it is difficult to make conclusions about the magnitude of the average
male/female difference with such a limited sample. Also, with a greater number of
talkers, the range of cross-over frequencies will be expanded, and it is possible that there
would be more overlap between the male and female cross-over frequencies.

There is also a need for a study using male and female talkers of different ages.
The differences between acoustic characteristics of adult and child talkers are described in
Chapter 2. The use of all adult talkers in this study provides no information about a
listener’s performance on phoneme intelligibility measures using child talkers.

A study using multiple talkers and listeners with sensorineural hearing loss is also
warranted. One approach to this type of stud—y might be to investigate the effect of
different talkers on listeners using various sensory aids, such as hearing aids and cochlear
implants. It would be interesting to determine the effect of the acoustic input to these
sensory aids on the phoneme intelligibility of multiple talkers.

Methods must be found of increasing test-retest reliability without unreasonable
increases in test items, and therefore, test time. For example, a performance-intensity
function using the same test materials repeatedly may offset the need for additional test
materials by presenting the same word lists at ascending sound pressure levels, essentially
retaining the novelty of the test materials and thus increasing usable test items. These data
can be compared to a function using a descending sound pressure level and a different set
of unchanging test materials. A variation on this design may be to increase or decrease

amount of filtering rather than intensity.
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VIII. Summary and Conclusions

Based on the results of this study, the following conclusions may be drawn:

I

Using these test materials and procedures, the median frequency in the
importance function for phoneme intelligibility (i.e. cross-over frequency) lies
in the range of 1482 Hertz and 1923 Hz.

Half-band phoneme intelligibility lies in the range of 74.9% to 88% - in
subjects who have not overlearned the test material.

Predicted full-band phoneme intelligibility lies in the range of 96% to 98%.
These three measures, cross-over frequency, half-band phoneme intelligibility,
and full-band phoneme intelligibility, vary across talkers.

Gender contributes significantly to cross-over frequency. In this study, the
female talkers, on average, have a cross-over frequency in the region of 13%
higher than the male talkers.

There was no evidence from this study of a gender contribution to half-band
phoneme intelligibility or predicted full-band phoneme intelligibility.

There was weak evidence, however, of a gender effect on intelligibility under
specific conditions: female talkers tend to be perceived better under high-pass
filter conditions, and male talkers tend to be perceived better under low-pass
filter conditions.

For filter conditions giving phoneme intelligibility in the 50% to 80% range
(low-pass 707 and high-pass 2828 Hz), individual talker intelligibility varies

over a range of 9-13 percentage points.
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9. Elimination of talker differences alone would not have a major effect on
confidence limits for an estimate of phoneme intelligibility based on a list of
ten words.

10. The first step in improving reliability in clinical measures of phoneme
intelligibility is to reduce inherent variability by increasing number of test
items on which a score is based.

11. Further benefits may then come from using either a single talker or a carefully

chosen “average talker”.
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APPENDIX A.:

AB isophonemic word lists used as test stimuli.
Each list contains ten words consisting of the same
ten vowels and 20 consonants in various combinations
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1004 HLOW ADOHS 4801 4o1nf gNOod

Dod 48001 Niad 4d40d aijd aood
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LHOIFH 4491HO HLIdL JIHO JSIM HOIA

HOL34d 3OV HOINW AV dVdH dVim

JWIHL Nvd 44nd NIHL HNNHL Aval

/AL HSId DIM SYD HOLVD HOLIM

dAVHS ONH JAVH HSNH T ONHL

81 LSI'1 S1 LSI'1 I LSI'Y 6 LSI'] 9 LSI'l ¢ LSI'T

HLOOd WO00Z NOOS HDNOD T14HS aNnf g0l
HOLVM dOHO D0d gam 10Od LIA 201
JWOH d47T0H 13d LOOHS 4SOON dOHS 3003m
ssnd amnd A0 4SOHO adof S$409 aNod
NId JAID aM1d THA HOVAY AV dAIH
4aind INIM 4zv1 40dIS SAVM Jdim 4oV
1ar L3S HLV3H qand JAld T199H 4S399HO
ASvdl 43IHL WVI NND )(¢} NS HLvd
HSWVY HSVO HOLNd dlH WNH HOLVHL A0na
JAVO aavr HSIM HLYIN Hlvd gld HSId
0T LSI'T LY LSI'T ¥1 LSI'l 11 LSI'T 8 LSI'T S LSI'I ¢ 1ISI'T
HANOM LINS NOOW SAOHS adHs a0f dAON
4094001 dOH 49d0d 4L0A LON 4SOOHO LOf
44OH dNOZ HOLIIM aod 4S00D gW0D TTaM
HSNY JA0T 470d W3H WVOd S$S4NoO HLOd
Old JDIHL JdIM d33d dvad 4dIH 401d
gDIN gnia aLvo NOIS JAVM HLVZIM 4ZVH
HLV3d 439HO JAFIHL HLIVd SHOIHL ddVHS AFTHO
HOVil HOV3ad HSVH ADIM T LVA NV4
avo oV YAARL HOLV’1 HOLNH TIM oMy
HSVA 4OVAM SSIX onr 3odvd NNd dIHS
61 LSI'T 91 LSI'T €1 LSI'1 01 LSI'T L LSI'T p LSI'1 1 LSI'T

SISTT QUOM DIWINOHIOSI 8V - V XIANdddV
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APPENDIX B:

Commands from DaDisp worksheet for equalizing
the average rms amplitude of the word lists
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APPENDIX B: Commands from DaDisp worksheet for equalizing AB words

W1-10: readwav(xxx) W1-10: reads in each AB

Wil:

Elliptic(2,22050.0,150.0,1.0,50.0,10.0) word in each 10 word list

W12:Cascade(W1,W11) W11: sets up high pass

W13:
wi4:
Wi1s:
wié:
W17:
W18:
w19:
W20:
wW21:
w22:
W23:
W24:
W25:
W26:
W27
W28:
w29:
Ww30:

Cascade(W2,W1l1) filter

Cascade(W3,W11) W12-21: executes filtering
Cascade(W4,W11)

Cascade(W5,W11)

Cascade(W6,W11)

Cascade(W7,W11)

Cascade(W8,W11)

Cascade(W9,W1l1)

Cascade(W10,W11)

Extract(W12,2200,length(W12)-4400) W22-31: removes100 ms
Extract(W13,2200,length(W13)-4400) before and after each word
Extract(W14,2200,length(W14)-4400)

Extract(W15,2200,length(W15)-4400)

Extract(W16,2200,length(W16)-4400)

Extract(W17,2200,length(W17)-4400)

Extract(W18,2200,length(W18)-4400)

Extract(W19,2200,length(W19)-4400)

Extract(W20,2200,length(W20)-4400)

W31: Extract(W21,2200,length(W21)-4400)

W32: Concat(W22..w31) W32: concatenates words
W33: W32+gnormal(length(W32),1/22050)

W34: gseries(stdev(W33))

W35: clip(W12/max(W33)*10°(73/20),-2"15+1000,2~15-1000) W35-44: equalizes each list’s
W36: Clip(W13/max(W33)*10°(73/20),-2~15+1000,2"15-1000) amplitude

W37: Clip(W14/max(W33)*107(73/20),-2*15+1000,2"15-1000)

W38: Clip(W15/max(W33)*10°(73/20),-2"15+1000,2"15-1000) W46-48: calculates the amp.
W39: Clip(W 16/max(W33)*107(73/20),-2"15+1000,2~15-1000)distribution, cumulative amp.
W40: Clip(W17/max(W33)*107(73/20),-2*15+1000,2"15-1000)distribution, and long-term
W41: Clip(W18/max(W33)*107(73/20),-2"15+1000,2"15-1000)average speech spectrum
W42: Clip(W19/max(W33)*107(73/20),-2"15+1000,2"15-1000)

W43: Clip(W20/max(W33)*107(73/20),-2"15+1000,2"15-1000)

W44: Clip(W21/max(W33)*107(73/20),-2"15+1000,2"15-1000)

W45:clip(concat(20*log 1 0(transpose(colstdev(Ravel((w33)/max(w34)*107(70/20),880,1,660))))
,gseries(0)),0,90

W46: delay(extract(Ampdist(w44,.25),2,90*4), 1 )|setxoffset(0)

W47:Partsum(w45)/sum(w45)*100|sethunits("dB")|setvunits("Percentile")|setxy(0,90,0,100)|setx
tic(5)|setytic(5)
W48:20*log10(transpose(sqrt(colmean(transpose(spectrum(hanning(Ravel(w32,1024,1,512))))))
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APPENDIX C:

Commands from DaDisp worksheet for creating
low-pass and high-pass filters
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APPENDIX C: Commands from DaDisp worksheet for creating low-pass and high-pass

filters

W1: readwav(xxx)

W2: Elliptic(1,22050.0,707.0,1.0,100.0,1414.0)
W3: Elliptic(1,22050.0,1414.0,1.0,100.0,2828.0)
W4: Elliptic(1,22050.0,2828.0,1.0,100.0,5656.0)
WS: Elliptic(2,22050.0,1414.0,1.0,100.0,707.0)
W6: Elliptic(2,22050.0,2828.0,1.0,100.0,1414.0)
W7: Elliptic(2,22050.0,5656.0,1.0,100.0,2828.0)
W8: Cascade(W1,W2)

WO9: Cascade(W1,W3)

W10: Cascade(W1,W4)

W11: Cascade(W1,W5)

W12: Cascade(W1,W6)

W13: Cascade(W1,W7)

W1: reads in AB words
W2-7: sets up low-pass
and high-pass filters using
different cut-off Hz’s

W8-13: executes the low-
pass and high-pass filtering
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APPENDIX D:

Randomizations used in testing
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APPENDIX D: Talker and condition randomizations for 8 listeners, 2 replications

Replication 1
L1-1 HPH-LPH L2-1 HPE-LPE
kHz |TF1 ™1 TM2 TM3 TF3 TF2| kHz T™M3 TM2 TF2 TF3 TF1 TM1
HP2.828} 15 20 2 17 1 6 | HP.707 4 10 20 15 8 5
HP1414| 11 8 19 20 15 5 |HP1414| 20 19 1 17 4 12
HP707| 12 18 10 11 7 9 |HP2828| 11 12 2 3 19 16
LP.707 | 6 g 13 12 3 8 |LP2.828 1 18 14 20 15 6
LP1414y 7 17 6 3 16 2 |LP1.414 10 11 6 9 3 8
LP2.828| 16 1 14 4 13 18 | LP.707 9 5 16 13 7 18
L3-1 LPH-HPE L4-1 HPE-LPH
kHz |TF3 TM1 TF2 TM2 TM3 TF1} kHz TF2 TF3 TF1 TM1 TM3 TM2
LP7071 20 8 13 2 9 4 | HP.707 3 18 12 20 2 11
LP14141 14 10 2 11 6 19 |HP1414| 18 2 15 14 7 6
LP2828| 6 15 7 10 20 3 |HP2.828 6 4 11 186 1 15
HP.707| 19 18 1 5 17 13 | LP.707 1 19 17 12 19 8
HP1414| 1 16 4 12 14 7 |(LP1.414 11 6 9 3 5 13
HP2.828] 18 3 5 16 15 8 |LP2828| 20 7 10 6 8 4
L5-1 LPH-HPH L6-1 HPE-LPE
kHz |TF1 TF3 TM3 TF2 TM1 TM2} kHz TM2 TF1 ™M1 TM3 TF2 TF3
LP707 12 11 8 1 19 4 |LP2828 10 14 § 2 15 13
LP1.414| 8 7 6 20 14 7 |LP1414 12 177 8 16 3 9
LP2828/ 20 9 19 16 10 2 | LP.707 19 11 15 10 1 8
HP2.828| 6 1 3 13 9 5 | HP.707 16 20 9 4 12 18
HP1.414} 2 5 4 12 15 17 |HP1414 1 2 18 19 17 5
HP.707| 13 17 14 11 18 3 |jHP2.828 3 7 6 13 15 4
L7-1 HPH-LPE L8-1 LPE-HPH
kHz |TF2 TM3 TM1 TF3 TM2 TF1} kHz TM1 TF2 TM3 TF3 TFt1 TM2
HP2.828{ 13 14 20 5 6 12 |LP2.828 15 1 11 6 14 20
HP1.414| 18 4 17 9 3 11 |LP1.414 12 4 7 15 18 10
HP.707| 7 19 10 16 18 8 | LP.707 6 14 9 1 7 19
LP2828f 6 16 12 19 10 13 |HP2828| 16 13 10 8 17 15
LP1.414] 8 3 1 20 15 2 |HP1414| 18 19 3 2 4 13
LP707 { 11 15 2 4 14 7 | HP.707 17 20 5 12 9 3
CODES:
HPH=high-pass filtering starting with 2828 cut-off Hz
HPE=high-pass filtering starting 707 cut-off Hz
LPH=low-pass filtering starting with 707 cut-off Hz
LPE=low-pass filtering starting with 2828 cut-off Hz
TF1-3=female speakers 1-3
TM1-3=male speakers 1-3
L1-1=listener 1, replication 1
L1-2=listener 1, replication 2, and so on...
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APPENDIX D: Talker and condition randomizations for 8 listeners, 2 replications

99

Replication 2
L1-2 LPE-HPE 12-2 LPH-HPH
kHz |TF3 TM3 TF1 TM2 TF2 TM1] kHz TF1 TM1 TF3 TM2 TF2 TM3
LP2828| 4 16 18 12 10 17 | LP.707 14 9 10 8 13 5
LP1414| 13 6 14 1 2 16 {LP1.414 4 6 13 17 15 19
LP707| 9 19 17 7 15 20 jLP2.828 18 4 17 20 14 11
HP.707}1 16 10 1 4 19 14 [HP2.828 3 i1 15 2 10 12
HP1.414| 7 2 11 18 8 3 |HP1.414| 16 5 9 3 18 7
HP2828} 5 12 20 3 13 11 | HP.707 7 12 19 1 8 16
L3-2 HPH-LPE L4-2 LPE-HPH
kHz |TM1 TF2 TM3 TF1 TM2 TF3| kHz T™3 TF2 TM1 TM2 TF3 TF1
HP2.828} 14 18 9 5 15 10 jLP2.828 14 3 1 2 9 15
HP1414} 20 8 12 1 14 17 |[LP1.414 2 5 13 20 11 6
HP.707 | 2 7 17 16 12 13 | LP.707 13 17 3 19 8 1
LP2.828| 156 16 11 9 4 3 |HP2.828 7 9 20 4 5 17
LP1.414| 1 5 4 13 20 9 |HP1414 4 10 18 14 12 16
LP707 119 12 6 10 3 11 | HP.707 8 16 19 15 10 7
L5-2 HPE-LPE L6-2 HPH-LPH
kHz |[TF2 TM3 TM2 TM1 TF3 TF1] kHz TF3 TM2 TF2 TF1 TM3 TM1
HP707| 16 1 18 19 17 6 {HP2.828] 15 20 4 16 13 5
HP1414| 2 14 7 9 19 10 |HP1.414| 12 10 14 2 1 11
HP2828| 13 11 3 14 20 18 | HP.707 9 19 7 4 3 13
LP2828| 17 8 15 13 11 1 | LP.707 10 11 8 20 14 19
LP1414] 9 20 6 4 15 &5 |LP1.414 18 12 3 13 6 8
LP707}| 4 10 12 3 16 7 |jLP2.828 1 9 5 1 17 7
L7-2 LPH-HPE L8-2 HPE-LPH
kHz |TM1 TF1 TM2 TF2 TF3 TM3] kHz TM2 TF3 TF1 TM3 TM1 TF2
LP7071 17 4 12 15 5 6 | HP.707 1 13 18 11 2 13
LP1.414| 19 11 18 2 4 10 |HP1.414| 17 19 20 4 16 7
LP2828) 5 10 14 20 7 8 |HP2.828 8 6 1 9 5 12
HP.707| 1 20 13 14 19 2 | LP.707 12 5 14 15 4 18
HP1.414{ 3 8 15 1 20 13 |LP1414| 20 2 16 5 3 6
HP2.828] 15 17 3 11 9 16 |LP2.828 11 18 19 2 17 13
|ICODES:
HPH=high-pass filtering starting with 2828 cut-off Hz
HPE=high-pass filtering starting 707 cut-off Hz
LPH=low-pass filtering starting with 707 cut-off Hz
LPE=low-pass filtering starting with 2828 cut-off Hz
TF1-3=female speakers 1-3
TM1-3=male speakers 1-3
L1-1=listener 1, replication 1
L1-2=listener 1, replication 2, and so on...
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APPENDIX El:

Raw data showing percent phonemes recognized by six talkers under
three high-pass and three low-pass filter conditions for eight listeners
for the first of two replications.
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APPENDIX E2:
Raw data showing percent phonemes recognized by six talkers under

three high-pass and three low-pass filter conditions for eight listeners
for the second of two replications.
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APPENDIX F:

Derivation of the formula used to determine linear and
logarithmic cross-over frequency
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Appendix F: Derivation of the formula used to calculate the linear and logarithmic
cross-over frequencies

g (high-pass)

S

€

c% (Iow-pasfs)

Frequency in octaves re 1.414 kHz

(D)1 = (Y Xeoeeeeeeiiiccceeeenees (D
(c-bY1 = (Y-bY/(1X)ururreciiiencrircrerencinecnnanes (2)
Y= X(€E) F foeeeee e 3)
Y= (1-X)(C-D) F Daeeeecneee “é4)
x(e-D+f = (1-x)(C-b)tb..uceiiiiircircnienne &)
x(e-f) + f=c-b - X(c-b) + bu.cervcriiiinnens 6)
x(e-f) + (c-b) = (c-b) + (b-f)ecevrinnene @)
x = (c-b) + (b-f)/(e-f) + (c-b) (in octaves)............. 8
X = C-f/(e-F) + (C-D)eerereerereeereecrccicennerenne €))
F, = 1414 % 2/ X...uecerscrcncncnctnacnsesessenennse (10)
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APPENDIX G:

DaDisp worksheet used for determining fundamental and formant
frequency values for AB words
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APPENDIX G: Commands from DaDisp worksheet for determining fundamental and
formant frequency values

WI:
w2:
Ww3:
W4:
W5:
Wwé:
W7
Ww38:
Wo9:

Readwav("c:\bam\f31010eq.wav") W1: imports equalized sound files
Extract(w1,256+(curpos(w10)-1)*64-512,1024) = W2: extracts temp. center of vowel
Spectrum(hanning(W2)) W3: displays frequency spectrum
20*loglO(W3) W4,6,7,8: converts to dB scale

Extract(movavg(w3, 15),8,length(W3))|setxoffset(0)WS: smoothes spectrum

20*logl O(w5)

20*logl O(W5) W9: creates spectrum of 21 Hz BW
20*loglO(W5) W10: converts y-axis to dB scale
Gseries(curpos(w4)- 1,curpos(w6)-1,curpos(w7)-1,curpos(w8)-1)*11025/ 512

W10: Transpose(20*log10(1+spectrum(hanning(Ravel(W1,512,1 4480
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APPENDIX H:

DaDisp worksheet used for calculating
long-term average speech spectrum
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Appendix G: Commands from DaDisp worksheet calculating the long-term average speech
spectrum

Wi:
w2:
W3:
w4
WS5:
Wwé:
W7
w8:
w9
W10

Wll:
wi2:
W13:
Wi4:
W1s:
W16:
W17
wW18:
W19:

w20
w21
w22

spectq.6.01
spectq.6.02
spectq.6.03
spectq.6.04

spectq.6.05
spectq.6.06

spectq.6.07

spectq.6.08

spectq.6.09

: spectq.6.10

spectq.6.11

spectq.6.12

spectq.6.13

spectq.6.14

spectq.6.15

spectq.6.16

spectq.6.17

spectq.6.18

spectq.6.19

: spectq.6.20

: Sums(w1..w20)/20|setytic(5)
: W2ljsetxy(100,10000,15,65)

W1-W20: Imports long-term average

speech spectrum for each of the 20
AB word lists

W21: Calculates average of 20 lists
W22: Graphs long-term average
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