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Abstract
Aim
When speech signals are transmitted via radio,ptieeess of transmission
may add noise to the signal of interest. Thisstiths to examine the effect of radio
transmission on the quality of speech signals tratbsd using a combined acoustic
and perceptual approach.

Method
A standard acoustic recording of the Phonetic8ltanced Kindergarten

(PBK) word list read by a male speaker was playackhn three conditions, one
without radio transmission and two with two typégsadio transmission. The vowel
segments (/i, a, o, u/) embedded in the original #re re-recorded signals were
analysed to yield measures of frequency loci offitts¢ two formant frequencies (F1
and F2), amplitude difference between the first tomonics (H1-H2), and singing
power ratio (SPR). Other measures included Sgddimanent One (mean), Spectral
Moment Two (variance), and the energy ratio betweensonant and vowel (CV
energy ratio). To examine how H1-H2 and SPR wetated to the perception of
vowel intelligibility and clarity, vowels at fiveelels of each of these two measures
were selected as stimuli in the perceptual stulye auditory stimuli were presented
to 20 normal hearing listeners, including 10 maled 10 females aged between 21 to
42 years, the listeners were asked to identifwthveel for each vowel stimulus in the
vowel identification task and judge from a contrgstir which vowel sounded
“clearer” in the clarity discrimination task. Alfow-up study using vowel stimuli
with a constant length and five H1-H2 or five SR®Rdls was conducted on five
listeners to determine the relationship betweenpireeption of speech clarity and

H1-H2 or SPR.



Results
Results from a series of one-way or two-way aresysf variance (ANOVAS)

or ANOVAs on Ranks and post-hoc test revealed thdio transmission had a
significant effect on all of the selected acoustieasures except for the CV energy
ratio. Signal degeneration due to radio transminsg characterized by changes of F1
or F2 frequencies toward a more compressed voveales@a H1-H2 value indicating
an increase of H1 dominance, a SPR value suggestiaa increase in the energy
around the 2-4 kHz region, and a loss of diffeagin between /s/ and /sh/ on the
measures of Spectral Moments One and Two. Voweltidun was also found to play
a major role in affecting the perception of vowstelligibility and clarity. The
follow-up study, with a control on vowel duratiolound that SPR played a role in
affecting the perception of vowel intelligibilitynd clarity.

Conclusion

It was concluded from the findings that measuresmdrgy ratio between
different frequency regions, as well as the fregie=n of the first two formant

frequencies, were sensitive in detecting the effécadio transmission.
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Chapter 1. Introduction

1.1 ThesiOverview

The purpose of the study was to identify the adowstaracteristics that need
to be preserved to retain sound clarity while segdipeech signals through common
transmission devices such as radios. With botlustemand perceptual approaches
employed for this investigation, this study inclade/o phases. In the first phase, an
acoustic analysis is conducted on digitized sigmaigch have been processed with
and without radio transmission. Specifically, éeston of acoustic measures found
in the literature to be related to voice qualityspreech intelligibility are compared
between the original and the radio-transmittedagyto determine the effect of radio
transmission on these measures. In the secondeplias acoustic measures
considered useful in differentiating between thiginal and radio-transmitted signals
are selected for perceptual investigation to detenthe relationship between the
acoustic changes that can be induced by radionrason and the perception of

speech quality.

1.2 Rationale

As radio transmission may result in audible chanigethe quality of the
transmitted sound, it is conceivable that the atousignals of interest may be
manipulated to change the perception of their @ualilt has been shown in the
literature that the performance of a speech soaodrding, transmission, or playback
system can be evaluated through a general tesbeoffrequency response of the
system and its components, speech recognitionserigiination tests, subjective jury
judgement, and instrumentally testable metrics @ated with auditory perception.

However, it remains unclear what acoustic change&ey to the perceived quality of



speech signals and why. A better understandinghefrelationship between the
acoustic measures of voice quality and speechligitelity will help develop a
parsimonious parameterization scheme for evaluatimyimproving the output of a

speech transmission system.



Chapter 2. Literature Review

This chapter includes the background informatiooutlvadio waves and radio
transmission, the concepts of speech perceptionimedigibility, and a critical
review of the literature related to the acoustid prrceptual approaches in assessing

speech and voice qualities.

2.1 Radio Transmission

Radio waves are a part of the electromagnetic tiadigpectrum, which also
includes light, microwaves, gamma rays, and X-ragsjongst others. Radio
frequency ranges from 3 kHz to 300 GHz (Biddulp®94). Radio waves, which are
often classified by their wavelengths, all travel the speed of light, which is
approximately 3 x18 centimetres per second (Biddulph, 1994). In the &890’s,
Gugliemo Marconi developed a radio telegraph systBamonstrating that radio
waves could be used as a means of communicatialdiih, 1994). Since then, the
technology of radio waves has been developed dadrated into our lives, including
radio transmissions, radar, TV, and more recem#y, phone technology (Bertoni,
2000; Coleman, 2004). In the field of audiologgdio transmission systems are
commonly used to send messages from a speakendareng impaired listener via a
dedicated system which allows the listener to kexdhe signal with reduced
interference, and is commonly referred to as an ‘$gtem” (Dillon, 2001). All of
these applications use radio waves of differerguencies.

Although there are a wide range of frequencieatha waves, the use of these
frequencies is restricted, with different frequenbgnds allocated for various
applications. In New Zealand, the Ministry of Eoaric Development manages the

radio spectrum, allocating different bands of thbectrum for use by various parties



and regulating the transmission of radio waves dase theRadiocommunications
Regulations 2001 under theRadiocommunications Act 1989 (Ministry of Economic
Development, 2009). The FM systems in audiologyseveral different bands in the
spectrum, including bands at 37 MHz, 43 MHz, 1732/And 183 MHz as well as
bands between the ranges of 72-76 MHz and 216-287 [Crandell & Smaldino,
2002; Dillon, 2001).

Radio waves by themselves do not carry any infdonatThe information to
be transmitted has to be added onto the radio wavieish act as a carrier of this
information (Bertoni, 2000). When sound is presdnib a microphone, it converts
the sound into an electrical current of changirtgneities corresponding to the time-
varying magnitudes of sound pressure within thendowave. Different types of
microphones use the sound energy to drive differe@diums, including an
aluminium ribbon, carbon granules, or quartz cilysta generate the current
(Biddulph, 1994). This electrical representatidrin@ sound wave is used to encode
information onto the radio signal by modulating ttaelio wave (Biddulph, 1994).
Adding a modulating frequency £} to a carrier radio frequency JFresults in
changes to the amplitudes of the time waveformbhe Jound transmission method
involving the use of three frequencies, namely(Fs + F. ), and (F,- F), is referred
to as amplitude modulation (Yost, 2007). If thequency of the carrier radio
frequency is modulated instead of the amplitude ttansmitted wave is referred to as
a frequency modulated wave. In a frequency moddlatave, the carrier frequency,
instead of amplitude, is modulated resulting in avevwith its frequency changing
over time (Yost, 2007). Radio signals can alspl@se modulated (Coleman, 2004).

Frequency, amplitude, or phase modulation of a knoarrier wave in accordance to



the input sound waves are the basic techniquestasatt information to radio waves
for sound transmission.

Once the information is added to the radio wave,silgnal is propagated into
space via a transmitting antenna. The processldihg information at the source is
essentially reversed at the receiving end, whezentbdulated radio signal is picked
up by a receiving antenna and amplified. The mfatfon used to modulate the radio
wave is extracted as the signal by a receiving apicone (Biddulph, 1994). As the
receiving system extracts relevant information fritv@ modulation of the signal, the
transmission process is normally independent ofsthength of the carrier signal and
thus the information is relatively resilient to is&d distortion (Dillon, 2001). The use
of different carrier frequencies also allows selsimgnals from different propagation
sources to be transmitted at the same time thrthgilsame space (Coleman, 2004).
However, it is still inevitable that the originagsal may be altered during the process
of transmission resulting in a difference in theguency content between the original
signals and the output signals of the transmissysitem (Wilber, 2002).

Transmission noise, which is added due to sigretbdion introduced in the
transmission process, is different from the backgdonoise that may have already
been present in the original signal (Crandell & hma, 2002). Transmission noise,
which is essentially unwanted signals, may get dddethe signal of interest due to
several factors. For example, the noise may caoma hatural sources like electric
storms, the Sun, thermal activity (“*Johnsons Ngisef circuit noise. The noise may
also be from man-made sources such as switchasndbtats, and other electrical
devices in the vicinity (Biddulph, 1994; Colem&04). Above all, noise is most
likely to be added to the signal if the strengtthad carrier frequency is reduced to a

certain extent (Dillon, 2001). The addition of smior the alteration of the frequency



content may interfere with the signal of intere¥then transmitting human speech,
the integrity of speech intelligibility is of maooncern. To understand the process of

speech intelligibility, it is essential to first thne the process of speech perception.

2.2 Speech Perception

Speech perception concerns how speech sounds esdedkefrom the nerve
conducted signals which have been passed througlauditory system, normally
those transduced from the acoustic sound wavesordimg to the “Motor Theory of
Speech Perception” proposed by Liberman and Madti(i®85), the human auditory
system is designed to detect and understand gestiade by the speaker. The ability
of a person to perceive speech is dependent nptoonthe target speech signal itself
but also on the context of its presentation. Irtipalar, when the listener is able to
use or access information preceding or following shmulus of interest, the ability to
identify the stimulus correctly increases. Formpgée, in a study where nonsense
words, words in sentences, and digits (humeralsg \weesented to listeners, Miller,
Heise, and Lichten (1951) found that the contexhefpresentation was an important
factor in the accuracy of speech perception. Alwiidp acoustic cues, the listener
uses contextual cues and knowledge of the langtagmderstand speech and this
ability is thought to be an integral and vital pafrthe human experience.

There is also evidence showing that the human @ydstystem has evolved to
become capable of extracting useful acoustic arglistic cues even when presented
in a degraded condition (Northern & Downs, 200For example, in a study of
speech signals, Shannon, Zeng, Kamath, WygonsHi,Ekelid (1995) investigated
how normal hearing listeners perceived signals inad their frequency contents
degraded but temporal and amplitude informatiominmed in the signal envelope.
These signals were processed using one to fouegsow bands. All of the eight

6



participants in the study were found to be ablecdorectly identify 90% of the
presented words in the condition where only twodsaof information are preserved.
This finding suggested that a person’s ability tmlerstand speech was robust and
able to withstand substantial degradation of theeesp signal. The auditory system
seems to be designed to resolve speech soundsanrer to make speech intelligible

(Moore, 2008).

2.3 Speech Intelligibility

Speech intelligibility, which refers to how eass#ipeech can be understood by
the listener, is generally measured as the pergentd speech signals identified
correctly. There are a variety of measures avialthassess the capability of a sound
transmission system in maintaining speech intéliigy. These measures range from
those obtained from listeners undergoing comprebhendut laborious speech
recognition tests to those derived from model @otlg-based machine calculations.
For example, in the early ®@entury, a speech audibility measure, Articulatiotex
(Al), was developed to understand the impact ofnaligdistortion on speech
intelligibility and predict the performance of ataty communication devices (French
& Steinberg, 1947; Fletcher & Galt, 1950; All&905). The Speech Transmission
Index (STI), developed by Houtgast and Steenek&73)l is obtained through a
procedure involving a complex amplitude modulatssheme to generate test signals
and a Modulation Function to allow for a comparidmiween the original and the
transmitted signals. With a similar model-basethparison scheme, the Perceptual
Evaluation of Speech Quality (PESQ) was establisigd the International
Telecommunications Union, ITU P. 862 standard as a means for evaluating the
quality of speech transmission (Di Persia, MiloRefiner, & Yanagida, 2008). The
PESQ method has been validated through an additatibration procedure relating

7



the machine-derived scores to subjective test teesior all perceptual assessment
tools, the principle measure used in evaluatingntedligibility of transmitted speech
is to calculate the proportion of signal presentatithat the listener can correctly
identify. The frequency of correct identificatidor transmitted speech appears to be
useful for assessing the performance of a soumdrression system in retaining or
improving the speech intelligibility of the trandted signals.

While external noise may result from componentgheftransmission system,
the inherent properties of the signal itself magoaimpact on speech intelligibility.
For example, when asked to speak in a manner makeiwgspeech clearer, speakers
were found to speak at a slower rate than conversdtspeech (Picheny, Durlach, &
Braida, 1985). However, when recordings of corattweal speech were slowed
down to match the production rate of “clear speedtydid not result in greater
intelligibility than the conversational speech (@okki, Choi, Braida, Reed, &
Durlach, 1996). These finding suggest that spasefiigibility is related to the rate-
induced articulatory or voice change rather tham ¢hange in speech rate alone.
Furthermore, in a study evaluating the speechligitality of six normal speakers in
different environments, Cox, Alexander and Gilmdi987) found that speech
produced at a faster rate was not necessarily deresl less intelligible. As speech
intelligibility involves a process of transducingicadecoding the acoustic signals
through the auditory system, one way of understapndhe signal characteristics
related to speech intelligibility is to study speeand voice characteristics

acoustically.

2.4 The Acoustic Theory of Speech Production

The acoustic characteristics of sound depend opribgerties of the source of
the sound (Yost, 2007). According to the “sourtte+sfmodel” proposed by Johannes

8



Muller in 1848, the vibration of the vocal foldstime larynx acts as the source of the
sound in phonation. The rate of vibration of thecal folds determines the
fundamental frequency (FO) and overtones of theeaisounds. Speech sounds
produced with vocal fold vibration are referreda®s “voiced” and those produced
without vocal fold vibration “unvoiced”. When speas change the fundamental
frequency of their voice, it changes the intonatiavhich is of considerable
significance to the understanding of the content @@ interpretation of the speech
signal (Fry, 1979). A voiced sound can also besatiaed” and classified as “nasals”,
which are generated with the opening of velophagghgort in the naso-pharynx
during speech production (Allen, 2005; Fry, 197%pecifically, nasal sounds are
created when the soft palate or velum, which isted in the rear portion of the roof
of the mouth, is lowered. Velar lowering openstlp velopharyngeal port to allow
the expiratory air, which normally flows only intiee oral cavity during production of
oral sounds, to flow partially into the nasal cgvitThe vocal tract, including throat,
mouth, lips, teeth, tongue, and nose, forms therfihat shapes the sound waves
passing from the source (Miller, 1981).

The parts involved in the change of vocal tractfigomation are referred to as
articulators. Some articulators can be moved aagexd, like the tongue, the lips, and
portions of the throat. Fixed articulators included palate, alveolar ridge, and teeth
(Davenport & Hannahs, 1998). In the productioracdonorant (i.e., vowels, semi-
vowels, liquids), vocal tract shaping, which isated to variations in the shaping and
placement of various articulators, can create regiof resonant peaks at various
frequencies. These resonant peaks are referredstéormants (Miller, 1981).

Formants can be measured from a spectrogram @acirsp.



In acoustic analysis, a sound wave can be presentéaree forms: time
waveforms (amplitude over time), spectrogram (feeopy over time), and spectrum
(amplitude over frequency). An instrument calledpectrograph invented in Bell
Laboratories in 1946 (Cooper, 1980) can be usedlltav for measurement and
visualisation of the acoustic properties of spesohnds (Davenport & Hannahs,
1998). The output of the spectrograph is refetedas a spectrogram. In a
spectrogram, the speech is presented in the tirdefraquency domains, with the
strength of any given frequency region reflectedt® darkness or the colour of the
corresponding traces. As a 2-D plot of frequenag aime, the spectrogram can be
used to infer the positioning and the movemenhefarticulators or the change of the
manner of articulation over time (Davenport & Hanal998; Fry, 1979).

The acoustic characteristics of speech vary wighahthropomorphic features
of speaker, as each individual may have differéhtaRd vocal tract shapes. It has
been estimated that the average FO is 120 Hz fegsna25 Hz for females, and 265
Hz for children (Fry, 1979). The speaking FO, whranges from 60 Hz to 500 Hz
(Fry, 1979), has been found to be an importantiougistinguishing between male
and female speakers. For example, Hillenbrand Giadk (2009) examined 1,116
h/V/d words with 12 vowels spoken by 48 female dB6dnales and found that correct
identification of the gender of the speaker wasieadd in 96% of cases. Since
differences in FO result in different harmonic stures for different speakers and
vocal tract configuration may vary even when twdividuals are producing the same
phoneme (Miller, 1981; Northern & Downs, 2002)jstmost likely that phonemic
discrimination may be affected by voice quality whte sound energy distribution

across frequencies is distorted.
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2.5 Acoustic Measures of Speech

In speech production, the overall spectral charmsties, as well as the
amplitude, of speech vary over time, either rapamhyslowly (Stevens, 1980). There
are a variety of acoustic measures designed to iegararious aspects of these
spectral and amplitude characteristics during dpg@oduction. These acoustic
measures can be grouped into three categories: thgse that measure vowels,
i) those that measure consonants, and iii) thbaecompare between vowels and
consonants. A selection of the acoustic measusesmonly used to study voice

quality or intelligibility-related sound differemtiion is described as follows.

2.5.1 Vowels

The acoustic measures concerning vowel discrinunainclude mainly the
frequency loci of the first two formants. Voiceirthess or breathiness can be
reflected in the prominence of the first harmomdjich can be gauged from the
amplitude difference between the first two harmseniell-H2). Voice projection
power may involve measurement of the energy ragioveen spectral peaks in the
lower (0-2 kHz) and higher frequency (2-4 kHz) mew, such as the measurement of

singing power ratio.

2.5.1.1 Formants One and Two (F1 and F2) and Vow8pace

Formants are shown as clusters of concentrated)emerthe spectrum of a
sonorant. Although the formant patterns dependhencharacteristics of the entire
vocal tract, changes to the length between theathemd the lips or to the
configuration of the horizontal portion have a #igant influence on the frequency
of the second formant (F2). Changes to the véniag of the vocal tract, including

tongue height, influence the frequency of the fisstmant (F1). It has been shown

11



that formant patterns provide important informatitox vowel identification and

differentiation.

2.5.1.1.1 Formant Frequencies and Vowel Identifi¢eon

The importance of the first two formants in vowdEenmtification has been
investigated. For example, Parikh and Loizou (20§t5died the effects of multi-
talker babble and speech shaped noise on F1 and Fdation to acoustics and
perception. Results from a total of 20 male ande23ale speakers, who were asked
to produce 11 vowels in an h/V/d configuration,aaked that with a low signal-to-
noise ratio of -5db, listeners identified vowelsparily based on F1 but used partial
information of F2. Based on a comparison of theesaowels produced by different
speakers, Hillenbrand, Getty, Clark, & Wheeler @PRfbund acoustic evidence that
the production of vowels changes over a period ¢éva years. In this study, an
acoustic analysis was conducted for /hvd/ wordedpced by a normal hearing
group, including adults (45 males, 48 females) emttlren (10-12 years old, 27 male
and 19 female). The authors noted that as theuptmoh of vowels was found to vary
in time, automated vowel identification systems chde take this into account.
Further, when the words were presented to a gré@p goung adult listeners, it was
found that although F1 and F2 values alone wereangdod indicator of the vowel
being produced, the presence of F1 and F2 in tpeakiwithout higher formants,
allowed the listener to identify the vowel. It wesncluded that vowel identification

required more cues than just F1 and F2 values.

2.5.1.1.2 Vowel Space and Vowel Differentiation

Vowel space is a theoretical construct of vocattteaea made up by plotting

F1 and F2 values for three vowels (/i/, /a/ andl /Mowel space can be derived from
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vowels produced by a speaker or averaged from wwedduced by a group of
speakers, with the area that falls within the gebbcvowels in the F1-F2 plot
calculated as the vowel space. The size of theeepace has been related to vowel
differentiation, with a reduced vowel space beisgomiated with difficulty for a
listener to identify vowels and words.

Liu, Tsao, and Kuhl (2005) studied 20 dysarthrieadqers, with cerebral palsy
with a varying degree of deficit in speech, prodgci8 words containing the vowels
fil, lal, and /u/ in Mandarin. They found thatdbeparticipants produced a smaller
vowel space when compared to a control group ctingi®f speakers with normal
speech. The frequency of F1 was significantly lofeg /a/ and higher for /i/ for
dysarthric speakers as compared to the controlpgrolt was also found that the
vowel space could be used as an indicator of ttedligibility of the speech token.
When judged by a group of listeners with normalrimgg who were unfamiliar with
dysarthric speech, reduced vowel space was repastéging significantly correlated
to the intelligibility of the vowel (r = 0.632, p &005) and also to the intelligibility of
the word (r = 0.684, p < 0.005). In the second péithe study, Liu et al. (2005),
synthesised 6 tokens of each of the three vowkl&/i and /u/, and systematically
varied their vowel working space, based on the evalfithe space produced by the
dysarthric speaker judged to have the clearestchpeethe first part of the study.
Twelve male and 10 females with normal hearing simeech were asked to identify
the vowel that they heard and also rate them avarspoint scale, to judge whether
the token that they heard was a good representatithe vowel or a poor one. While
the vowels with the smaller vowel spaces were ragegoorer exemplars, the rate of
correct identification remained high for /i/ (974P@), followed in order by /u/ (92-

97%) and /a/ (92 - 93%).
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In another study, Blomgren, Robb and Chen (199&Jistl the vowel space
produced by three groups of adult males producth@ /A tokens. The consonants
used were /p/, b/, Is/, and /z/. Each token wadyced three times by the speakers at
a speaking rate and volume that they were comflertalith. The first group of
speakers consisted of 5 individuals who had urdceastuttering, with three
participants having severe stuttering, one withcglenate-severe impairment, and the
last with a moderate impairment. The second ginaided another five individuals
who had treated stuttering, including four par@eifs with speech now considered as
normal, and one still with mild impairment. Thentml group consisted of 5
normally speaking individuals. The average vowsce was found largest for the
control group (vowel space area = 0.200441 %Hllowed in order by the treated
group (0.174709 kH} and the untreated group (0.158379 RHz While the
differences were not statistically significant, tihend towards a smaller vowel space
in untreated stutterers as compared to the comgalp is evident. One of the
possible explanations provided for the lack ofistigtl significance in the finding
was that the sample size was small (Blomgren £1998).

In a study of speech of individuals with Parkinstisease (PD), McRae,
Tjaden, and Schoonings (2002) investigated théioekhip between vowel space and
speech rate. A total of 13 adults, including 4 ds and 9 males of ages ranging
from 59 to 82 years (mean age = 70), served agsisb] The patients had mild to
moderate idiopathic PD, all but one of whom werdggd to have mild to moderate
hypokinetic dysarthria. The control group include®lage and sex-matched normal
controls. The participants were asked to readhlmutFarm passage’ at three different
rates, first at their normal reading rate, thetwate of their normal rate, and then at

half of their normal rate. It was found, as expédcthat in the control group, the area
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of the vowel space was smaller for the speech thighfast rate of production and
larger when speech was produced slowly. The vepate for the participants with
PD was found to be smaller, although without diat$ significance, than the

controls when compared at the same rate of prastuctit was also noted that the
perceived severity of the speech disorder wasdiedt in the normal speech rate in
persons with PD.

The relationship between vowel space area and kpetsligibility has been
found not only in individuals with speech impairmdiut also in normal speakers.
For example, Bradlow, Torretta and Pisoni (1996aneixed the acoustic and
perceptual relation of “100 Harvard sentences” (Bra et al.,, 1996, pg 258)
produced by 10 male and 10 female speakers of AarerEnglish. Each talker’s
recordings were transcribed by 10 listeners withmrad hearing. The listeners were
also speakers of American English. From the 10@esees, a subset of 18 sentences,
containing six tokens of the vowels /i/, /a/, anf] vas selected for the measurement
of vowel space area. This subset of sentencesmbeligibility scores that correlated
with the overall intelligibility of the speaker ass the 100 sentences. Although the
vowel space was found to be generally larger fer iore intelligible speech, the
authors did not always find a correlation betwe®n tivo across all the 20 speakers.
A correlation between vowel space area and intbility was found only for the 10
most intelligible speakers. This finding suggehkts there is limitation to the use of

vowel space, when viewed in isolation, as a measiuspeech intelligibility.

2.5.1.2 Amplitude Difference Between Harmonics Onand Two (H1-H2)

In a study of the voice quality of speech by Klatid Klatt (1990) the
amplitude of the first harmonic (H1) was considetedbe one of three possible cues
relating to the voice being judged as breathy. yTieeind that the amplitude of the
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second harmonic (H2), as compared with F1 amplitrdbe overall RMS amplitude,
provided a better reference point against which ddth be compared because the
amplitude of H2 was less likely to be affected bamges in F1. They compared the
amplitude of H1 with that of H2 in utterances proéd by ten female speakers and
six males speaking two sentences and their regignatitations. They found that the
average H1-H2 for males was 6.2dB, which was 5.7la#8 than that for females.
When a panel of eight listeners were asked to tregebreathiness of the reiterated
imitation of the sentence, on a seven point saaild O being least breathy), using the
vowel extracted from the reiterated imitation, asvMfound that the average rating was
3.1 for males and 3.9 for females, suggesting ttatfemale voices were judged as
being more breathy. However, not all females wedged as having more breathy
speech than males, as two female speakers had tessghy voices than the average
for males and one male had a voice that was foonddet more breathy than the
average for the female voice. In addition, cotrefeal analyses indicated that H1
amplitude alone could not be considered a measuleeathiness, suggesting that
there were other factors involved.

The findings regarding the value of H1 amplitudejudging the quality of
voices were generally supported. For exampleghlitand, Cleveland, and Erickson
(1994) studied four vowels, /a/, /il, /ael, and fwbduced by eight male and seven
female speakers in three conditions of breathinestjding normal, moderate, and
extremely breathy. These were judged by 19 fermateone male. The amplitude of
H1l was found to be one of the significant factorgudging the breathiness of the
voice, with a correlation of 0.66. As the assaooratbetween an increase of H1
amplitude and a higher open quotient has also Heeronstrated in synthesized voice

(Klatt and Klatt, 1990), it appears that the proemce of H1, which may be most
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reliably estimated by the energy ratio between fite# two harmonics, provides a
useful cue for the detection of breathy voice er differentiation between female and
male voices.

While voice quality affects the amplitude of thesfi harmonic, speech
intelligibility has also been linked to the struewof harmonics, as shown in a study
by Hu and Loizou (2010). It has been observed ttiathoise reduction algorithms,
which are often used to make speech in noise nmbedligible for cochlear implant
users, may distort the structure of the harmomdke speech sample. Hu and Loizou
(2010) tested the hypothesis that the preservaiiothe harmonics in the speech
signal prior to vocoding would improve intelligitty. The hypothesis was supported
as they found that reintroduction of the harmoniacture and its partials to a signal
that has been pre-processed improved the intelltgibof the signal by 41%.
Therefore, acoustic measures of aspects of thedmesrmay provide information
useful for understanding the relationship betwearicer quality and speech

intelligibility.

2.5.1.3 Singing Power Ratio

The singing power ratio (SPR) is the ratio of t#wgést spectral peak between
0 and 2 kHz to the largest spectral peak betweand24 kHz, as defined by Omori,
Kacker, Carroll, Riley, and Blaugrund (1996), whevdloped it as an objective
measure of the quality voice while singing. Thstirdy examined the phonation and
singing of the vowel /a/ by 37 trained singersjudag 21 females and 16 males, and
a control group, including 10 males and 10 femal@h no singing experience.
Perceptual, as well as spectral, analysis wasechauit on the recordings. The mean
SPR derived from the sung /a/ tokens was foundetdolwer for the non-singers
(-22.7) than for the non-professional singers @l4and the professional singers
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(-13.1). The mean SPR derived from phonated /a/also lowest for the non-singers
(-22.7), followed in order by the non-professioamgers (-22.6) and the professional
signers (-19.7). A higher SPR, which indicates enemergy in the higher harmonics,
was found to be associated with the perception mbee resonant singing voice. A
significant correlation between SPR and the ringiggality was also found
(r = 0.4285, p < 0.01). Further, the samples veeaustically manipulated to reduce
the peak between 2 and 4 kHz in 6 dB steps, framotiiginal to a 24dB reduction
and subjected to perceptual analysis. It was fdbatthe ringing quality, judged by
5 listeners and rated on a scale from 7 (strongeging) to 1 (weakest) was
consistently rated lower as the amplitude of thecspl peak dB in the 2-4 kHz
region was reduced. It was also found that the folPRersons trained in singing was
higher as the duration of training increased, shgva significant increase of SPR for
those with training of more than or equal to 4 geaBased on these findings, it was
concluded that the SPR could be considered asricraésinging quality.

Another study, by Watts, Barnes-Burroughs, Estisgd &lanton (2006),
examined whether individuals who had no trainingiimging but were judged to have
singing talent had a SPR that was different froos¢hjudged as being untalented at
singing. Thirty-nine females, aged between 20 3dwere asked to sing a passage
from a song familiar to all of them. The perceptgaality of their singing was
assessed as either talented or untalented by tperierced singing teachers. Only
those judged unanimously by both were includechan gtudy. Twelve participants
were rated as talented and 21 as untalented singérs talented singers showed a
mean SPR of 22.6 dB, which was significantly deferfrom that for the untalented
group (30.7 dB), indicating that the talented sisgexhibited a relatively greater

energy in the 2-4 kHz frequency region. It waaisted that the voice associated
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with a stronger energy in the 2-4 kHz frequencyaegs perceived by the listener to
have a more ‘ringing’ quality to it and is perceaivas being more pleasant.

It has been found, however, SPR did not relateotmgyuality singing when
applied to some singing techniques. Kenny and iitq2006) studied the acoustics
and perception of singing voice produced in anmogtiand a suboptimal “open
throat” technique. The “open throat” techniqueaaported as producing a reliably
identifiable improvement in the perception of thelity of singing, when judged by
experienced music teachers. Six experienced fesatgers who aged between 23
and 30 years with a background of having studiedisg for seven years or more
were asked to sing parts of two classical songsree formants. Subjects were asked
to sing once in an optimal “open throat” technigtleen with a suboptimal “open
throat” technique, and then with a loud suboptirf@ben throat” technique. A
singing teacher attended the recordings and irtstluigingers as needed to ensure that
they were singing using the correct technique. 3ihging quality was then ranked
by 15 teachers who were considered experts in i@gainging. Acoustic analysis
was also performed, and the SPR was calculatedy ufie long term average
spectrum of the whole singing passage. The parakmtings given by the listeners
were generally in agreement that the optimal “ofpgoat” technique produced better
quality singing. However, the perceptual ratings ot correlate with the ranking
determined based on the SPR (Kenny & Mitchell, 2006

The study by Omori et al. (1996), concluded that PR was a method of
judging “singing voice quality” (pg: 235) of the wel /a/ being sung, while the study
by Kenny and Mitchell (2006) has attempted to le3PR obtained from a singing
passage in judging the quality of sound producea Ispecific singing technique of

“optimal” singing and “sub-optimal” singing, whichuse different throat
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configurations. The methodological difference bedw the two studies in that one
used vowels and the other a singing passage mayduaiributed to the difference in
the finding regarding the strength of the relattopsbetween SPR and singing
quality. It has been speculated that the percemifahe quality of a sung voice has
more dimensions to it than just the differenceha spectral peaks, and so the SPR
(and the energy ratio) in itself was probably aadequate metric to differentiate

singing technique (Kenny & Mitchell, 2006).

2.5.2 Consonants

There are several types of consonants, includingsstnasals, liquids, and
glides, and fricatives. Two common acoustic messwf speech quality related to
consonant production are employed in this studgluging spectral moments and

consonant-to-vowel (CV) energy ratio.

2.5.2.1 Spectral Moments

Spectral moment analysis is a way of measuringrdguency distribution of
the spectral energy for a consonant. The first Brdnmdicates the “mean” frequency
where spectral energy is concentrated and the decmyment the spread of the
energy around the center frequency (Jongman, Wayl&nWong, 2000). Forrest,
Weismer, Milenkovic, and Dougall (1988) studied ttlassification of voiceless
obstruent (/k/, /t/, Ip/, & /fl) in word-initial mations. They examined 14 words
produced by 5 male and 5 female speakers. The tBamkformed and linear spectra
of these words were analysed using 10, 20, and g rduration segments. It was
found that the mean (Spectral Moment 1), skewnddésment 3), and kurtosis

(Moment 4) were useful for classifying the placeasficulation in voiceless stop
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consonants but there was less success with spetiobahent analysis in the
classification of fricatives.

Jongman et al. (2000) found that the first and sécpectral moments were
useful in identifying the place of articulation fisicatives. They examined 144 CVC
words, with one of the 8 selected fricatives asitiitgal consonant (onset), followed
by one of the 6 selected vowels as the nucleustl@donsonant /p/ as the ending
consonant (coda). The speakers were 10 male amelnifle speakers of American
English. A window of 40 msec duration was usedtfa spectral moment analysis.
The reason why mean (Spectral moment 1) and vaig@Moment 2) were found
useful in classifying fricatives in Jongman et «l(2000) study may be due to the
increase of the sample size, including an incr@aslee number of the words and the

speakers used in the study, as compared with Fatrat (1988).

2.5.2.2 Consonant-to-Vowel (CV) Energy Ratio

The relation between consonants and vowels caruoked in several ways
including studying the transition from one to th@ey, the duration of the two, and
the relative amplitudes of the consonants and tweels. One well known acoustic
characteristic of speech is that the amplitudeafels is greater than the amplitude
of the adjacent consonants (Stevens, 1980). Thsoo@ant-vowel energy ratio is
defined as “ratio of the power of a consonant & tf the nearest vowel in the same
syllable” (Picheny, Durlach, & Braida, 1986). Whiktudying the correlation of
acoustic features to intelligibility of both adwhd children’s speech, Hazran and
Markham (2004) examined the role of CV energy ratiofThe study used a
representative sample of 124 CVC tokens, encompassi vowels and consonants,
spoken twice by each speaker. The CVC words wesduged by 45 speakers,
including 18 adult females, 15 adult males, sixsdbagd six girls, all speaking British
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English. There were 45 listeners, divided inteéhgroups, adults, 11 to 12 year olds
and 7 to 8 year olds, all having normal hearing.hese listeners judged the
intelligibility of the talkers. Acoustic measurente were carried out on the speech
tokens produced by the 45 speakers and the CV ematip was calculated for 12
words commencing with nasals, 12 with fricative®, vlith plosives, and 14 words
with plosives at their ends. No statistically sigrant correlation was found between
the intelligibility of the words and the CV ratiéwr nasals, fricatives, or plosives.

While the intelligibility of a word does not seemlie related to its CV energy
ratio (Hazan & Markham, 2004), an alteration in @¥ energy ratio has been found
to affect the perception of fricatives (Hedrick &lle, 1993) and the perceived
clarity of the speech (Picheny et al., 1986). &wmmmple, to study the perception of
relative amplitude of consonants and adjacent vawkedrick and Ohde (1993)
presented to ten normal hearing adults synthesiae@l and consonant combinations
using two consonants, /s/ and /sh/, in combinatdh three vowels, /a/, /i/, and /u/.
They found that when the relative amplitude betwée®m vowel and consonant
changed, the perception of the consonant chang#ukins/ to /sh/ continuum, with
the perception of the consonant shifting towardsf/the relative amplitude of the
consonant was high and towards /sh/ if it was lowhe identification of the
consonant was also found to be affected by thecadfavowel, suggesting that both
the primary property of the consonant and the candependent property seem to
play a role in speech identification.

To examine the difference between deliberately dicleand normal
“conversational” speech, Picheny, Durlach, and dx&(1985) studied 50 nonsense
sentences produced by three speakers. These cehigare presented to 5 listeners,

all of whom had a sensorineural hearing loss. [iBtener heard the sentences at three
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levels, one at maximum comfortable volume, the sé@i a comfortable volume, and
the third at a level 10 dB below the comfortabléumee. In addition to the difference
in presentation levels, two different frequencyrgaariables were also included. In
one variation, the sound was divided into four érexgcy bands from 160 Hz to
8,000Hz, each band with its own volume control. e Tdecond variation of the
frequency-gain characteristic was a flat respowsth, no alterations to the frequency-
gain characteristics. The study found that “clespech was, as the name suggests,
more intelligible than conversational speech, dnsl difference in intelligibility was
independent of the talker, listener, the volumed drequency-gain response
characteristics. Deliberately changing the spepkiyle resulted in more intelligible
speech. In a subsequent study, Picheny et al.6]19&idied the differences in
acoustic properties of these two forms of speechlear” and “conversational”
speech. As the tokens they were studying wereimgrspeech, where the amplitude
of the vowel was variable, they only examined thpltude of the consonant. They
found that when the participants produced “clegréexh, the intensity of stop
consonants was increased by 10 dB. They also féatdwhile producing “clear”
speech, the overall amplitude of speech was betweand 8 dB more than that in
conversational speech. These findings suggesttiatges in CV energy ratio may

have an impact on speech intelligibility.
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Chapter 3. Research Outline

Previous research indicates that listeners peraistenct words based on the
configuration of acoustic energy present spectraltyl temporally. The various
acoustic parameters elucidated above are ways avhieing the configuration and
distribution of this energy, and its impact on gton. In the same way that speech
produced by an individual contains spectral andptma patterns which have a
relation to the characteristics of the speech #mdlarity, radio-transmitted speech
will also have its own characteristics and so theaswmres that indicate the
characteristics of a person’s speech should beitsendo the effect of radio
transmission.However, there is a paucity of studies applyingéhacoustic measures

in the analysis of radio-transmitted speech.

3.1 Statement of the Problem

The lack of understanding of the relationship betwea specific acoustic
parameter and speech quality makes it hard to wmeprthe quality of radio
transmission in a systematic and efficient waye Thain research questions proposed
in this study are: (1) Which acoustic measurésted to voice quality and speech
intelligibility are susceptible to radio transmims? (2) How are the acoustic markers

of sound quality change related to the percepti®peech clarity?

3.2 Aims and Importance of the study

This study is aimed at determining what and howuatio changes due to
radio transmission may have an impact on the igikility or perceived clarity of the
transmitted speech sounds. There is a paucitgsafarch that evaluates the quality of

radio-transmitted speech by using acoustic measiged in the evaluation of speech
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as reviewed above. A better understanding of twaistic characteristics of radio-
transmitted speech in comparison with the origsigihal will help develop a reliable
and efficient way of assessing and improving thealigu of radio transmission
devices. A perceptual study clarifying the impatthe acoustic change that can be
induced by radio transmission on the perceptiospiEfech quality will validate the

monitoring of these acoustic parameters in theiegipdn for design improvement.

3.3 Hypotheses

It is hypothesized that a selection of acousticsusss, including the first two
formant frequencies and vowel space, H1-H2, singiogver ratio, the first two
spectral moments (mean and variance), and CV enextiy, will be useful for
determining the effect of radio transmission onegpequality.

It is further hypothesized that the accuracy ohtdeation and the clarity of

the speech signal would be related to the levellsH2 and the level of the SPR.
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4. Method

4.1 Participants

A convenience sampling method was used to rec@uridmal hearing adults
for the perceptual study. The inclusion criteriaswthat the participant be a native
New Zealand speaker with (1) no history of spe@chearing abnormality and (2)
audiometric thresholds within the normal range, éB) to 20 dB HL, as per the
University of Canterbury protocols, based on theaday Jerger and Jerger (1980).
Each participant’s hearing was screened to 20 dBrHthe frequency range of 250
Hz to 8,000 Hz, in increments of octave intervalen males (age range: 22 to 40
years, Mean = 26.3 years, SD = 6.4) and 10 fenfatesrange: 21 to 42 years, Mean
= 30 years, SD = 7.5) participated in the studyhe Participants received a fixed
amount of compensation for the travel expense reduby the participation in the
study. Before the experiment, the participants ewasked to read the subject
information and sign consent forms related to ttegeet, approved by the University

of Canterbury’s Human Ethics Committee (Appendix 1)

4.2 Participant’s Task

Each participant was asked to perform two tasksyeVadentification and
clarity comparison tasks. In the vowel identifioattask, the participant was asked to
listen to one vowel segment at a time and seleat f list of five vowels, by clicking
on an icon on the computer screen, which vowel theught they have just heard
(Appendix 11). In the clarity comparison task, gharticipant was asked, for each trial,
to listen to one pair of two different recordingstloe same vowel and indicate, also
by clicking on an icon on the computer screen, whot the two presentations

sounded clearer (Appendix IlI).
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4.3 Materials

The vowel stimuli were extracted from the digitizacbustic recordings of the
playback of a CD containing the recordings of a emabult’s recitation of a
Phonetically Balanced Kindergarten (PBK) word [&ppendix 1V), also known as
the Phonetically Balanced Test of Speech discrit@nafor Children, PBK50
(Brandy, 2002; Meyer & Pisoni, 1999), and the oamlansmitted sounds of the
playback of this CD. These recordings had beenorded while playing back the
original CD in three conditions, one without radransmission (original) and two
with radio transmission (Radios 1 and 2). The miog of the played back sound
files and the radio-transmitted signals was coretich an anechoic room using a
computer and USB audio interface, with a sampliasug 1of 44.1 kHZ and a 16-bit
resolution. These words were subjected to acoastatysis.

Once acoustic analysis of the words was completsdjescribed later, two
sets of five tokens of each of the four vowels wskected for the perceptual study,
forming two groups, of 20 tokens each. In the gtofivowels of variable duration,
the selection of vowel stimuli was based on thegoaiated H1-H2 values, with each
token representing a point in one of the five elgusppaced H1-H2 levels, from level
1 (highest H1 dominance) to level 5 (lowest H1 duemnice). For the identification
task in the perceptual study, the 20 tokens wendamaly repeated five times each,
for a total of 100 presentations for each set. Jdmaples consisted of exemplars from
the Original recording, Radio 1, and Radio 2. As study was examining the
relation of H1-H2 level to the accuracy of ider#iion and perceived clarity, the
word from which the exemplar had been extracted was given any further
consideration. In the comparison of vowels tasicheof the five selected tokens was

compared to the other four tokens in the set, fegpth 20 groups. Each group was
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randomly presented twice, leading to 160 presemtati The random order of
presentation was obtained from the Random Numberefa&r website (Haahr,
2009). The loudness of all the tokens was normadli® 98% using the Adobe
Audition 3 software.

In the study of vowels of constant duration, fiegdls of H1-H2 ratio (level 1:
strongest H1 dominance) and five levels of SPRe(ldv lowest energy around the
2-4 kHz region) were used as the basis for selgd¢bkens from the same word for
each vowel as stimuli. The vowel /a/ from “caft’,from “beef”’ /o/ from “falls” and
/u/ from “grew” were extracted. A segment of catent duration, i.e. of 78 msec.
was extracted from the steady state of the vowel ased for both the acoustic
analysis, and also for the perceptual study. Ttemglars selected were from the

Original presentation, Radio 1 and Radio 2.

4.4 Instrumentation

The acoustic analysis of the speech samples wasedaout by using
automated speech analysis software, TF32, instalfed desktop computer. The
equipment used to screen the audiometric threshafldee participants included a
Granson-Stadler GSI-61 clinical audiometer, withrent calibration, and Telephonix
TDH-50P supraaural headphones. Audiometric testtag carried out in a sound
booth, with ambient sound level at 32dBA, measwsdg a Centre 322 Sound Level
Meter. The perceptual study was also conductethensame sound booth. The
participants were seated at a desk, and the spssuples were played to them
through a HP Intel ® Pentium M desktop, with a 1G13z processar These samples

were presented to the participants via SennheiBe21b headphones.
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4.5 Procedure

As mentioned earlier, the participants were askegerform two tasks. The
instructions were presented to the participantsnfeo written script, as seen on the
screenshot in Appendix Ill, so as to keep the um$tons consistent across all
participants. Each participant was seated in ttwustically treated room, with the
headphones in place.

In the first session, which involved a clarity @iféntiation task, participants
were asked to listen to two sets of a series aobpivowels and indicate which of the
two was clearer. In the second session, whichlwedba vowel identification task,
the participants were asked to listen to two sesfesowel stimuli and to identify, one
at a time for each vowel token presented, fronsteoli 5 cardinal vowels, the one that
they heard. In this task, there were four vowelgh each vowel shown at five
different H1-H2 or SPR levels and each token regubfive times. The participants
controlled the speed at which the presentationse vmeide and had the option of
repeating a presentation if they chose to do doe ldudness of presentation was set
at a constant level for all participants. Priothe actual testing, five samples of both
the comparison task and the identification taskenmesented to the participants to
familiarise them with the task. The presentatibthe vowel tokens was ordered in a
pre-determined random order. The tasks were presaequentially, with one set of
comparison followed by one set of identificatiohhe process was then repeated with

the second set.

4.6 Data Analysis

Two sets of data obtained were obtained. The $iestconsisted of acoustic

data derived from the analysis of selected voweld eonsonants from the three
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recordings, i.e. Original, Radio 1 and Radio 2.e Blecond set consisted of scores for
correct identification of vowels and scores forritjaof vowels, obtained during the

perceptual study.

4.6.1 Acoustic Data

The author conducted all measurements for the #costsidy. The words
were analysed by software for speech analysis nua desktop computer. The word
were be viewed graphically on the computer screebpth spectral and waveform.
Measurements were done by positioning the cursowally, to extract the values of
interest. The vowels /i/, /a/, /o/, and /u/ wesedito extract measures of F1 and F2
frequencies, H1-H2, and SPR. The mean and var@inggectral moments for /s/ and
/sh/ were examined, when they occurred at bottbégenning of the word, and at its
end. The CV ratio was examined for words embeddi¢id vowels /i/, /a/, /o/, and

ful.

4.6.1.1 F1 and F2 Frequencies and Vowel Space

The ratio was calculated based on the F1 and F2tbat was obtained while
calculating the vowel space. Data for the vowéWas also included. The values for
F1 and F2 were plotted for i/, /a/, and /u/. Tdaab the values for F1 and F2 the
following procedure was followed: Time slice of mle containing the vowels /i/, /a/,
and /u/ was be measured. The TF32 software viesvasato display the spec’s with
the “preemphasis” and the LPC turned on. Withwibed being displayed in the time-
frequency domain, a time slice at the commencemietite steady-state in the vowel
was selected. The cursor was then located ondhk of F1 and the data copied to
excel worksheet. Similar procedure was followeolitain data for F2. Once F1 and

F2 for all the tokens were obtained and the meamute F2 values for each of the
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three vowels in each of the three conditions,@gaginal, Radio 1 and Radio 2 was
calculated. The vowel space for each of the thremgles was calculated as
described by Robb & Chen (2008). First, the Eumfiddistance (ED) between the
points of the triangle formed by the F1 to F2 valeé the vowels was calculated as

follows:
EDya=V (Fl, + F1)2 + (F2 + F2)?
The area of each triangle was calculated as follows
Areaja =

\ (EDia+ EDy + EDys) (EDa+ EDy - EDys) (EDia- EDy + EDy) (EDy + EDya- EDy)

4.6.1.2 H1-H2

To obtain the values for H1 and H2 the followingpgedure was followed:
Segments of words containing the vowels /i/, /al,and /u/ were measured. The
TF32 software view was set to display the specth Wie the LPC and “preemphasis”
turned off and the Harmonics,”"H” and the LTA turned. With the word being
displayed in the time-frequency domain, a timeesht steady-state in the vowel was
selected. The cursor was then located on the giedl and the data copied to excel

worksheet. Similar procedure was followed to abtiata for H2.

4.6.1.3 Singing Power Ratio

The highest spectral peak between 0 Hz and 2 kidzbatween 2 kHz and 4
kHz was identified and a ratio between the dB megdior both of them was
calculated. To obtain the values for the peak betwO-2 kHz and 2-4 kHz, the
following procedure was followed. Segments of veocdntaining the vowels /i/, /a/,

/ol, and /u/ were measured. The TF32 software weaw set to display the spectrum,
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with the “preemphasis” and the Harmonics, “H” tudnen. With the word being
displayed in the time-frequency domain, a timeeshetween the commencement of
the vowel and its end was selected. The cursor twes moved to locate the
harmonic peak between 0-2 kHz and the data copiexdel worksheet. The cursor

was then moved to locate the peak between 2-4 kHzlee procedure repeated.

4.6.1.4 Spectral Moments

Segments of words containing /s/ and /sh/ were uredswvhen they occurred
in either the beginning or the end of the word.e TIiF32 software view was set to
display the spectrogram with the LTA and the Harroen“H” turned on. The
checkbox for “Moment” was selected. With the wdreing displayed in the time-
frequency domain, the cursor was moved to selectrtindle one third of the /s/ and
/sh/ sounds. The readout of values for the meanvanance was then copied to a

spreadsheet.

4.6.1.5 Consonant-to-Vowel Energy Ratio

To obtain the values for the amplitude of the coas and vowel following
procedure was followed: Segments of words comgitine vowels /i/, /a/, /o/, and /u/
were measured. The TF32 software view was setsjglay the endpoints on the
RMS trace. Based on visual inspection of the wawefand the display in the time-
frequency domain, the cursor was placed on the pagMitude of the consonant and
the reading will be copied to an excel spreadsh@&ée procedure was then repeated

to obtain data of the peak amplitude of the vowel.
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4.6.2 Perceptual Data

The perceptual data for the primary study consistedour sets of scores,
obtained by each of the 20 participants. Two se&i®e based on the identification of
the vowel, and two sets based on identifying wipcbsentation of vowel that the
participants thought was clearer. The scores oéthin the primary study were all
related to vowels organised on the basis of thédd Tatio.

In the follow-up study, the perceptual data alsweststed of four sets of scores,
obtained by each of the five participants. Twosset scores were for the
identification of the vowel and two for identifyinghich presentation of vowel that
was perceived as being clearer. One set of s¢oredentification and judgment of
clarity was related to vowels organised on the F2lrkkasure, and the other set was
based on the vowels organised based on the SPRureeathese eight scores, i.e.
four scores for the first perceptual study, usiokehs of variable duration, and four
scores from the second perceptual study, usingntolaf fixed duration, were

subjected to statistical analysis.

4.7 Statistical Analysis

The statistical analysis software Sigmd5tat5 for Windowswas used to
perform all statistical analysis. The significaniexel was set at 0.05. Three
independent variables (factors) were considerelde dondition factor includes three
levels: Original, Radio 1, and Radio 2. The voveator includes the four corner
vowels or general vowel types, /i/, /a/, /o/, anfl /The consonant factor includes /s/
and /sh/ in the initial and final word position. s&ries of Kruskal-Wallis one-way
ANOVA on Ranks was conducted to determine whetheret was a condition effect

on F1 and F2 frequencies. Where there was ingarfioumber of data for measures
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from the original signals, a t test is conducteccéonpare Radios 1 and 2 on these
measures and the single measure from the origigahls was plotted against the
mean or median scores of measures obtained fromiQhglayback volume levels
used for the transmission of Radios 1 and 2 sigaddlow for a visual comparison of
the three conditions. A series of two-way Analysés/ariance was conducted to
determine the vowel (or consonant) effect, condieéfect, and vowel (or consonant)
by condition interaction effect on H1-H2, SPR, SpEcMoment One (mean),
Spectral Moment Two (variance), and CV energy ratio

Similar statistical analysis was performed on teecpptual data. Two-way
(vowel by H1-H2 or SPR level) Analyses of Variarwere conducted on the vowel
identification or clarity scores obtained for voveglgments with variable or constant
lengths and different H1-H2 or SPR level, each \itlevels. A series of Pearson’s
Product Moment correlation procedures was also wcted between vowel duration
and the vowel identification and vowel clarity seerfor the dataset that includes

stimuli with variable lengths.

4.8 Reliability

The inter-judge reliability of acoustic measureswarried out by re-
measuring approximately 20% of the words for adl #itoustic analysis. For the F1
and F2 frequencies, H1-H2, SPR, and CV energy madiasures, five out of 23 words
were re-measured. For Spectral Moment One (mewh)@o0 (variance), five out of
26 words were re-measured. A series of PearsafuBréoment correlation
procedures was carried out on the original datatlade-measured data. The
measure-remeasure reliability was found to be foglall measures, including F1 and
F2 frequencies (r = 0.946 for the F1/F2 frequeratip), H1-H2 (r = 0.855),

SPR (r = 0.982), Spectral Moment One (r = 0.98pgcBal Moment Two (r = 0.907),
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and CV energy ratio (r = 1.0). The correlatiotuea for all the acoustic measures
are high, indicating that there was consistenah@measurements of both, the first
set of measurements that were used in the acamslygsis, and the re-measured data

(Portney & Watkins, 2009).
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5. Results
Results from a comparison of the acoustic measafesound segments
embedded in words recorded for three conditiongy(@al, Radio 1, and Radio 2) and
from the perceptual study of the effect of H1-H2 &PR on the perception of vowel

identification and clarity are presented separatethis chapter.
5.1 Acoustic Measures
Results of the statistical tests conducted on dmustic measures of vowels
and consonants are presented for vowels and camsonaseparate sections.
5.1.1 Vowels

Results regarding the acoustic measures for voar@sreported as follows,
including F1 and F2 frequencies, vowel space, H1&t2 SPR. The words selected

for various statistical tests of the acoustic messof vowels are listed in Table 1.

Table 1. Vowel sets used for grouping data in th&tatistical tests on vowel-
related measures.

fil la/ o/ lu/
/il (12 words): /al (3 words): Fall (/21) Grew

Please Cart Plow (/4 Few

Need Park

Teach Darn

Tree Others:

Me Bath

Beef Class

Bead Laugh

Weed Path

Bee

Feed

Freeze

Knee
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5.1.1.1 F1-F2 Frequencies and Vowel Space

For vowel /i/, results from a series of Kruskal-Wsabne-way (3 conditions:
Original, Radio 1, Radio 3) ANOVA on Ranks perfodnan the F1 and F2 values of
the vowels segmented from 12 words (see Tableldigawith the median F1 and F2
for the same tokens recorded at 10 volume levell ®Riadios 1 and 2, showed a
significant condition effect (H = 27.411, df = 2,<00.001) on F1 but no significant
condition effect on F2 (H = 1.577, df = 2, p = 0445 Post-hoc pair-wise comparisons
with Tukey test revealed that, for the vowel fife tOriginal had a significantly lower
F1 than both Radios 1 and 2 but Radios 1 and adatidiffer significantly on F1.

As for vowels /a/ and /u/, since they were samiech only three words and
two words respectively (see Table 1), the Origohathhiset was excluded from further
statistical tests due to insufficient sample six¥ith all the /a/ tokens (3 words X 2
radios X 10 volume levels) combined, t tests shoted Radios 1 and 2 were not
significantly different on F1 (t = -1.205, df = 56, = 0.233) but Radio 1 had a
significantly higher F2 than Radio 2 (t = 5.255,=66, p < 0.001). For measures
obtained from the /u/ segmented from the word “grélvword X 2 radios X 10
volume levels), t tests showed that Radio 1 hadrafeantly higher F1 than Radio 2
(t =7.926, df = 17, p < 0.001) but Radios 1 andid® not significantly differ on F2
(t=1.25, df =17, p = 0.228).

The median scores of the F1 and F2 values deriveah the vowels, /i/
(embedded in the randomly selected word “freez&),(“park”™), and /u/ (“grew”),
recorded at 10 volume levels with Radios 1 andspeetively are plotted, in Figure 1,
against the values derived from the original signaAs shown in Figure 1, the vowel
space area is largest for the Original (0.1791%Hmllowed in order by Radio 2

(0.1642 kHZ) and Radio 1 (0.0401 kg A t test conducted on all the vowel space
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data (2 radios X 10 volume levels) as calculatedthfthe F1 and F2 of these vowels
revealed that Radio 1 had a significantly smallewel space than Radio 2
(t = -17.427, df = 17, p < 0.001). Using the sacoener vowels derived from

different words (“beef”, “cart”, “fall’, and “grewj, the same observation could be
made about the between-condition difference invihwel space area (see Appendix
VI). These findings suggest that changes of F1 BAdrequencies resulting in a
smaller vowel space area is a sign of signal degéoa that can be induced by radio

transmission.

2.4
® Original
il hl O Radio1l
229 o & v Radio 2
2.0 1
F2
(inkHz), g |
1.6 1
\\
N\
1.4 _ __.‘_611/.;
— /a/ lal
12 T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

F1 (in kHz)

Figure 1. Schematic representations of vowel workg space.

Schematic representations of the vowel working spalstained from recordings for
three signal conditions (Original, Radio 1, and iedét). The data points shown in the
graph are the median F1 and F2 values derived tihenselected vowels /i/ (“freeze”),
lal (“park”), and /u/ (“grew”) transmitted througRadios 1 and 2 at 10 playback

volume levels and those from the original signals.
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5.1.1.2 H1-H2

To allow for a statistical comparison on H1-H2 beén the three signal
conditions (Original, Radio 1, and Radio 2), the-HA values of vowels segmented
from 23 words were used. These included recordmiggadios 1 and 2 signals at the
10 playback volume levels and those of the Origaigihals. The data were grouped
into four vowel sets, /a/, /o/, /i/, and /u/ (seable 1), and submitted to a two-way
(vowel by condition) ANOVA. Results from the ANOVgonducted on the H1-H2
measures showed a significant condition effect,[BED) = 4.314, p = 0.014], vowel
effect [F(3, 459) = 41.151, p < 0.001], and vowgldondition interaction effect [F(6,
459) = 9.594, p < 0.001].

As shown in Figure 2 (on the next page), post haic-wise comparisons
using the Tukey test indicated that, for the vowelthe only significant between-
condition difference on H1-H2 was found betweenG@hmigginal and Radio 2, with the
Original showing a significantly lower mean H1-H2uggesting a thicker or less
breathy quality) than Radio 2. For both the lowveb (/a/ and /o/) sets, the Original
had a significantly higher mean H1-H2 (suggestirgianer or more breathy quality)
than both Radios 1 and 2. No statistically sigaifit difference was found between
conditions for the vowel /u/ set most likely duethe small sample size used for that

vowel.

39



10 T
5 -
H1-H2 ; a2
(indB) -5
-10
-15
I I Original
201 == Radio 1
I Radio 2
‘25 T T T T
lal lil lol Jul
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Figure 2. Means and standard errors of the measuref the amplitude difference
between the first two harmonics (H1-H2). The mean scores for each of the three
conditions (Original, Radio 1, and Radio 2) founde statistically different from one
another within each vowel set (/a/, /o/, i/, anf) ivere marked with different letters
(Note: The numbers are attached to the lettend@ate that no comparison is being

made between different vowels.)
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5.1.1.3 Singing Power Ratio

The measurement of SPR involves measurements arthendirequency
regions where the first two formant frequenciestgpécally located and thus may be
sensitive to the vowel difference in formant stawet Therefore, signal comparisons
on SPR was more restrictively controlled, with omheasures of the four corner
vowels segmented from the randomly selected woftdee(”, “cart”, “fall’, and
“grew”), as previously mentioned in Section 5.1,lbging used for comparing the
three signal conditions (Original, Radio 1, and iR&).

As compared with Radios 1 and 2, the Original tetadbave a lower SPR
value except for the vowel /u/ (see Figure 3), &stjgg that the original signals have
relatively greater energy around the 2-4 kHz regiod thus higher voice projection
power. Results from a series of t tests revedlatiRadio 1, as compared with Radio
2, had a significantly lower mean SPR for the vewnel (t = -2.612, df = 17,
p = 0.018) but significantly higher mean SPR fa tltowel D/ (t = 3.697, df = 17,

p = 0.002). Radios 1 and 2 did not differ sigrafidly on SPR for the vowels /a/

(t=-1.087,df =17, p=0.292) or /u/ (t=-111df =17, p = 0.258).

41



EE Original
[ Radio 1

fa/ fil o/ fu/
Vowel

Figure 3. Means and standard errors of the measuref singing power ratio
(SPR). The mean scores for the two conditions (Radio #l, Radio 2) found to be
statistically different from each other within eaghwel, /a/ (“cart”), b/ (“fall”,
shown as “/o/” in the graph), /i/ (“beef”), and fidgrew”) were marked with different
letters (Note: The numbers are attached to therl&d indicate that no comparison is

being made between different vowels.)
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5.1.2 Consonants

Results from a series of two-way (consonant by tmmj ANOVAs
performed on the acoustic measures involving comsisnwere summarized in
Table 2. These acoustic measures included Spédtalent One (mean), Spectral
Moment Two (variance), and CV energy ratio. Asvghan Table 2, a significant
condition (3 levels: Original, Radio 1, and Rad&joeffect was found for all of these
measures except for CV energy ratio. Details ef rsults for these measures are

presented in separate sections as follows.

Table 2. Two way (vowel by condition) ANOVA resuls for the acoustic
measures related to consonants, including Spectridloment One (mean),
Moment Two (variance), and consonant-to-vowel (C\V@gnergy ratio.

Consonant | Condition Consonant by Condition

Spectral F(3, 60) = 10.407, p <0.001* F(2, 60) = 296.608,p < 0.001* F(6, 60) = 21.280, p <0.001*
Moment 1
(Mean)

Spectral F(3, 60) =17.634, p <0.001* F(2, 60) = 66.150,p < 0.001* F(6,56)= 1.267, p=0.286
Moment 2
(Variance)

Cv F(5, 55) = 1.651, p=0.188 F(2,55)= 4.395~=0.612 F(6, 55) = 0.180 p =0.981
Energy
Ratio

*Significant at 0.05 level
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5.1.2.1 Spectral Moments

Results of the two-way (consonant by condition) ANOconducted on the
measures of Spectral Moment One (mean) obtained fh@ consonants (/s/ or /sh/)
segmented from words initiated or ended with tlsesends (i.e., /s.../, /...s/, /sh.../, and
/...sh/) and recorded in three signal conditionsigi®al, Radio 1, and Radio 2)
revealed a significant consonant effect, condigffect, and consonant by condition
interaction effect (see Table 2). Post hoc pagewtomparisons using the Holm-
Sidak method revealed that for both Radios 1 andn@, between-consonant
comparison among the four consonant contexts (se./, /...s/, /sh.../, and /...sh/)
were significantly different. In contrast, for tkiginal, the mean Spectral Moment
One measures for each of the consonant contexs feend to be all significantly
different from one another (p < 0.05). As can éersin Figure 4, the original signals
show a clear differentiation on the Spectral Mom@ne measure between consonant
contexts, with /s/ exhibiting higher Spectral Morm@ne values than /sh/. Figure 2
also shows that, across all consonant context®rtgmal signals have a significantly
higher Spectral Moment One than both Radios 1 andhize Radios 1 and 2 do not

differ significantly from each other.
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Figure 2. Means and standard errors of Spectral Mment One (mean)for the
fricative in each of the four contexts, including fpreceding a vowel (/s.../), /Is/
following a vowel (/...s/), /sh/ preceding a vowedH(/../), and /sh/ following a vowel
(/...sh/) and recorded in three signal conditionsigi@al, Radio 1, and Radio 2).
Significantly different between-consonant conditmmparisons within each vowel
set were marked with different letters (Note: THuenbers are attached to the letter to

indicate that no comparison is being made betwééreht vowels.)

45



As for Spectral Moment Two (variance), resultshad two-way (consonant by
condition) ANOVA conducted on measures obtainedhfthe same set of consonants
as previously described that were used in extrg@ipectral Moment One revealed a
significant consonant effect and condition effeat bo significant consonant by
condition interaction effect (see Table 2). Past pair-wise comparisons using the
Holm-Sidak method revealed that all pair-wise congoms were statistically
significant, with Spectral Moment Two being sigo#ntly higher for the Original
(1.354 kHz), followed in order by Radio 2 (0.781AHand Radio 1 (0.6 kHz). The
pair-wise comparisons between consonant contegtshawn in Figure 5, were all
significant except for that between /s.../ and /.. .é/can be seen from Figure 5 that
regardless of the position, /s/ has a higher Sglebtoment Two than /sh/. For /sh/,

the mean Spectral Moment Two value is higher ininiteal position than in the final

position.
1.2
- T
1.0
Spectral 0-8 7
Moment
Two T
(in kHz) 0.6 1
0.4
0.2 A
a a b c

0.0

Is...] /...s/ /sh.../ /...sh/

Consonant

Figure 3. Means and standard errors of the SpecttdMoment Two (variance)for
the fricative in each of the four contexts, inchgli/s/ preceding a vowel (/s.../), /s/
following a vowel (/...s/), /sh/ preceding a vowesh(/../), and /sh/ with all signal
conditions combined. Significantly different meangre marked with different
letters.
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Although there was no significant consonant by domd interaction effect,
Figure 6 presents the mean Spectral Moment Twcedmh subgroup to show the
magnitude of the between-condition difference inheeonsonant context. It can be
observed from Figure 6 that, unlike Spectral Mom@ne, the trend showing /s/, in
either initial or ending position, to exhibit a hegy Spectral Moment Two than /sh/ is

well maintained across the three signal condit{@rgginal, Radio 1, and Radio 2).

1.8
I Original
1.6 [ Radio 1
I Radio 2

1.4+

Spectral 1.2 7

Moment
Two 1.0
(in kHz)
0.8 1

0.6
0.4 1

0.2 1

0.0 -
Is.../ /...sl /sh.../ /...sh/
Consonant

Figure 6. Means and standard errors of the SpecttdMoment Two (variance)for

the fricative in each of the four contexts, inchugli's/ preceding a vowel (/s.../), /s/
following a vowel (/...s/), /sh/ preceding a vowedH(/../), and /sh/ following a vowel
(/...sh/) and recorded in three signal conditionsidi@al, Radio 1, and Radio 2).
Significantly different between-consonant conditmparisons within each vowel
set were marked with different letters (Note: Huenbers are attached to the letter to

indicate that no comparison is being made betwéésreht vowels.)

47



5.1.2.2 CV Energy Ratio

Results of the two-way (vowel effect by conditidfeet) ANOVA, conducted
on the measures of CV energy ratio obtained froen@higinal recording, Radio 1,
and Radio 2, for the vowels /a/, /i/, /o/ and Inficate that the transmission of the
signal through Radio 1 and Radio 2 had no sigmtiec@wel effect, condition effect
or vowel by condition interaction effect on the \aw/a/, /i/, /o/, and /u/ as shown in
Table 2. The consonant-vowel energy ratio wasfomd to be a sensitive measure

to transmission through these radio systems.

5.2 Perceptual Measures

The results of the perceptual study is organisesvoparts. The first part of
this section reports the results of the study basedowels with durations of variable
lengths, extracted from the middle third, steadstipo of the vowel. The second part
of this section reports the results of the studgeldaon vowel segments of constant

duration, extracted from the steady portion of\tbevel.

5.2.1 Stimuli of Variable Lengths

The results from the perceptual study using vowedngents of variable
lengths are organised in two parts. In the fistt,pthe results of the study of the
identification of the vowels organised on the badisi1-H2 levels is reported for two
datasets (dataset H1H2-VL1 and dataset H1H2-VL@arsgely. In the second part,
the results from the study of the differentiatidnvowel clarity are reported for these

two datasets (dataset HIH2-VL1 and dataset H1H2)\¢eparately.
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5.2.1.1 Vowel Identification for Stimuli of Variable Lengths

Results of the two-way (vowel by H1-H2 level) ANOV#onducted on the
vowel identification scores obtained for dataseHRA4/L1, which consisted of vowel
tokens of variable lengths with different H1-H2 éév (with lower H1-H2 level
indicating greater H1 prominence and thus being@ated with a more breathy or
thinner voice quality), revealed a significant H2-kvel effect [F (4, 76) = 14.745,
p < 0.001], vowel effect [F (3, 57) = 42.053, p O@L], and vowel by H1-H2 level
interaction effect [F (12, 228) = 12.483, p < 0.p0JAs shown in Figure 7, the
percentage of correct vowel identification for /fal,, and /u/ were consistently high,
and close to a 100 % across all the five H1-H2I&vd he identification for /i/ for
H1-H2 level 1, 3, and 5 were all lower than 50% le/lthe scores for 2 and 4 were
similar, at around 80%. No trend relating to acré@se in the correct vowel
identification scores as a function of H1-H2 legah be observed in any of the four
vowels. Results from a series of Pearson’s cdroglgprocedures performed on the
vowel identification scores in dataset H1H2-VL1 eeled that the vowel
identification scores for /i/ were positively cdated with vowel duration (r = 0.533)
and that no significant correlation was found ffr(f = 0.206), /o/ (r = -0.169), or /u/
(r = 0.062), suggesting that the vowel identifioatscores for /i/ might be influenced

by the duration of the vowel present.
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Figure 7. Vowel identification scores for stimuliwith variable lengths and
different H1-H2 levels used in the first stimulus et (dataset H1H2-VL1). (Note:
The lower the H1-H2 level, the more prominent thke éhergy and thus the more
breathy or thinner the associated voice qualiignificantly different between-level
comparisons within each vowel set are marked wiifierént letters. No comparison

is being made between vowels.
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Results of the two-way (vowel by H1-H2 Level) ANOV@#onducted on the
vowel identification scores obtained for dataseH&L2, which also consisted of
vowel tokens of variable lengths, were in agreemettt the finding in dataset H1H2-
VL1, showing a significant H1-H2 level effect [(B,(76) = 13.511, p < 0 .001],
vowel effect [F (3, 57) = 40.752, p < 0.001], armivel by H1-H2 level interaction
effect [F (12, 228) = 16.006, p < 0.001]. A®wh in Figure 8, the percentage of
correct vowel identification for /a/, /o/, and fére consistently high across all of the
five H1-H2 levels, which was similar to the resutts the first set. Like the finding
in the first dataset, the identification for H1-H&els 1 and 5 for /i/ were lower that
50% but the scores for H1-H2 levels 2 and 4 wemdlai, around 80%. However,
unlike the finding in the dataset H1H2-VL1, the H2-level 3 in dataset H1IH2-VL2
showed a relatively high percentage of correct \tadentification. This conflicting
finding for H1-H2 level 3 reinforces the observatithat the reduction of correct
vowel identification rate for the vowel /i/f may nioé related to the change in H1-H2
level alone. Results from a series of Pearsorretation procedures performed on
the vowel identification scores in dataset H1H2-\dl&o agree with the finding in the
dataset H1H2-VL1, showing that the vowel identifica scores for /i/ are positively
correlated with vowel duration (r = 0.628) and #hés no significant correlation
between vowel duration and vowel identification resofor /a/ (r = -0.18), /o/ (r = -
0.059), or /u/ (r = 0.0129). As the vowel /i/ leetonly vowel that generally show a
poor vowel identification score in both dataset RIV.1 and dataset H1IH2-VL2, it
is not surprising that the impact of vowel duratmmvowel identification, if there is
any, would be more evident in this vowel. The pesicorrelation between vowel

duration and vowel identification scores is alsb surprising as the longer the vowel
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duration, the more time and sound content to mh&ddentification task easier and

thus the more likely that the vowel is correctlgmdfied.
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I H1-H2 Level 3
[ H1-H2 Level 4
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Figure 8. Vowel identification scores for stimuli with variable lengths and

Vowel

different H1-H2 levels used in the second stimuluset (dataset H1H2-VL2).
(Note: The lower the H1-H2 level, the more prominthe H1 energy and thus the
more breathy or thinner the associated voice galBignificantly different between-
level comparisons within each vowel set are markgith different letters. No

comparison is being made between vowels.
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5.2.1.2 Vowel Clarity for Stimuli of Variable Lenghs

Results of the two-way (vowel by H1-H2 level) ANOWh the vowel clarity
scores obtained for dataset H1H2-VL1, which cosdisif vowel tokens of variable
lengths, revealed a significant H1-H2 level efffet(4, 76) = 16.539, p < 0.001],
vowel effect [F (3, 57) = 20.330, p < 0.001], armivel by H1-H2 level interaction
effect [F (12, 228) = 25.736, p < 0.001]. As shawrrigure 9, for all vowels except
for the vowel /i/, H1-H2 level 1, (which indicatasmore prominent the H1 and thus a
more breathy or thinner voice quality), is ass@datwith the lowest vowel clarity
score. This finding suggests that there existieast for the back vowels, /a/, /o/, and
/u/, a H1-H2 threshold beyond which the voice may gerceived as less clear.
Results from a series of Pearson’s Product Momemelation procedures performed
on the vowel clarity scores in dataset H1H2-VL2 eaed that the vowel clarity
scores for /a/ and /o/ was negatively correlatetth wowel duration (r = -0.532, and
r = -0.585 respectively). The vowel clarity scofes/u/ were found to be positively
correlated with duration (r = 0.529) and the vowklrity scores for /i/ showed no
significant correlation with vowel duration (r =.0282). The inconsistent direction
of the relationship between vowel duration and Moglarity scores suggests that it
may be more of the variations in the acoustic mf@tion contained in the signals,

rather than the vowel duration itself, that is effiieg the perception of vowel clarity.
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Figure 9. Vowel clarity scores for stimuli with variable lenghs and different H1-
H2 levels used in the first stimulus set (dataset HH2-VL1). (Note: The lower the
H1-H2 level, the more prominent the H1 energy dnd tthe more breathy or thinner
the associated voice quality). Significantly diffiet between-level comparisons
within each vowel set are marked with differentdet. No comparison is being made

between vowels.
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Results for the two-way (vowel by H1-H2 level) AN®@\performed on the
vowel clarity scores in dataset H1H2-VL2 also shdvee significant H1-H2 level
effect [F (4, 76) = 9.569, p<0.001], vowel effeEt (3, 57) = 20.700, p < 0.001], and
vowel by level interaction effect [F(12, 228) = @@ p < 0.001]. However, the
pattern of change in the vowel clarity scores daration of H1-H2 level was not
consistent with the finding in dataset HIH2-VL1s shown in Figure 10, the vowel
clarity scores for vowels /i/, /o/, and /u/ was thghest with the H1-H2 level 1, which
is associated with a more prominent H1 and thueerareathy voice quality. This
finding does not support the hypothesis that tleatier or thinner the voice, the less
clear the vowel is perceived. Similar to the finmgdin dataset H1H2-VL1 where no
consistent relationship between vowel duration amdel clarity scores was found,
results from a series of Pearson’s correlation gataces in dataset H1H2-VL2 also
failed to show any significant relationship betweenvel duration and vowel clarity

scores for the vowel /a/ (r = 0.106), /i/ (r = 432, /o/ (r = -0.381), or /u/ (r = 0.154).
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Figure 10. Vowel clarity scores for stimuli with variable lengths and different
H1-H2 levels used in the second stimulus set (datasH1H2-VL2). (Note: The
lower the H1-H2 level, the more prominent the Hergy and thus the more breathy
or thinner the associated voice quality). Sigaifity different between-level
comparisons within each vowel set are marked wiffierént letters. No comparison

is being made between vowels.

5.2.2 Stimuli of Constant Lengths

The results from the perceptual study using vowesingents of constant
lengths are organised in two parts. In the fiest,pthe results from the study of the
identification of vowels organised on the basiHdfH2 level (dataset H1IH2-CL) is
reported, followed by the results from the studytteé identification of the vowels

organised on the basis of SPR level (dataset SPR-{0Lthe second part, the results

56



from the study of the differentiation of vowel atgrusing the two datasets (dataset

H1H2-CL and dataset SPR-CL) are reported.

5.2.2.1 Vowel Identification for Stimuli of Constant Lengths

Results for the two-way (vowel by H1-H2 level) AN@Von the vowel
identification scores obtained for dataset H1H2r€\ealed a significant H1-H2 level
effect [F (4, 16) = 3.604, p = 0.028], vowel eff@€t(3, 12) = 3.646, p = 0.045], and a
vowel by level interaction effect [(F (12, 48) =554, p < 0.001]. As shown in
Figure 11, the percentages of correct vowel ideatibn for /a/ and /o/ were
relatively high while those for /u/ were also clde€l00% except for H1-H2 level 4,
which fell below 50%. For the vowel /i/, the vowdentification scores for H1-H2
levels 1, 3, and 5 were low. No clear trend cardiseerned in these scores. The
vowel identification scores for /i/ in this stimslset (dataset H1H2-CL) follows a
similar pattern to those for datasets H1H2-VL1 &idH2-VL2, as shown in Figures
7 and 8 respectively, in that some H1-H2 levelhwlie vowel /i/ are associated with
poor vowel identification scores. As vowel duratiwas controlled in this stimulus
set (dataset H1H2-CL), the consistent finding tleat vowel identification scores
were found for the vowel /i/ at H1-H2 levels 1 abdn both stimulus sets with
variable lengths (dataset H1-H2-VL1, H1H2-VL2) andnstant lengths (dataset
H1H2-CL) failed to support the speculation that go®r vowel identification scores

with the vowel /i/ might be related to the lengftttte vowel segment presented.
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Figure 11. Vowel identification scores for stimuliwith constant lengths and

different H1-H2 levels (dataset H1H2-CL).(Note: The lower the H1-H2 level, the
more prominent the H1 energy and thus the moretlyear thinner the associated
voice quality). Significantly different betweenvkd comparisons within each vowel

set are marked with different letters. No compmaris being made between vowels.
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Results for the two-way (vowel effect by level etlleANOVA on the vowel
identification scores for the vowel segments witimstant lengths and different SPR
levels (dataset SPR-CL) revealed no significant 8RBl effect [F (4, 16) = 0.884, p
= 0.518] but a significant vowel effect [F (3, 12)4.093, p = 0.032] and vowel by
SPR level interaction effect [F (12, 48) = 2.09% p.036]. As shown in Figure 12,
the vowel identification scores for /a/ and /o/ ev@ither always correct or close to
100% correct, while those for /u/ were low only f8PR level 3, with vowel
identification for segment at the rest of the lsveeing all correct. The vowel
identification scores for /i/ generally show a tleof increasing with the SPR level
(i.e., higher energy at 2-4 kHz and thus more vpiegection power), apart from the
score for SPL level 4, which is the lowest. Thesevel identification scores are
generally supportive of the hypothesis that andased SPR level will result in

clearer exemplars, leading to more accurate ideatibn.
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Figure 12. Correct identification scores for stimli with constant lengths and
different SPR levels (dataset SPR-CL)(Note: The lower the SPR level, the lower
the energy around 2-4 kHz and thus presumably oleerl the voice projection
power).
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5.2.2.2 Vowel Clarity for Stimuli of Constant Lenghs

Results from the two-way (vowel by H1-H2 level) AN@ on the scores for
the differentiation of the clarity of the vowel s$egnts with constant lengths,
organised by H1-H2 level (dataset H1H2-CL), reveade significant H1-H2 level
effect [F (4, 16) = 5.868, p = 0.004], vowel etf¢F (3, 12) = 5.255, p = 0.015], and
vowel by level interaction effect [F (12, 48) = 821 p < 0.001]. As shown in
Figure 13, there was a clear trend of increasedel/@larity scores with increased
H1H2 levels for the vowel /o/. The only signifi¢aretween-level difference for the
vowel /o/ was between H1-H2 levels 1 and 5. Whibeclear trend is present across
vowels, it can be observed that H1-H2 level 5 soamted with the highest vowel

clarity score for the vowels /i/, o/, and /u/, whiis generally as per the hypothesis.

100

I H1-H2 Level 1
[ H1-H2 Level 2
I H1-H2 Level 3
[ H1-H2 Level 4

801 B H1-H2 Level 5

60
% chosen

as
"Clearer"
40

20

Vowel

Figure 13. Clarity scores for stimuli with constan lengths and different H1-H2
levels (dataset H1H2-CL).(Note: The lower the H1-H2 level, the more proemn
the H1 energy and thus the more breathy or thitinerassociated voice quality).
Significantly different between-level comparisonghm each vowel set are marked

with different letters. No comparison is being rmdktween vowels.
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Results for the two-way (vowel by SPR level) ANO\erformed on the
vowel clarity scores for stimuli with constant l¢hg and different SPR levels (dataset
SPR-CL) revealed a significant level effect [F 18) = 76.375, p < 0.001], vowel
effect [F (3, 12) = 9.357, p = 0.002], and vowellbyel interaction effect [F (12, 48)
= 4.340, p < 0.001]. As shown in Figure 14, a v@gar trend can be seen in which
the vowel clarity score for level 5 is always clgathe highest of all, generally

following the overall pattern suggested by the higpsis.
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Figure 14. Vowel clarity scores for stimuli with onstant lengths and different
SPR levels (data set SPR-CL).(Note: The lower the SPR level, the lower the
energy around 2-4 kHz and thus presumably the ldhervoice projection power).
Significantly different between-level comparisonghm each vowel set are marked

with different letters. No comparison is being rmddtween vowels.
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5.3 Summary of Main Findings

The main findings from the acoustic studies were:

1. The acoustic measures that are sensitive to teetedf radio transmission
included: F1 and F2 frequencies and vowel sgdte;2, SPR, and
Spectral Moments One (mean) and Two (variance).

2. The measure of CV energy ratio is not sensitiveheoradio transmission

effect.

Specific findings for each acoustic measures ammnsarized as follows.

1. F1 and F2 frequencies and vowel space area:

a. The radio-transmitted signals, as compared wiéh Original, were
characterized by an upward shift of F1 frequencyttie vowel /i/.

b. An upward shift in F2 frequency for the vowel, /as well as an
upward shift in F1 frequency for the vowel /u/, nimya sign of poorer
radio quality.

c. The compression of vowel space area may be @& sfgsignal
degeneration due to radio transmission.

2. H1-H2: As compared with the original signals, radio-smatted vowels
are found to show an increase of H1-H2, whichssoaiated with a more
breathy or thinner voice quality, for the vowéland a decrease of H1-H2
for the vowels /a/ and /o/.

3. SPR: Anincrease in SPR, which indicates a lower epérgel around
the 2-4 kHz, is shown to be associated with radiosmitted signals
compared to the original signals. However, thheaion of H1-H2 change

due to radio transmission varied by vowel.
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4. Spectral Moment One (mean):The differentiation between /s/ and /sh/
based on the Spectral Moment One values (i.ehehigalues for /s/) may
be lost after radio transmission.

5. Spectral Moment Two (variance): Although radio-transmitted signals,
as compared with the original signals, show a gdrtkcrease in the
measure of Spectral Moment Two, the differentratetween /s/ and /sh/
in this measure (i.e. higher values for /s/) appéabe less susceptible to
signal degeneration related to radio transmisamahthus more likely to be

maintained.

The main findings from the perceptual studiesewer

1. Correct identification of the vowel /i/ seems torhest difficult at least in
the framework of this study.

2. No clear trend linking H1-H2 level to the percemagf correct vowel
identification even if the vowel length was conledl for.

3. There is a tendency for the vowels to be perceageftlearer’, most likely
when a threshold is reached, with the H1-H2 leveVimg toward the end
associated with a less prominent H1 or the SPR lme¥ing toward the

end associated with a stronger energy around th&t2z region.
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6. Discussion

The aim of the first part of this study was to exanthe effect of radio
transmission on a selection of speech and voieeaglacoustic measures, including
vowel space, F1 and F2 frequencies and vowel spHicél2, SPR, Spectral Moments
One and Two, and the CV energy ratio. Results ftloenacoustic study have shown
that all of the selected measures except for C\Yggneere sensitive to the effect of
radio transmission. The second part of the stuhea@ to examine if the perception
of radio-transmitted speech, in terms of vowel llig@ility and voice clarity , was
sensitive to changes in the H1-H2 or SPR levelis Thapter includes a discussion on
the acoustic and perceptual results in relatioiéaresearch questions and hypothesis
and in comparison to previous research. It wioatliscuss the limitations of this

study and directions for future research.

6.1 Acoustic Study

The vowel space area has been shown to be relatedeech intelligibility
based on the previous finding that with a largewelospace, the speech token is
perceived as being more intelligible (Bradlow et 4B96). Liu et al. (2005) has
shown that the vowel space for persons with celgiaiay tended to be smaller and
more centralised, with alterations to the F1 andréQuencies for all the three vowels
examined: /i/, /a/, and /u/. A similar patternogintralisation and reduction of vowel
space was reported by McRae et al. (2002) when shadied the pattern of vowel
space in speech produced by speakers with Parkind@ease. They also reported
that a reduction in vowel space was found to batedlto an increased perception of

severity of speech impairment.
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The present study showed that radio-transmittediassghad significantly
shifted and reduced vowel space triangles, rattar being centralised. In particular,
one corner vowel, /a/, unlike the other vowels, /i, and /o/, did not show much
change in position, albeit with a slight upwardfisbf F2 frequency. Despite the
same change in the size of the vowel space, thierpaif alteration of shape and size
of the vowel space was quite different from thaiduced by speakers with cerebral
palsy or Parkinson’s disease. More specificalg, ¢ffect of radio transmission was
more evident for /i/ and /u/ and not so pronountmd/a/. The relatively higher
degree of frequency shifts of the two high vowélsand /u/, resulted in transposed
vowel triangles rather than centralised ones, @asvshin Figure 1. Transmission
through the radio systems was affecting the shapdh® vowel space more
extensively than the two pathological speech padter

To gauge the impact of the transmission-inducechgbsa to the vowel space
on speech intelligibility, the effect of radio tsanission on the percentage change of
the space was compared with other studies. Whillymg the effect of stuttering on
the vowel space, Blomgren et al, (1998) reported tihe mean vowel space area for
treated stuttering was 87% of the mean of the faneeontrol group and the mean of
the area for the untreated stutterers was 79%.ormAparison of the area of vowel
space produced by speakers of American EnglishMaadarin Accented English
revealed that the average area produced by thé d@rsup was larger by
approximately 30% (Robb & Chen, 2008). In comparjsthe present study found
that compared to the area of the original recording vowel space area was reduced
to 22% of the original for Radio 1 and 75% for Ra@i It can be concluded that
vowel space area is a measure sensitive to thet effeadio transmission through the

two radio systems examined.
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This study did not examine the perceptual correlaitethe reduced and
transposed vowel triangle. However, while studythg relation between vowel
space and intelligibility, Bradlow et al. (1996 ufad a significant correlation between
intelligibility and the range of F1 frequency. was also found that alterations to F2
frequency had a lower impact on intelligibility. ottever, appropriate F2 information
was considered important in the perception of tjaf speech. This was somewhat
different than what was found in a study by Monaad Shaughnessy (1978). In an
attempt to improve speech intelligibility, vowelsoduced by hearing impaired
children were included as stimuli. The particigamh their study were taught
articulation techniques in producing /a/, /i/, atd correctly. After training had
improved clarity, the F1 value of the speech thaytwere producing had not altered,
but the F2 value had increased by between 328 20dHz which brought it closer to
the range for normal speech. Given that the Fleslfor /i/ and /u/ were
dramatically altered, it is conceivable that thevebclarity scores, if based on vowel
space, would have shown a pattern of increasiniy switaller alterations to it.

On the other hand, previous studies have repon&titihe vowel space on its
own is not a strong indicator of intelligibilityNeel (2008) reported that on its own
the vowel space is able to predict a variance énidientification scores between 9%
and 12%. Similar findings about the limitationusiing the vowel space as a measure
of intelligibility were also reported by Hillenbrdret al., (1995).

While relation between the largest harmonic peakshe 0-2 and 2-4 kHz
regions is sensitive to transmission through thstesys, the results also indicate that
H1-H2 is being affected by transmission. Previsusglies have indicated that as the
ratio of the first harmonic to the second harmoimcreases, the perception of

breathiness increases (Hillenbrand et al., 1994tti& Klatt, 1990). As the quality
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of speech resulting from transmission had alterdaktantially from the original, it
was hypothesised that the H1-H2 ratio would be iseasto the effects of
transmission, with the transmitted speech havimgemsed H1-H2. We found that
transmission through the radio systems had resutidte increase of H1-H2 (i.e.
decreased for H2-H1, as shown in Figure 2). THferdinces were more marked for
/al, /il and /u/ than for /o/. The perceptual etates of H1-H2 ratio are discussed
later.

Higher energy in the largest harmonic peak in tiekHz range as compared
largest harmonic peak in the 0-2 kHz range, rasyltn a higher SPR, has been
shown to correlate to a voice having a more redosiaging quality (Omori et al.,
1996). As the quality of speech resulting frormsraission had altered substantially
from the original, it was hypothesised that the SRfId be sensitive to the effects of
transmission. The study by Omori et al. (1996) bBadmined the quality of /a/, and
found that a higher SPR corresponded to voice lgaaimore “ringing” quality to it.
Our study found that the SPR of the original rades lower for all the four vowels
studied. This seems to indicate that the raditegys were either suppressing output
in the 0-2k kHz region or were boosting the ouipuhe 2-4 kHz region, thus causing
a change to the SPR. Further, both the radio mysstudied had similar effects on
the SPR for three vowels except for /i/f where Radioduced a lower SPR that
Radio 2. Previous research has also shown thaSE#e can be used to judge the
talent of a singer. In the study by Watts et 2006) the talented speakers were those
who produced a voice with a better voice qualityhe talented singers were found to
produce lower SPR’s as compared to singers who jwdged as untalented (Watts et
al., 2006). This seems to indicate that the spé&egtsmitted by through the radios

had a poorer voice quality than the original. Heere it should be noted that a study
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by Kenny and Mitchell (2006) reported that they dat find a correlation between
perception of singing quality and the SPR, when diferent styles of singing were
examined.

The spectral moments can be used as a quantitagaas of studying how the
energy distribution in the spectrum has been alteas the mean and variance give an
indication of the concentration of energy andiityForrest et al., 1988). This study
also found that the first and second spectral maésnerre sensitive to transmission
through the radios, and were affected by both délagrsystems. The first and second
spectral moment have been shown to be importans auedentifying place of
articulation of fricatives (Jongman et al., 2008)d also a cue to the classification of
stop-consonants (Forrest et al., 1988). As thesasores are affected it is probable
that perceptual studies would have indicated thath kthe radios had affected
perception of fricatives and stop consonants, #s taalio systems had similar effects
on the mean and variance.

This study had hypothesised that the CV energy mtiuld be affected due to
radio transmission. However the results indicated the CV energy ratio was not
sensitive to transmission through the radio systeffitee study by Hedrick and Ohde
(1993) had found that the CV ratio was importanueiging the place of articulation.
It is likely that the radio systems affected thepétude of both the consonants and
the vowels in similar measures, leading to unatteatios. As this study did not carry
out further perceptual study of consonant iderdtfan after transmission but based
on the findings by Hendrick and Ohde (1993) it ikely that the consonant
identification would have not been affected by srarssion. This is further supported
by findings by Hazran and Markham (2004) who regabrthat the CV ratio was not

correlated to intelligibility for stop consonants.
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6.2 Perceptual Study

The perceptual study was organised into two pasisgudifferent vowel
tokens and selection criteria. In the first stutthg entire vowel was used in both the
identification task and also the clarity judgem&agk. The vowel durations varied
from 76 msec to 283 msec, (mean = 189 msec, SD mdet). Two sets of vowels
were selected on this basis. In the second pahteoperceptual study, duration of the
vowel was controlled, with a 78 msec long segmemtdp extracted from the middle
of the vowel, which was close to its steady stBlerfigren & Robb, 1998). The first
study was based on tokens selected on the ba$id-6f2 ratio measured from the
vowel, and the second study, one set was basdtkdlt-H2 ratio, and the second set
based on the SPR, both measured for the extraoteel segment.

It was hypothesised that if the tokens were arrdngerder of H1-H2 in the
first study and H1-H2 and in the second studyytheuld be scored by the
participants, in relation to this order, with thekéns ranked highest getting the
highest scores for both identification and clamtgile the lowest ranked would get
the lowest scores. The first part of the percdpmtiady conducted the identification
and perception of clarity task twice each. Thetfaind second set was chosen on
exactly the same basis and had similar H1-H2s fogrtevel 1 to 5. It was expected
that the results for both would yield similar patte The second study used one set
based on H1-H2 levels and the second set basel@\ais, and it was expected that
the results of the perceptual study would corredponthe levels of the H1-H2 and
levels.

Since very high or a 100 % correct identificatiaores for /a/, /o/, and /u/
were obtained, no observable trends were noticlus also indicates that although

the frequency composition was altered due to rgdimsmission, as seen in the effect
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on the acoustic measures, the signal was not dltedgficiently to affect the
identification of /a/, /o/ and /u/, which were alst@lways identified correctly.

The scores for identification of /i/ in the firstudy were not as consistently
high as the other three vowels for both the sets, laere, using variable vowel
lengths, the results obtained were not in keepinp the hypothesis that the scores
would increase with the H1-H2 ranking. In an agéno understand the reason for
this variation from the expected outcome, stags$tgtudies were carried out on the
scores. The study indicated that the scores dadatdor identification of /i/ in the test
where the vowel length varied, was correlated w® diration of the vowel. The
tokens with longer durations were being perceivedckearer. There have been
several studies that have found that there isadioalship between duration of speech
and perceived clarity. When speech is delibergtebgluced to be “clear” as against
“conversational”, the duration of clear speech ¥amd to be twice as much as the
conversational token (Picheny et al., 1985). Aosedcstudy by Picheny, Durlach, and
Braida (1989) found that this is achieved by leegthg the duration segments in the
speech as well as the pauses introduced and alpoolyction of modified acoustic
characteristics.  However, simply extending thegtenof the recording of
conversational speech did not render it clear kather, reduces the intelligibility
(Uchanski et al., 1996). In the first part of @aiudy, this relation between longer
duration and a perception of clarity seems to hibgen more influential in the
intelligibility and clarity score than the rankibgsed on H1-H2 levels.

In this study, it was also noted that the F1 fremyefor /i/ was affected quite
severely, as shown in Figure 1. As discussedesafiradlow et al. (1996) have
reported the relation between F1 frequency and tiftsation accuracy, with

identification being affected by changes in theffequency. A similar result can be
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seen in the case of the identification of /i/. Hwer, the identification scores for/u/
did not follow this pattern in spite of its F1 bgialtered in an almost similar manner.
It is likely that the identification of /i/ was ctused with /e/, and no such comparable
sound was available for possible confusion for/@/,and /u/. So it is likely that in
spite of not being clear, vowels with a limited ganof possibilities to be confused
with would tend to show a higher vowel identificatiscore.

In the task in judging the clarity of the vowelsgtresults did not follow the
hypothesised pattern of highest ranked H1-H2 scbe#sg judged as clearest and
lowest ranked, as least clear. In this part of dhaly, little correlation was found
between the vowel clarity scores and the duratiomowel. The score for /u/ was
also found to be correlated with duration in on¢hef tasks involving the judgment of
clarity. Further, the two sets of scores obtaiokthe judgment of clarity of each of
the vowels, which were chosen on the basis of H1di@ not yield similar trends
either. Previous research (Hillenbrand et al.,419€latt & Klatt, 1990) has shown
that when the H1 is increased, the voice is peetess being more breathy. Their
studies also found that the level of aspirationrsean the token was the factor that
was most influential in the judgment of a voicengebreathy voices. The findings of
our study seem to suggest that in vowels wheretidargs not controlled, the H1-H2
does not affect the perception of clarity. It wasther hypothesised that if the
duration of the vowel was controlled, and the H1lei&| used to rank the tokens, the
scores obtained for identification and clarity webwabrrelate to the ranking. It was
found that the scores did not follow the rankingd ¢&he results of our study seem to
indicate that H1-H2 did not correlate to clarityhile H1-H2 has a role to play in the
perception of breathy voices, as discussed eaitlidoes not necessarily mean that all

breathy voices perceived as being unclear or ufigibde. While breathy voices in
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English are associated with a pathological conaljtio other languages breathiness is
part of the phonation, as in the case of Gujetadéfoged, 1983). Also, a breathy
voice may be part of normal speech, as female s@ce generally more breathy than
male voices, and there are occasions in socialactien, when females deliberately
make their voices more breathy (Henton & Blador85)9 So, while H1-H2 plays a
role in the perception of a breathy voice, it dowed seem to have a role in the
perception of clarity of speech.

In the task of identification, based on vowels liagkbased on the SPR scores
for /a/, lo/ and /u/ were very high or almost alwagorrect, and the influence of
ranking by SPR on the scores was not apparent.sddre for /i/ was more varied and
although a clear trend linking the scores obtaifeeddentification with their ranking
based on SPR level was not obtained, four outdoares followed the hypothesised
trend. However the score for clarity of the vowleléowed a clearer pattern, with the
score for the highest level being substantiallydsehan the adjacent scores in all the
four vowels tested and supported the hypothesis.

The SPR was devised by Omori et al. (1996) as asneeevaluate the quality
of a singing voice. They found that the SPR cdwddrepresentative of the ‘ringing
voice quality’ (pg. 235), that let a singers vomaTy to the listener in spite of the
presence of other competing sounds such as thelsa@mimusical instruments. Our
study seems to suggest that the speech signabwi8PR indicating greater energy in
the 2-4 kHz region was able to carry over the bemkgd noise caused by
transmission and thus was judged as being theeseailhe manner of improvement
of the vowel identification and clarity scores asuaction of SPR was not gradual
suggesting that the existence of a threshold atlwtiiamatic improvements in clarity

occurred.
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6.3 Practical Applications

In personal FM systems used in audiological apftosg, the acoustic signal
is converted to an electrical representation ofgbend system and transmitted via
radio signals to the listener, with the intentidnirereasing the signal to noise ratio
(Smaldino, Crandell, Kreisman, John, & Kreisman,020 The audiological
assessment of these FM systems includes measuteasthe gain, output, harmonic
distortions, produced by these systems (Smaldirad.,e2009) but these measures do
not assess the perceptual sound quality. Thetyualihe reproduced sound during
digital process of coding and decoding sound fandmission is assessed based on
the ‘bit’ rate used, the delay that is built upe tbomplexity of the signal and its
quality (Painter & Spanias, 2000). Although thehi@logy to transmit signals with
‘lossless’ quality exists, i.e. where almost exaglication of the signal is achieved,
achieving this lossless transmission requires ahfgher coding and processing
capacity than the commonly used algorithms in apdind transmission can achieve
which results in a loss of quality (Painter & S@ai2000). To assess the quality of
processed speech, subjective tests which are p#msive and time consuming are
used (Painter & Spanias, 2000). The measure feectp intelligibility uses the
Perceptual Evaluation of Speech Quality (PESQ),clwhis established by the
International Telecommunications Union, ITU P. 86andard, as a means of
evaluation of speech being transmitted via comnatitn channels (Di Persia et al.,
2008). The results in this study suggest thatr€l 2 frequencies and vowel space,
H1-H2, SPR, and Spectral Moments One and Two werssittve to the radio
transmission effect and thus could be developerlsopplementary quality measures

of transmitted speech.
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6.4 Limitations and Future Directions

Although this study has shown that a selectioncotugtic measures, including
F1 and F2 frequencies and vowel space area, HISRR, and Spectral Moments
One and Two, to be sensitive to the effect of radiasmission and may be useful for
assessing the quality of radio-transmitted spetdddre are a few limitations in the
study that need to be highlighted. Firstly, therdvbst used was not specifically
designed or selected for acoustic analysis. Htaid not contain an equal number of
samples of the four vowels examined, nor were therplanned or number of
consonants being examined in the study. The vowete not consistently placed in
relation to the same consonant, and this could ek an impact on the acoustic
study, as it has been reported that the consomnbatent to the vowel has an effect
the formant transition and the identification ok thowel (Lindblom & Studdert-
Kennedy, 1967). Further the list of words contagnithe target vowels and
consonants was small, with only 23 tokens for @lirfvowels. Before the results of
the acoustic analysis can be generalised, a simtlady with a larger and more
inclusive list of words specifically designed fonadysis should be used. For
example, to study fricatives, Jongman et al. (2008@d a list comprising eight
fricatives, with 6 vowels, to form 48 CVC words whiwere then examined, allowing
for a more controlled study, which will allow fomaore acceptable generalisation.

This study examined several acoustic parametersised the H1-H2 and SPR
as the basis for organising the perceptual stu@wen that the vowel space and the
mean and variance of the spectral moments (i.eect&) Moments One and Two)
were also sensitive to radio transmission, acousgasures obtained for these could
have also been used to rank the data for percephalysis of identification and

clarity. Future studies could restrict themseli@®ne of these acoustic parameters,
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which when examined using a specifically designextdwlist to allow for a more
controlled study and thus a more acceptable gasatiah.

The perceptual study also had a few limitations.the first study, where the
vowel duration was not controlled, the H1-H2 measwas obtained from vowels
embedded in different words. As a result, theuigriice of the consonant on the vowel
was not controlled. As identification of vowels isfluenced by the adjacent
consonant and formant transitions (Lindblom & Serdd&ennedy, 1967), this effect
was not controlled. The cohort size for the peteaipstudy, with vowel duration not
controlled, was small, with twenty participants.heTcohort size for the perceptual
study with vowel duration controlled was smallall,swith five participants. This
means that before the results of the perceptudlystan be generalised, a follow-up
study with a larger sample size should be conducted

In this study, the identification and clarity judgnt tasks involved only
vowels. If future studies are conducted using lsysised words or designed word
lists for the task, it will allow for a more spdcitargeting of vowels and consonants
being studied, and so allow for greater generatisaif the results. Not only will use
of better designed word lists be required for gelmation but also examining the
output of a range of different radio systems, tmaitttng devices and sound-
reproducing devices should be undertaken, so beaetfect of transmission can be
studied in several systems, prior to generalisation

The studies of SPR in the literature have genehycentrated on the sung
voice and the perception of singing quality. listbtudy, SPR was employed as a
means to measure the clarity of speech. Beforeefladon of SPR to speech clarity
that is suggested in this study is generalisedygel and more comprehensive study

needs to be undertaken. This study used only & safeort for this part of the study,
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and, as discussed earlier, the speech samples natrelesigned specifically to
ascertain the relation of SPR to clarity. A folleyy study to this study could involve
the systematic manipulation of the SPR to verify iielation to speech clarity,
especially for establishing if there was a paracuhreshold beyond which the scores

for clarity would show marked improvements.

6.5 Conclusion

In this study, the effects of radio transmissionaoselection of speech and
voice-related acoustic measures were tested. mpaadt of H1-H2 and SPR on the
perception of vowel identification and differenitat of vowel clarity has also been
explored. The study found that measures of F1R&#hfiltequencies, vowel space area,
H1-H2, SPR, Spectral Moment One, and Spectral Moriiero were sensitive to
radio transmission. For vowels, changes of F1 BAdrequencies resulting in the
compression of vowel space, increased H1 dominéaxeeflected in H1-H2), and
decreased spectral energy around the 2-4 kHz régomdicated by SPR) are signs
of signal degeneration that can be induced by radismission. For consonants, the
loss of differentiation in Spectral Moment One (melbetween /s/ and /sh/ may result
from radio transmission while consonant differetmia cues provided by Spectral
Moment Two (variance) may be more resistant totttvesmission effect. As for the
relationship between these acoustic parametershengderception of speech clarity,
this study did not find a consistent effect of H2-ldn the perception of speech
clarity.

However, a clearer trend was identified suggedtiag) SPR was related to the
perception of speech clarity. Further studies \aithetter control and more complete

inclusion of the phonetic contexts of the segment a large sample size are needed
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to allow for a better generalization of the studilydings in identifying the key

acoustic parameters in testing the quality of @spédransmission output.

77



References

Allen, J. (2005). Consonant recognition and the@ation index. Journal of the
Acoustical Society of America, 117(4 1), 2212-2223.

Bertoni, H. L. (2000).Radio propagation for modern wireless systems. Upper Saddle
River: Prentice Hall PTR.

Biddulph, D. (Ed.). (1994)Radio communication handbook (6 ed.). Herts: Radio
society of Great Britan.

Bladon, R. A. W., & Lindblom, B. (1981). Modelirige judgment of vowel quality
differences.Journal of the Acoustical Society of America, 69(5), 1414-1422.

Blomgren, M., & Robb, M. (1998). How steady areveb steady-states€linical
Linguistics and Phonetics, 12(5), 405-415.

Blomgren, M., Robb, M., & Chen, Y. (1998). A nate vowel centralization in
stuttering and nonstuttering individualdournal of Speech, Language, and
Hearing Research, 41(5), 1042-1051.

Bradlow, A. R., Torretta, G. M., & Pisoni, D. B.996). Intelligibility of normal
speech I: Global and fine-grained acoustic-phaortatker characteristics.
Speech Communication, 20(3-4), 255-272.

Brandy, W. T. (2002). Speech Audiometry. In JtZK@&d.),Handbook of clinical
audiology. Philadelphia: Lippincott Williams & Wilkins.

Coleman, C. (2004)An introduction to radio frequency engineering. Cambridge:
Cambridge university press.

Cooper, F. S. (1980). Acoustics in human commuiuica Evolving ideas about the

nature of speechlJournal of the Acoustical Society of America, 68(1), 18-21.

78



Cox, R. M., Alexander, G. C., & Gilmore, C. (1987ntelligibility of average talkers
in typical listening environmentslournal of the Acoustical Society of
America, 81(5), 1598-1608.

Crandell, C. C., & Smaldino, J. (2002). Room aticesand auditory rehabilitation
technology. In J. Katz (Ed.l{andbook of clinical audiology. Philadelphia:
Lippencott Williams and Wilkins.

Davenport, M., & Hannahs, S. J. (1998)troducing phonetics & phonol ogy.
London: Arnold.

Di Persia, L., Milone, D., Rufiner, H. L., & Yanat, M. (2008). Perceptual
evaluation of blind source separation for robustesih recognitionSgnal
Processing, 88(10), 2578-2583.

Dillon, H. (2001). Hearing Aids. Sydney: Boomerang Press.

Forrest, K., Weismer, G., Milenkovic, P., & Dougd®. N. (1988). Statistical
analysis of word-initial voiceless obstruents: Pne@lary data.Journal of the
Acoustical Society of America, 84(1), 115-123.

French, N. R., & Steinberg, J. C. (1946). Factmrgerning the intelligibility of
speech sound3he journal of the acoustical society of America, 19(1), 90-
110.

Fry, D. B. (1979).The physics of speech. Cambridge Cambridge university press.

Haahr, M. (2009). Random.org, frdmtp://www.random.org/sequences/

Hazan, V., & Markham, D. (2004). Acoustic-phonatarrelates of talker
intelligibility for adults and childrenJournal of the Acoustical Society of

America, 116(5), 3108-3118.

79



Hedrick, M. S., & Ohde, R. N. (1993). Effect ofatve amplitude of frication on
perception of place of articulatiodournal of the Acoustical Society of
America, 94(4), 2005-2026.

Henton, C. G., & Bladon, R. A. W. (1985). Breatss in normal female speech:
Inefficiency versus desirabilitylanguage and Communication, 5(3), 221-
227.

Hillenbrand, J. M., & Clark, M. J. (2009). Theeabf fO and formant frequencies in
distinguishing the voices of men and wométention, Perception, and
Psychophysics, 71(5), 1150-1166.

Hillenbrand, J. M., Cleveland, R., & Erickson, R994). Acoustic correlates of
breathy vocal qualityJournal of Soeech and Hearing Research, 37(4), 769-
778.

Hillenbrand, J. M., Getty, L. A., Clark, M. J., & Neéeler, K. (1995). Acoustic
characteristics of American english vowelpurnal of the Acoustical Society
of America, 97(51), 3099-3111.

Houtgast, T., & Steeneken, H. J. M. (1973). Motatatransfer function in room
acoustics as a predictor of speech intelligibliyustica, 28(1), 66-73.

Hu, Y., & Loizou, P. C. (2010). On the importarafgoreserving the harmonics and
neighboring partials prior to vocoder processihgplications for cochlear
implants. Journal of the Acoustical Society of America, 127(1), 427-434.

Jerger, J., & Jerger, S. (1980). Measurment ofingén adults. In M. M. Paparella
& Shumrick (Eds.)Otolaryngology. Philadelphia: W. B. Saunders.

Jongman, A., Wayland, R., & Wong, S. (2000). Admusharacteristics of English

fricatives. Journal of the Acoustical Society of America, 108(3 1), 1252-1263.

80



Kenny, D. T., & Mitchell, H. F. (2006). Acousticd perceptual appraisal of vocal
gestures in the female classical voideurnal of Voice, 20(1), 55-70.

Klatt, D. H., & Klatt, L. C. (1990). Analysis, s{mesis, and perception of voice
guality variations among female and male talkeirnal of the Acoustical
Society of America, 87(2), 820-857.

Ladefoged, P. (1983). The linguistic use of dégfgrphonation types. In D. Bless &
A. J (Eds.)Vocal fold physiology: Contemporary research and clinical issues
(pp. 351 -360). San Diego: College Hill press.

Liberman, A. M., & Mattingly, I. G. (1985). The rta theory of speech perception
revised. Cognition, 21(1), 1-36.

Lindblom, B. E., & Studdert-Kennedy, M. (1967). @ role of formant transitions
in vowel recognition.Journal of the Acoustical Society of America, 42(4),
830-843.

Liu, H. M., Tsao, F. M., & Kuhl, P. K. (2005). Tle#fect of reduced vowel working
space on speech intelligibility in Mandarin-spegkyoung adults with
cerebral palsy.Journal of the Acoustical Society of America, 117(6), 3879-
3889.

McRae, P. A,, Tjaden, K., & Schoonings, B. (2002toustic and perceptual
consequences of articulatory rate change in ParkidsseaseJournal of
Speech, Language, and Hearing Research, 45(1), 35-50.

Meyer, T. A., & Pisoni, D. B. (1999). Some compgittaal analyses of the PBK test:
Effects of frequency and lexical density on spokemnd recognition.Ear and
hearing, 20(4), 363-371.

Miller, G. A. (1981).Language and speech. San Francisco: W. H. Freeman and

company.

81



Miller, G. A., Heise, G. A., & Lichten, W. (1951)The intelligibility of speech as a
function of the context of the test materialournal of Experimental
Psychology, 41(5), 329-335.

Ministry of Economic Development. (2009). Radi@sjppum management, from
http://www.rsm.govt.nz/cms

Monsen, R. B., & Shaughnessy, D. H. (1978). Impno#et in vowel articulation of
deaf children.Journal of Communication Disorders, 11(5), 417-424.

Moore, B. C. J. (2008). Basic auditory procesagslved in the analysis of speech
sounds.Philosophical Transactions of the Royal Society B: Biological
Sciences, 363(1493), 947-963.

Neel, A. T. (2008). Vowel space characteristicd aowel identification accuracy.
Journal of Speech, Language, and Hearing Research, 51(3), 574-585.

Northern, J. L., & Downs, M. P. (2002Hearing in children. Philadelphia:
Lippencott Williams & Wilkins.

Omori, K., Kacker, A., Carroll, L. M., Riley, W. D& Blaugrund, S. M. (1996).
Singing power ratio: Quantitative evaluation afging voice quality.
Journal of Voice, 10(3 2), 228-235.

Painter, T., & Spanias, A. (2000). Perceptual rgadif digital audioProceedings of
the | EEE, 88(4), 451-512.

Parikh, G., & Loizou, P. C. (2005). The influendenoise on vowel and consonant
cues. Journal of the Acoustical Society of America, 118(6), 3874-3888.

Picheny, M. A., Durlach, N. I., & Braida, L. D. (&9). Speaking clearly for the hard
of hearing. I: Intelligibility differences betwe@tear and conversational

speech.Journal of Speech and Hearing Research, 28(1), 96-103.

82



Picheny, M. A., Durlach, N. I., & Braida, L. D. (86). Speaking clearly for the hard
of hearing. II: Acoustic characteristics of clead conversational speech.
Journal of Speech and Hearing Research, 29(4), 434-446.

Picheny, M. A., Durlach, N. I., & Braida, L. D. (89). Speaking clearly for the hard
of hearing Ill: An attempt to determine the cdmtition of speaking rate to
differences in intelligibility between clear andnv@rsational speechlournal
of Speech and Hearing Research, 32(3), 600-603.

Portney, L. G., & Watkins, M. P. (2009F.oundations of clinical research (3rd ed.).
New Jersey: Pearson Prentice Hall.

Robb, M. P., & Chen, Y. (2008). A note on vowehsp in Mandarin accented
English. Asia Pacific journal of speech, language, and hearing, 11(3), 175 -
188.

Shannon, R. V., Zeng, F. G., Kamath, V., Wygon3ki& Ekelid, M. (1995). Speech
recognition with primarily temporal cue&cience, 270(5234), 303-304.

Smaldino, J., Crandell, C., Kreisman, B., John,&Kreisman, N. (2009). Room
acoustics and auditory rehabilitation technologyJ. Katz (Ed.)Handbook
of clinical audiology. Philadelphia: Wolters Kluwer/Lippencott Willianasd
Wilkins.

Stevens, K. N. (1980). Acoustic correlates of s@menetic categorieslournal of
the Acoustical Society of America, 68(3), 836-842.

Uchanski, R. M., Choi, S. S., Braida, L. D., Re@€dM., & Durlach, N. I. (1996).
Speaking clearly for the hard of hearing 1V: Fertbtudies of the role of
speaking rateJournal of Speech, Language, and Hearing Research, 39(3),

494-509.

83



Watts, C., Barnes-Burroughs, K., Estis, J., & BtemtD. (2006). The singing power
ratio as an objective measure of singing voiceityual untrained talented and
nontalented singerslournal of Voice, 20(1), 82-88.

Wilber, L. A. (2002). Transducers for audiologesting. In J. Katz (Ed.Handbook
of clinical audiology. Philadelphia: Lippincott Williams & Wilkins.

Yost, W. A. (2007).Fundamentals of Hearing. An introduction (5th edition ed.). San

Diego: Elsevier.

84



Appendices

Appendix I. Human ethics approval

UC

UNIVERSITY OF
CANTERBURY

Human Ethics Committee Te Whare Wananga o Waitaha

Tel: +64 3 364 2241, Fax: +64 3 364 2856, Email: human-ethics@canterbury.ac.nz CHRISTCHURCH NEW ZEALAND

Ref: HEC 2010/07/LR

19 April 2010

Shantanu Kirtikar
Department of Communication Disorders
UNIVERSITY OF CANTERBURY

Dear Shantanu
Thank you for forwarding to the Human Ethics Committee a copy of the low risk application
you have recently made for your research proposal “Acoustic and perceptual evaluation of the

speech intelligibility of radio transmitted signals”.

I am pleased to advise that this application has been reviewed and I confirm support of the
Department’s approval for this project.

| With best wishes for your project.

Yours sincerely

shaw

W Dr Michael Giji
| Chair, Huthaf Ethics Committee

University of Canterbury Private Bag 4800, Christchurch 8140, New Zealand. www.canterbury.ac.nz

85



Appendix Il.  Vowel Identification Task

University of Canterbury

fif as in 'tea' Jaw] as in talk! lel asin 'test’

—
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Appendix Ill.  Vowel Clarity task

University of Canterbury

Sound 1 Sound 2

—
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Appendix IV. Phonetically Balanced Kindergarten (PBK) lists

List 1 List 2

1. Please 26. Smile 1. Laugh 26. Path
2. Great 27. Bath 2. Falls 27. Feed
3. Sled 28. Slip 3. Paste 28. Next
4. Pants 29. Ride 4. Plough 29. Wreck
5. Rat 30. End 5. Page 30. Waste
6. Bad 31. Pink 6. Weed 31. Crab
7. Pinch 32. Thank 7. Grey 32. Peg
8. Such 33. Take 8. Park 33. Freeze
9. Bus 34. Cart 9. Wait 34. Race
10.Need 35. Scab 10. Fat 35. Bud
11. Ways 36. Lay 11. Axe 36. Darn
12.Five 37. Class 12. Cage 37. Fair
13.Mouth 38. Me 13. Knife 38. Sack
14.Rag 39. Dish 14. Turn 39. Got
15.Put. 40. Neck 15. Grab 40. As
16.Fed 41. Beef 16. Rose 41. Grew
17.Fold 42. Few 17. Lip 42. Knee
18.Hunt 43. Use 18. Bee 43. Fresh
19.No 44. Did 19. Bet 44, Tray
20.Box 45, Hit 20. His 45, Cat
21.Are 46. Pond 21. Sing 46. On
22.Teach 47. Hot 22. All 47. Camp
23.Slice 48. Own 23. Bless 48. Find
24.1s 49, Bead 24. Suit 49, Yes
25.Tree 50. Shop 25. Splash 50. Loud
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Appendix V. Mean F1 and F2 values for the vowels /i/, /ad &1/ in Hz

1/

lal

fu/

Original Radio 1 Radio3
F1 F2 F1 F2 F1 F2
291.6 2123.3 849.7 2134.8 663.2 2161.1
761.9 1360.9 783.2 14132 792.6 1377.2
311.0 14175 687.9 14404 486.6 1402.9
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Appendix VI. The F1-F2 plot showing the vowel space (enclasedtriangle) for
the vowels /i/ ("beef”), /a/ (“cart”),J/ (“fall”), and /u/ (“grew”) with the mean F1 and
F2 values derived from tokens transmitted throughti® 1 and 2 at 10 playback
volume levels and the single measures of F1 andhk@s for original signals. The
upper graph shows the vowel space with three vo(liglga/, and /u/), with the vowel
space area shown to be highest for the Originab@B6 kHZ), followed in order by
Radio 2 (0.1183 kH} and Radio 1 (0.0353 kiz The lower graph shows the vowel

space with all of the four corner vowels (/i/, lal, and /).
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