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The efficacy of aural modeling in music education at the primary and secondary 

levels is well documented, and anecdotal evidence among university studio voice 

teachers abounds.  However, this topic has not previously been explored with 

undergraduate level singers using acoustic analysis of the singing voice.  

This investigation utilized a survey on listening behaviors to examine 

undergraduate voice students’ use of recorded aural models. In addition, an empirical 

study measured the effect of repeated exposure to recorded aural models on participants’ 

vocal production.   Research was conducted at Southwestern University, a private liberal 

arts institution in Georgetown, Texas. 

Study participants were divided into two groups.  The control group performed a 

newly-composed melody after a recorded aural model of the melody was played a single 

time.  The experimental group completed 10-minute listening assignments once a day for 

a five-day period before performing the same melody.  Data between the non-listening 

and listening groups was compared.  Using a second newly composed melody, the 

control group then completed a five-day listening assignment and performed the second 

melody.  Pre- and post-listening data from this group of subjects was compared.  
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Listening assignments were adapted from a speech pathology remediation 

technique known as auditory bombardment. They involved listening to multiple 

repetitions of the recorded aural model without attempting to practice singing the melody. 

The study measured four acoustic parameters: musical accuracy (pitch and rhythm), 

vowel/consonant articulation, use of vibrato, and ratio of power between overtones above 

and below 2 kHz.   

The listening behavior survey revealed that most students use recorded aural 

models in their practice time. However, results indicated that students would benefit from 

professional quality aural models and specific information about appropriate time 

parameters for listening activities.    

Results of the empirical study revealed a statistically significant 20-30% 

improvement in vocal production in both the experimental listening group and the control 

group post-listening.  These data demonstrate that focused periods of listening to an aural 

model are effective in improving vocal production, even within a short period of time.  

The results of this study support the inclusion of aural modeling in the applied voice 

studio. 
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INTRODUCTION 

Chapter 1: The Role of Aural Modeling in Voice Pedagogy 

Aural modeling, the demonstration of a desired musical sound, is an essential part 

of the transmission of skills from one generation of performers and pedagogues to the 

next.  Given the internal location of the vocal “instrument,” this method of instruction is 

particularly useful in the applied voice studio.  Ralph Appelman acknowledged this 

concept when he stated that the “first objective” of his 1967 The Science of Vocal 

Pedagogy was to “intentionally and directly train the singer’s aural awareness of his 

vocal utterance of the word,” and that “voice training depends upon sensations developed 

through imitations for the sung sound aurally conceived.”1 

Virtually all vernacular music traditions utilize aural modeling as a primary 

method to pass a skill set from one musician to another.  Interestingly, however, the 

Western lyric singing tradition currently passes from one musician to the next within an 

academic setting that places high value on notational literacy and descriptive analysis.  

For example, in its 2010-2011 handbook, the National Association of Schools of Music 

outlines the standard topics and skill sets that must be successfully communicated by 

accredited music programs.  In addition to “fundamental competencies such as aural and 

rhythmic skills, the reading of notation, and the use of musical terminologies,”2 NASM 

specifies that students should gain “an understanding of the common elements and 

organizational patterns of music and their interaction, the ability to employ this 

understanding in aural, verbal, and visual analyses, and the ability to take aural dictation; 

sufficient understanding of and capability with musical forms, processes, and structures 

                                                 
1 D. Ralph Appelman, The Science of Vocal Pedagogy (Bloomington, IN: Indiana University Press, 1967), 

vii. 
2 “NASM Handbook 2010-2011”, n.d., 73, National Association of Schools of Music, http://nasm.arts-

accredit.org/site/docs/Handbook/NASM_HANDBOOK_2010-11_T.pdf. 
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to use this knowledge and skill in compositional, performance, analytical, scholarly, and 

pedagogical applications according to the requisites of their specializations; and the 

ability to place music in historical, cultural, and stylistic contexts.”3  

While these comprehensive guidelines do assign value to an aural skill set, the 

connection between aural skills and musical analysis is more clearly delineated than the 

connection to performance skills.  Recital attendance components provide another area in 

which students are exposed to aural modeling.  However, in the NASM guidelines, again, 

the benefit of “experiencing a broad range of repertory”4 is emphasized over the potential 

benefit recital attendance provides in terms of aural modeling of performance skills. 

Concurrently, vocal training in the modern era takes place in a starkly different 

environment from the “historic Italian school, which in the latter part of the nineteenth 

and the early decades of the twentieth century crossed all national barriers.”5 During this 

time period, and even more intensively in the 17
th

 and 18
th

 century Neapolitan and 

Venetian conservatories that cultivated vocal virtuosity,6 singers in training were 

immersed in the study of their art on a daily basis. This created an environment rich with 

aural models of a “sound ideal” to which singing students aspired.  In the current 

educational system, young singers work individually with voice teachers a maximum of 

two hours per week7 and approximately four hours per week in choir.  The relatively 

concentrated amount of time students typically spend listening to aural models in a 

                                                 
3 Ibid., 87. 
4 Ibid., 88. 
5 Richard J. Miller, The Structure of Singing: System and Art in Vocal Technique (New York, London: 

Prentice Hall International, 1996), xxi. 
6 William Weber, et al. "Conservatories," In Grove Music Online. Oxford Music Online, 

http://www.oxfordmusiconline.com.ezproxy.lib.utexas.edu/subscriber/article/grove/music/41225 (accessed 

July 4, 2011). 
7 NASM requires undergraduates to have a minimum of one hour a week of individual instruction or a 

group equivalent. 
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supervised context serves as a good impetus to investigate the potential benefits of 

targeted use of recorded aural models in applied voice study. 

Among voice teachers, anecdotal evidence abounds for the effectiveness of 

listening to aural models as a tool for improving students’ vocal production.  However, 

few studies have been dedicated to investigating the issue with college-age singers.  The 

efficacy of aural modeling for singers and instrumentalists at the primary and secondary 

educational levels is well documented.  However, as Warren Haston notes, “In the United 

States today, rote teaching is considered an ill-favored version of modeling and imitation 

that is used to teach melody and rhythm,” and “is perceived to require little thought on 

the part of the students.” 8  Haston suggests that “perhaps the stigma of rote teaching 

prevents more instrumental teachers from using modeling and imitation.”9 

While maintaining that modeling should not replace verbal instruction in the 

music education classroom, Marc Dickey astutely observes that “students do not learn to 

discriminate between timbres by being told that sounds are rich or bright or thin; 

kinesthetic response cannot be improved through discussions of tempo, meter, and 

subdivision” and advocates that “modeling strategies should play a more prominent role 

than they currently do in school music classes.”10  

Given the large amount of recorded aural models available to students today, it is 

reasonable to investigate, qualitatively and quantitatively, the exposure to classical style 

aural models they are receiving.  This line of inquiry is interesting on its own, but also in 

comparison to the amount of exposure students have to aural models in other musical 

                                                 
8 Warren Haston, “Teacher Modeling as an Effective Teaching Strategy,” Music Educators Journal 93, no. 

4 (March 1, 2007): 26. 
9 Ibid. 
10 Marc R. Dickey, “A Review of Research on Modeling in Music Teaching and Learning,” Bulletin of the 

Council for Research in Music Education, no. 113 (July 1, 1992): 37. 
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styles (pop, rock, country, jazz, etc.). Finally, it is worth asking: what is the effect of 

increased listening to classical style aural models?  

Acknowledging that listening to aural models is a part, rather than the solitary 

focus, of a sound pedagogical approach to the training of singers in a Western lyric style, 

this investigation has two main goals: (1) gaining a better understanding of the use of 

recorded aural models among undergraduate students; (2) investigating the impact of 

focused exposure to an aural model in the Western lyric style on student singers’ vocal 

production.  

 The study methodology includes a survey on listening behaviors and acoustic 

analysis that measures participants’ response to repeated exposure to a recorded aural 

model.  Additionally, this study focuses on college undergraduates enrolled in voice 

lessons and/or choir; a group of singers whose listening habits and response to vocal aural 

models have not been thoroughly investigated to date.  This study is also unique in 

adapting a research methodology from a speech therapy remediation technique known as 

auditory bombardment/focused auditory stimulation.   
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Chapter 2: Theoretical and Practical Investigations 

Two main questions, one theoretical and one practical, are to be addressed: 

1. How are students making use of aural models in their applied voice studies? 

2. Can repeated exposure to a vocal aural model produce measurable 

improvement11 in vocal production? 

With respect to the first question, the working hypothesis was that students who 

choose music as the primary focus of their academic work would spend greater amounts 

of time listening to classical style aural models than their colleagues studying music as an 

elective. Additionally, this author expected to find significant use of non-classical style 

aural models in the non-music major segment of the study population.  

In the course of this study, a survey on listening behaviors developed and 

distributed to volunteer study participants provided indications of listening trends and 

students’ perceptions of the role of aural models in applied voice study.  

In investigating the second question above, the working hypothesis was that 

improvement would be observed in students who completed a listening assignment 

involving repeated hearings of a vocal aural model.  Utilizing acoustic analysis of the 

singing voice, the empirical portion of this study measured participants’ response to these 

targeted listening activities. Efforts were made to choose a group of acoustic parameters 

that correlated with the essential qualities of Western lyric singing style: musical 

accuracy; sustained articulation of vowels alternating with quick, precise articulation of 

consonants; regular and consistent use of vibrato; and a balance of upper and lower 

overtones. 

                                                 
11“Improvement” for the purposes of this study refers to a sound that more closely matches the ideal 

Western lyric singing style as exemplified by professional operatic singers. 



 6 

 Analyses compared data in both between non-listening and listening subjects 

groups (henceforth between subjects analysis) and within the same subject group before 

and after listening activities were completed (henceforth within subjects analysis).   

This three-tiered overall study design - including the survey, the aural modeling 

portion comparing two different subject groups, and the aural modeling portion observing 

changes within the same singers - allowed for a comprehensive investigation of voice 

students’ use of and response to aural models.   
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PART ONE: LITERATURE REVIEW -  

AN INTERDISCIPLINARY APPROACH 

Chapter 1:  Review of Vocal Pedagogy Research 

An interdisciplinary review of the scholarly literature is useful for a sound 

investigation of the effects of vocal aural modeling and listening behaviors on the sung 

vocal production of undergraduate level singers. This literature review will discuss 

relevant scholarly work in the fields of voice pedagogy, voice science, music education, 

and speech pathology.12  Voice pedagogy studies serve as an excellent starting point, as 

they provide a wealth of information on the characteristics of the Western lyric singing 

style and standards for assessment of vocal production. This establishes the basic 

framework from which all other lines of inquiry spring. 

DEFINING THE CHARACTERISTICS OF WESTERN LYRIC SINGING 

The National Association of Teachers of Singing (henceforth NATS) website 

states that the organization, “founded in 1944, is the largest professional association of 

teachers of singing in the world with more than 7,000 members in the United States, 

Canada, and over twenty-five other countries.”13  NATS also provides general guidelines 

for evaluating student auditions.  These assessment standards include “(a) Voice 

Characteristics: native quality, range, evenness, vitality; (b) Techniques: flexibility, 

breath control, diction, vowel purity, language accuracy, intonation; (c) Musicianship: 

                                                 
12 Literature in both acoustics and statistics has also been consulted during this study.  However, as these 

texts functioned in a reference capacity only, they are included in the bibliography rather than discussed in 

the literature review. 
13 “About National Association of Teachers of Singing, Inc.”, n.d., 

http://www.nats.org/index.php?option=com_content&view=article&id=44&Itemid=69. (accessed May 28, 

2011). 
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accuracy of rhythm, phrasing, etc., control of tempo and dynamics.”14 These can be taken 

as a solid starting point in identifying the vocal properties that can be used to evaluate 

change in the study participants’ vocal production.15 

As the language employed by NATS, here used as a guideline, is somewhat 

nonspecific, various pedagogical sources allow for identification of the key features of 

Western lyric singing style. Barbara Doescher’s observation that “when the voice works 

as a functional unit, it allows singers to develop good tone quality, an even scale, a 

seamless legato, secure intonation, sufficient transmission or projection of the sound, and 

a wide palette of tonal colors,”16 provides a well-articulated set of qualitative parameters.   

Works by James McKinney and Ralph Appelman help in identifying the vocal 

elements that contribute to “vibrancy” and “seamless legato line.” Both authors 

effectively divide what is ultimately perceived as a sung tone into distinct physiologic 

steps.  Appelman states that, “artful singing is the dynamic (ever changing) act of 

coordinating instantaneously the physical sensations of respiration (the will to breathe), 

phonation (the will to utter a sound), resonation (the will to form a particular vowel 

position), and articulation (the will to communicate by forming both vowel and 

consonant) into a disciplined utterance.”17  

James McKinney describes four physical processes that produce vocal sound.  

They include respiration (airflow in and out of the body), phonation (vibrating of the 

vocal cords), resonation (enhancement in intensity/timbre of the basic phonation by the 

                                                 
14 Anne Christopherson et al., “NATS Student Auditions Guidelines”, 2009, 14, 

http://www.nats.org/images/stories/NATS_Sudent_Auditions_Guidelines.pdf. (accessed June 10, 2011) 
15 The NATS publication includes an additional category for performance and stylistic aspects, which is 

not included as those factors fall outside the scope of this study. 
16 Barbara M. Doescher, The Functional Unity of the Singing Voice (Metuchen, NJ: Scarecrow Press, 

1988), 167. 
17 Appelman, The Science of Vocal Pedagogy, 9. 
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vocal tract) and articulation (the sound from the vocal cords, amplified by the resonation 

process) as it is “shaped into recognizable speech sounds.”18  

Conceptualizing the process of singing in this series of events narrows and 

focuses the parameters of this study. Although the technology to measure respiration and 

phonation at the voice source are beyond the scope of this study and therefore were not 

considered here, the remaining artistic components described by McKinney, such as the 

combination of resonance and acoustic factors that produce the characteristics of Western 

lyric singing style, are the focus of the present study. 

William Vennard’s observation that “classical singing requires a good singing line 

which is continuous in its harmonic resonation”19 illustrates that the concepts of 

resonance and articulation often overlap, most notably when describing the “seamless 

legato line” mentioned by Doescher that is considered a hallmark of Western lyric 

singing style.  Literally translated, legato means “connected.” A review of the vocal 

pedagogy literature shows that voice teachers consistently relate legato to three aspects of 

voice production: vowel/consonant articulation, consistency of “ringing” quality or 

carrying power, and consistent presence of vibrato.   

In terms of vowel and consonant articulation, Appelman stated that “care must be 

taken so that the formation of the consonants does not interfere with the proper resonation 

of each phoneme in a manner that would destroy the vocal line.”20  McKinney states that 

there is “an essential difference in objective” between the articulation of vowels and 

consonants.  He explains “The objective of quick, precise, and positive consonants is to 

break up the tone into distinct, comprehensible units without seriously interfering with 

                                                 
18 James C. McKinney, The Diagnosis and Correction of Vocal Faults (Long Grove, IL: Waveland Press, 

2005), 27. 
19 Berton Coffin, Coffin’s Overtones of Bel Canto, 1st ed. (Metuchen, NJ: Scarecrow Press, 1980), 75. 
20 Appelman, The Science of Vocal Pedagogy, 237. 
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the flow of vocal tone.  The objective of quick, precise, and positive vowels is to 

establish and maintain a consistent channel through which the tone can flow without 

unnecessary variations of quality and quantity of sound. This legato connection of 

successive vowel sounds is at the heart of beautiful, artistic singing.”21 

Richard Miller confirms this line of thought when he states that “the duration 

factor in singing makes phonetic precision in all languages possible, achieving the 

phonetician’s idealized exactitude of vowel and consonant formations.”22 He offers 

insight into the differences between articulation in Western lyric singing style and the 

speech habits of many Americans when he affirms, “In classical singing it is essential 

that the vowel not undergo major phonetic change during its course of execution. Native 

English speakers tend to introduce diphthong-ization when singing in either their own or 

other languages.”23 

From this investigation, it is clear that the manner in which singers articulate 

consonants and vowels is a relevant aspect of voice production to examine in the context 

of response to an aural model.  For the purposes of this study, this issue will be addressed 

by measuring the duration of consonants and vowels within a sung melody with English 

language text. 

Moving on to the relationship between resonance and legato, and the role of 

resonance in Western lyric singing style in general, William Vennard indicates that “good 

resonance” involves a balance of higher and lower overtones24 when he states, “It should 

be the objective of every singer to get as much brilliance as possible and as much depth 

                                                 
21 McKinney, The Diagnosis and Correction of Vocal Faults, 157. 
22 Richard J. Miller, Training Soprano Voices (Oxford: Oxford University Press, 2000), 84. 
23 Ibid. 
24 William Vennard, Singing, The Mechanism and the Technic., 5th ed. (New York: C. Fischer, 1968), 119. 
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as possible in the tone at the same time.”25  This balance of brilliance and depth, also 

known as a chiaroscuro (light/dark) tone, is named by many pedagogues as an important 

aspect of Western lyric singing tone.  This study includes acoustic parameters that give 

some indication of the balance of “light” and “dark” aspects of tone color, and the degree 

of consistency with which subjects produced an acoustically balanced sound.  The 

methods of measurement are discussed in the voice science section below.  

Another important factor in Western lyric singing style, mentioned by every 

pedagogical text, is the use of vibrato.  Richard Miller asserts that, “legato has to do not 

only with the binding of one note to the next, but with constancy of vibrato – that is with 

the ‘resonance’ that links them.”26 He offers the following anecdote as a practical 

example of the importance of consistent vibrato use: “A noted coach of international 

artists of the mid-twentieth-century remarked that if, within a ten-second phrase, a single 

syllable is sung with straight-tone quality – even though all the notes of the phrase are 

bound together – the perception of legato has been broken.”27 

Doescher confirms the importance of vibrato use in this singing style when she 

states that “tastes in amplitude and even at times in the speed of the vibrato have varied 

during different periods in the history of Western vocal music, but the consistency or 

evenness of the vibrato pattern seems to have remained a desirable attribute.”28 

Based on these and numerous other directives toward use of consistent vibrato on 

every sung note, the use of vibrato is examined as an important indicator of the stylistic 

                                                 
25 Ibid., 119-120. 
26 Richard J. Miller, Securing Baritone, Bass-Baritone and Bass Voices (Oxford: Oxford University Press, 

2008), 116. 
27 MIller, The Structure of Singing: System and Art in Vocal Technique, 116. 
28 Doescher, The Functional Unity of the Singing Voice, 157. 
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attributes of the participants’ sung audio samples.  A discussion of the acoustic aspects of 

vibrato evaluated follows in the voice science section. 

In conclusion, the hallmarks of a Western lyric singing style, according to the 

descriptive language of voice pedagogues, include a legato line that is created by the 

clear and steady articulation of vowel sounds and the precise, rapid articulation of 

consonant sounds; a consistently balanced resonance of “light” and dark” qualities in the 

timbre of the tone; and consistent use of vibrato on every note.  These are the aspects that 

this study endeavors to quantify and discuss in the context of the participants’ response to 

aural modeling.  
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Chapter 2:  Review of Research in Voice Science and Acoustic Analysis 

This treatise also draws extensively on work conducted in the field of voice 

science, particularly in developing sound acoustic analysis methods.  As recruiting a 

panel of expert judges to evaluate changes in the participants’ performances was outside 

the scope of this study, studies in voice science that match judges’ observations with 

acoustic measurements are of great value, as this information informs the conclusions 

that can be drawn about the present acoustic analysis results. 

VOICE SCIENCE – MERGING MUSICAL TRADITION AND SCIENTIFIC INNOVATION 

Building upon knowledge acquired by pedagogues such as Gunnar Fant, Manuel 

Garcia, and William Vennard, a substantial body of literature that examines the singing 

voice from a scientific perspective has gained a place in the studio of modern voice 

teachers.   Focusing on acoustic and phonetic aspects of voice production, this portion of 

the literature review will identify and briefly explain the methods developed by voice 

scientists to quantify some of the aspects of “beautiful singing” in the Western lyric style 

described above. 

It is important at the outset to mention that the tone perceived by the human ear 

contains multiple frequencies – the fundamental frequency (F0)29 and a series of harmonic 

overtones (whole number multiples of the fundamental frequency) above that frequency.  

Scott McCoy explains that “acoustic analysis transforms sound from the aural to the 

                                                 
29 The fundamental frequency (F0)  is defined as the lowest frequency component of a periodic sound 

wave.  Musically, this frequency is perceived as the “pitch” of a sung or played tone. 



 14 

visual realm.  Much like a prism refracts light into the colors of the rainbow, analysis 

instruments divide sound into its component parts – harmonics and partials.”30  Thus, 

acoustic analysis allows researchers to break the tone perceived by the ear into its 

frequency components, and then to examine the properties of those individual parts both 

in isolation and in terms of their impact on the whole as perceived by the human ear.  

Finally, it permits the researcher to draw conclusions about the correlation between 

acoustic properties of the sound and the aspects of Western lyric singing style described 

qualitatively above. 

In order to understand acoustic analysis as it relates to vocal resonance, a brief 

explanation of the physical mechanisms that produce vocal resonance is beneficial.  The 

description most often utilized in the literature, known as the source filter theory, was 

articulated by Johan Sundberg in 1977 as follows:  “The voice organ is an instrument 

consisting of a power supply (the lungs), an oscillator (the vocal folds) and a resonator 

(the vocal larynx, pharynx, and mouth).”31   Thus, the “source” refers to the periodic 

sound generated by the oscillation (opening and closing motion) of the vocal folds.  That 

sound, which is similar to the buzz produced by a trumpet mouthpiece, is then enhanced 

as it passes through the vocal tract (the “filter”).  The vocal tract acts like a resonating 

chamber that “filters” the sound by amplifying certain aspects of the sound before it 

leaves the body and becomes a sung or spoken tone.   

                                                 
30 Scott McCoy, Your Voice: An Inside View (Princeton, NJ: Inside View Press, 2004), 51. 
31 Johan Sundberg, “The Acoustics of the Singing Voice,” Scientific American 236, no. 3 (March 1977): 

89. 
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It is relevant to note that the shape of the vocal tract itself, much like the shape of 

the body of an instrument, has the ability to amplify certain resonances while attenuating 

(dampening) others.32  However, unlike an instrument, the shape of the vocal tract can be 

varied by moving the articulators, which include the jaw, the tongue, the velum or soft 

palate, and the lips.  In voice analysis, these “variable resonances of the vocal tract”33 are 

referred to as formants. Donald Miller notes that only “the first five (lowest in frequency) 

formants make important contributions to a sung sound.  The frequencies of the first two 

(designated F1 and F2, called the vowel formants) determine the vowel.” Miller explains 

that the “singer’s formant,” a clustering of F3, F4 and F5,34 is related to the ability of the 

voice to carry over an orchestra.   

These observations create correlations between the aspects of Western lyric 

singing style described by pedagogues and certain acoustic measurements.  For example, 

the steady vowel articulation described as an important aspect of legato can be quantified 

in part by examining trends related to the vowel formants, F1 and F2.  The balance of 

power between the vowel formants and the higher formants mentioned by D. Miller (F3, 

F4, and F5) can serve as a quantitative indicator of the balance of light and dark elements 

described by Vennard.  These higher formants also relate to the ability of a classically 

trained voice to carry over an orchestra.  An illustration of the source filter theory as 

explained by Sundberg appears in Figure 1, below. 

                                                 
32 In Western lyric singing, the fundamental frequency and the series of  harmonic overtones tend to be 

amplified while frequencies outside the harmonic series (non-whole number multiples of the fundamental 

that can be perceived as noise or roughness in the tone) are attenuated.   
33 Donald Gray Miller, Resonance in Singing: Voice Building through Acoustic Feedback (Princeton, NJ: 

Inside View Press, 2008), 113. 
34 Ibid., 113-114. 
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Figure 1: Johan Sundberg’s Illustration of the Source Filter Theory35 

                                                 
35 Sundberg, “The Acoustics of the Singing Voice,” 107. 

The Source Filter Theory of Vocal Resonance – Johan Sundberg 
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The source filter theory was devised in part through the use of an acoustic 

analysis technique known as Fast Fourier Transform (FFT).  FFT analysis uses a 

mathematical formula to “extract the frequency components from a complex waveform” 

such as “a microphone signal.”36 It displays this information in a spectrogram, which 

allows the frequency components to be viewed, measured, and analyzed. Generally, the 

spectrogram displays frequency components on the vertical (Y) axis, time on the 

horizontal (X) axis, and employs a color scale to indicate the relative power of the sound 

signal. Although the human ear perceives sound logarithmically, spectrograms are 

usually displayed in a linear scale. In other words, frequency bands that appear “close 

together” on the spectrogram actually sound much “farther apart” when perceived by the 

ear.   An example of the spectrograms of an advanced operatic singer and a novice singer 

are seen below in Figures 2 and 3. 

                                                 
36 Miller, Resonance in Singing: Voice Building through Acoustic Feedback, 114. 
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Figure 2: Spectrogram of a Melody Sung by a Professional Operatic Baritone 

 

 

Figure 3:  Spectrogram of the Same Melody Sung by a Novice Baritone Voice Student 
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It is immediately striking to the eye that the fundamental frequency, shown as the 

lowest bar on each spectrogram, makes up a relatively small percentage of the overall 

tone.  Although the fundamental frequency is an important measurement to obtain, these 

figures demonstrate that many of the differences between a Western lyric style tone and 

other styles of singing, as well as between trained and untrained voices, can be best 

observed by examining the properties of the frequency components above the 

fundamental frequency.    

Barbara Doescher breaks measurements related to vocal timbre into six factors as 

follows, “(1) number of partials; (2) distribution of partials; (3) relative intensity and 

strength of partials; (4) inharmonic partials (not part of the natural harmonic series) (5) 

fundamental tone; and (6) total intensity.”37  In this study, spectrograms similar to the 

ones above were utilized to measure acoustic properties in several of Doescher’s 

categories. 

Depending on the parameter on which the analysis is focused, the settings of the 

spectrogram can be adjusted.  McCoy explains that, “FFT points are the ‘venetian blinds’ 

of acoustic analysis. The frequency range will be divided to create small segments – like 

the view between adjacent slats of window blinds.”  By adjusting the “bandwidth” of the 

spectrogram, the number of FFT points displayed changes.  

With the use of a “narrow band” spectrogram, such as those shown above, 

harmonics can be clearly visualized.  This allows for measurement of vibrato properties, 

and legato connections, which in McCoy’s view are “visualized in a spectrogram through 

                                                 
37 Doescher, The Functional Unity of the Singing Voice, 80. 
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the continuity of the signal.”38 Examples of legato and staccato articulations of an 

arpeggio are seen below in Figures 4 and 5. 

 

Figure 4: Legato Connections Visualized on a Spectrogram 

 

Figure 5: Staccato Connections Visualized on a Spectrogram 

                                                 
38 McCoy, Your Voice: An Inside View, 58. 
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When the spectrogram settings are adjusted to a show “broad band” resolution, 

although “individual harmonics are no longer visible,” areas of increased acoustic energy 

that are likely to correspond with formants of the vocal tract are more apparent.39  Using 

broad band spectrogram settings, the balance between singer’s formant and first formant 

intensity levels, which correlates with the balance of “bright” and “dark” properties in the 

ideal classical tone, can be measured via spectrographic analysis. Broad band 

spectrogram settings also allow for clear visualization of articulation aspects, such as the 

length of each vowel in a diphthong.40  In the present study, both narrow and broad band 

spectrographic analysis of the singing voice was employed, as was and quantitative 

analysis of the data used to generate the spectrogram images.  

ACOUSTIC ANALYSIS OF THE  SINGING VOICE 

Based on the body of research discussed above, four acoustic parameters were 

chosen to quantify change in the participants’ vocal production as compared to their 

assigned aural models.  The acoustic parameters measured in this study include: (1) 

musical accuracy (pitch and rhythm); (2) the duration of vowels and consonants; (3) 

vibrato rate and extent; (4) ratio of power in the 2-4.6 kHz and 0-2 kHz frequency ranges.   

Although the importance of musical accuracy as a measure of improvement is self 

evident, the other three acoustic parameters add depth to the overall analysis of sung 

musical passages, as each acoustic parameter measured in this study relates to a hallmark 

characteristic of Western lyric singing style.  Durational measurements of the articulation 

                                                 
39 Ibid., 60. 
40 A diphthong is a syllable containing two consecutive vowels.  In lyric singing, the first vowel is 

elongated and the second vowel is generally sung quickly towards the end of the syllable. 
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of vowel and consonant phonemes quantify one aspect of legato singing, vibrato rate and 

extent quantify aspects of both legato line and vocal timbre, and the power ratio 

measurements relate to both legato and carrying power.  When combined, these four 

acoustic parameters create a strong overall quantitative picture of a sung audio sample 

that can be used to evaluate the extent to which the participants’ samples match their 

assigned aural models.  The following sections of this chapter offer a discussion of the 

body of scientific literature that explores methods for quantifying each of the acoustic 

parameters examined in this study. 

Quantifying Pitch and Rhythm Accuracy 

For the purposes of this study, the mean fundamental pitch of each syllable was 

measured using the Praat41 software program.  Due to the wide array of software 

programs currently available to identify (and even “auto-correct”) mean pitch, a detailed 

discussion of research on this specific measurement is excluded from this literature 

review.   Rhythmic measurements of specific portions of the participants’ audio samples 

were also straightforward to conduct, due to the availability of numerous audio editing 

programs that allow for the insertion of time markers.  

Quantifying Vibrato 

Since the earliest studies on vibrato conducted by Seashore and colleagues at 

University of Iowa in the 1930s,42 a large body of research has been produced that 

investigates the acoustic and physiologic properties of vocal vibrato.  However, even in 

the wake of recent efforts to define this elusive and complex vocal phenomenon, the 

                                                 
41 Paul Boersma and David Weenink, “Praat: Doing Phonetics by Computer,” Praat: Doing Phoenetics by 

Computer, n.d., http://www.fon.hum.uva.nl/praat/. (accessed May 2, 2011). 
42 C. E. Seashore, The Vibrato (Iowa City, Iowa: University of Iowa Press, 1932). C. E. Seashore, “The 

Natural History of the Vibrato.,” Proceedings of the National Academy of Sciences. Washington 17 (1931): 

623-626. 
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definition first penned by Seashore still stands. It reads, “A good vibrato is a pulsation of 

pitch, usually accompanied with synchronous pulsations of loudness and timbre, of such 

extent and rate as to give a pleasing flexibility, tenderness, and richness to the tones.”43  

 Given the breadth of research that has been conducted about each of Seashore’s 

parameters (pulsations of loudness and timbre and their extent and rate), it is useful to 

acknowledge some observations made by Johan Sundberg, a leading researcher in the 

field, before delving into specific recent studies relevant to the present investigation. 

Sundberg, a prolific author of acoustic studies on the subject of vibrato during his tenure 

as faculty researcher at the KTH Royal Institute of Technology in Stockholm, Sweden, 

authored a comprehensive review of literature on vibrato analysis in 1994.44   

Sundberg begins by acknowledging that “vibrato is not a well defined 

phenomenon.”45 Within the realm of Western lyric singing tradition, Sundberg narrows 

the scope of his discussion to vibrato defined as a quasi-periodic variation in fundamental 

frequency, and he identifies four essential acoustic attributes, explained and illustrated in 

Figure 6 below.  They include: 

 Rate – The number of undulations per second 

 Extent – The distance (in Hz) above and below the average the frequency during 

one vibrato cycle 

 Regularity – The degree of similarity between one undulation in frequency and 

the next 

 Waveform – Similar in contour to a sine wave 

 

                                                 
43 Seashore, The Vibrato, 33. 
44 J. Sundberg, “Acoustic and Psychoacoustic Aspects of Vocal Vibrato,” Vibrato (1995): 35–62. 
45 Ibid., 45. 
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Figure 6: Vibrato Rate, Extent, Regularity and Waveform as Illustrated by Johan 

Sundberg46 

Sundberg’s literature review demonstrates that research through the mid 1990s 

tended to focus on analysis of rate and extent rather than regularity and waveform.  An 

important line of inquiry was the differentiation of vibrato from other modulatory vocal 

phenomena such as trill, straight tone, and tremolo.  For example, Sundberg notes that the 

work of Hakes, Shipp and Doherty in 1987 found that “vibrato” had an extent of ± 1 

semitone when compared to the trill, which could involve an extent of several 

semitones.47   

With regard to vibrato rate, relevant findings noted by Sundberg include Damsté’s 

observation in 1982 that vibrato rate tends to decrease with age, and the fact that female 

singers tend to have slightly faster rates than male singers.48  Additionally, Sundberg 

notes that studies conducted in a performance setting, such as those by Seashore and 

                                                 
46 Ibid., 48. 
47 Ibid. 
48 Ibid., 50. Sundberg credits Ship et al. 1980 and Large and Iwata 1971 with this finding. 
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colleagues and Winckel (1974), tended to yield higher average vibrato rate results than 

studies conducted in a lab setting, such as Shipp et al. (1980) and Large and Iwata (1971).  

At the time of publication of this article in 1994, Sundberg hypothesized that the higher 

vibrato rate observed in performance settings may be reflective of the singers’ emotional 

expressivity.   

Another factor that was found to have an effect on the results of vibrato rate 

measurements was noted by Eric Prame in 1994.  His study, which is discussed in more 

detail below, found that singers tend to increase the vibrato rate in the last few cycles of 

each tone, just before a change in pitch or a rest.  These findings have been corroborated 

by several researchers and have important ramifications for the measurement of vibrato 

rate today. 

In terms of vibrato extent, Sundberg mentions that “choir singers show rather 

irregular vibratos with very small extents ranging no more than .1 semitone," as opposed 

to operatic singers, for whom vibrato "extent is generally narrower than ± one semitone, 

which corresponds to a frequency swing of ± 6%."49 He also notes some correlation 

between increased vibrato extent and increased sound intensity level, crediting Schultz-

Coulon and Battmer’s 1981 study with this finding. This observation has implications for 

the way the present investigation evaluates the singing of messa di voce vocal exercises. 

This finding was confirmed by Michel and Myers,50 whose study is also included in the 

chart below, although these researchers found that vibrato extent did not decrease during 

dynamic decrescendo. 

                                                 
49 Ibid., 51. 
50 John F. Michel and R. Denise Myers, “The Effects of Crescendo on Vocal Vibrato,” Journal of Voice 5, 

no. 4 (1991): 292-298. 
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Although the body of research published following Sundberg’s article explores 

the relationship between the various vibrato aspects in great detail, it is worth mentioning 

Sundberg’s acknowledgement of a hypothesis developed by Horii in 1989, also discussed 

below.  Researchers had observed both frequency and amplitude variations in vocal 

vibrato.  The work of Horii51 and others asserts that the amplitude variations are not a 

separate phenomenon, but rather a result of interaction between the variation in 

fundamental frequency at the voice source (glottis) and the areas of enhanced resonances 

(formants) of the vocal filter (the vocal tract).  On the basis of these findings, the present 

study focused on frequency rather than amplitude variation. 

Sundberg concludes by offering some parameters that may be helpful in 

identifying acoustic properties that correspond to perceptual evaluation of vocal vibrato.  

He states that a rate slower than 5 Hz "tends to sound unacceptably slow" and a vibrato 

rate exceeding 8 Hz "tends to sound nervous." He indicates that, at a rate of 4 Hz or 

lower, “the pitch is clearly undulating” and is not perceived as stable. Sundberg asserts 

that a vibrato extent wider than ± 2 semitones “tends to sound bad,” and in combination 

with a slow rate, can be reminiscent of “a singer who possessed a wonderful voice many 

years ago."52  These observations are used as guidelines in interpreting the extent to 

which the acoustic data obtained in this study may be generalized to indicate perception 

of vibrato rate and extent. 

Building on the research reviewed and contextualized by Sundberg, the literature 

on vibrato published in the last 20 years will now be discussed in detail.  The following 

table, while not meant as an exhaustive distillation of the body of research by either a 

                                                 
51 Yoshiyuki Horii, “Acoustic Analysis of Vocal Vibrato: A Theoretical Interpretation of Data,” Journal of 

Voice 3, no. 1 (March 1989): 36-43. 
52 Sundberg, “Acoustic and Psychoacoustic Aspects of Vocal Vibrato,” 57. 
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single author or the body of literature in general on this topic, represents selected studies 

with findings relevant to the methodology of the present study.  It is notable that, in this 

more recent body of literature, a focus on vibrato regularity, waveform, and more time-

dependent aspects of rate and extent has emerged.  This trend, as well as specific 

methodology from the most recent studies, will be used as guiding factors in the present 

study. 

Table 1: Review of Recent Research on Acoustic Analysis of Vocal Vibrato 

Rothman, Arroyo - 1987 

Purpose 

What defines “good” vibrato in terms of frequency and amplitude components? 

Do acoustic measures predict perception of emotional content? 

Procedure 

Acoustic analysis of sustained tones, correlation with judges’ perceptual 

ratings on emotional expression. 

Number of 

Subjects 

20+ Not exactly specified.  

“124 sustained vocal segments” analyzed, several from same subjects. 

Recording 

Setting 

Excerpts from commercial operatic recordings of world-renown singers, and 

“live recordings” of sustained tones. 

Audio Sample 

Length 

Not specified. 

Samples ranging from 280-760 ms included in discussion of results. 

Vowel,  

Pitch 

Vowels not specified. 

 Various pitches. 

Acoustic 

Measures 

1. Pulse rate 

2. Mean F0 

3. STDEV of Mean F0 

4. Mean Amp. 

5. STDEV of Mean Amp. 

Findings 

No clear correlation between acoustic properties and perception of emotion.  

Freq. and amp. modulation are more “important parameters” for further 

research than pulse rate. 
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Table 1 (Continued) 

Horii - 1989 

Purpose 

Explores phase relationships between frequency and amplitude modulations in 

vibrato. 

Offers theoretical explanation for results found in previous literature. 

Procedure 

Presents “resonance-harmonic interaction” hypothesis to explain previously 

reported observations in amplitude modulation. 

Hypothesis: “Most amplitude variations. . . are the results of resonance-

harmonic interaction rather than an active amplitude oscillation.”   

Number of 

Subjects 

Reviewed data collected in previous studies by author and reported in literature 

by other researchers. 

Recording 

Setting 

Some audio samples obtained in lab setting. 

Others not specified. 

Audio Sample 

Length Not specified. 

Vowel,  

Pitch Not specified. 

Acoustic 

Measures Phase relationship between freq. modulation and amp. modulation. 

Findings 

Found that resonance-harmonic interaction theory predicted 3 parameters: 

1.  F0 to amp. phase relationships 

2. Size of amp. modulations 

3. “Double peak” amp. modulations at certain frequencies. 

Rothman, Rullman, Arroyo -  1990 

Purpose 

Can certain vibrato qualities indicate problems in vocal technique?  

If so, can these qualities be identified acoustically and perceptually? 

Procedure 

Compared listeners’ perception of “good” and “poor” vibrato between singers 

to acoustic measures (intersubject). 

Compared acoustic measures and listener perception of vibrato from early and 

late career stages of five singers (intrasubject). 

Number of 

Subjects 

At least 7 singers (32 samples for intersubject analysis, 50 samples for 

intrasubject analysis). 

20 judges. 

Recording 

Setting 

Commercial  recordings of world-renown singers.  

Played for listeners through “high quality” speakers. 

Audio Sample 

Length Not specified. 

Vowel,  

Pitch Not specified. 

Acoustic 

Measures 

1. Freq. pulse      2. STDEV of freq. pulse 

3. Amp. pulse      4. STDEV of amp. pulse 

Findings 

Large degree of variation in listener perception. 

Changes in the parameters measured may be indicative of technical trouble. 

However, certain singers “in various stages of vocal difficulty can still 

maintain a good, healthy vibrato.” 
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Table 1 (Continued) 

Michel, Myers - 1991 

Purpose 

What is the effect of crescendo or decrescendo on vibrato width? 

Does effect change with different F0? 

Procedure 

Examined acoustic properties of vibrato as singers changed dynamic level on a 

single pitch. 

Number of 

Subjects 

9 singers (5 female and 4 male); 9 tones each:  

     pp<ff at 3 different pitches; 

     ff>pp at 3 different pitches; 

     pp<ff>pp at 3 different pitches. 

Recording 

Setting Lab setting recording. 

Audio Sample 

Length 2 measures in common time. 

Vowel,  

Pitch 

[la] 

Low, med and high pitches in each singer’s range. 

Acoustic 

Measures 

1. Upper freq. limit 

2. Lower freq. limit 

3. Range between upper and lower freq. limit. 

Findings 

Vibrato width increased with crescendo. 

Vibrato width remained constant with decrescendo. 

Above trends noted in high and medium pitch ranges only. 

Prame - 1994 

Purpose 

Focusing on frequency modulation, goal was to analyze vibrato produced in a 

musical rather than lab setting. 

Procedure 

10 sustained tones excerpted from recordings of Schubert’s “Ave Maria” 

analyzed:  

1. Intra-tone 

2. Inter-tone (within each artist) 

3. Inter-artist. 

Number of 

Subjects 

10 contemporary classical recording artists. 

25 tones per artist analyzed. 

Recording 

Setting Commercial recordings of well known contemporary classical artists. 

Audio Sample 

Length 

Each tone selected had at least 10 vibrato cycles. 

 

Vowel,  

Pitch 

Various vowels - not specified. 

Various pitches; total song range limited to 13 semitones in med-high register. 

Acoustic 

Measures 

1. Freq. modulation rate      2. Freq. modulation extent 

3. Freq. modulation waveform.   Change in each variable over time measured. 

Findings 

Rate varied during course of one tone. 

15% average increase in vibrato rate occurred at end of all tones for all singers 

(and cellists playing same melody). 

Recommends excluding the final 2-6 vibrato cycles of a tone when calculating 

average vibrato rate for an artist. 
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Table 1 (Continued) 

Dromey, Carter, Hopkin - 1997 

Purpose Can vibrato rate be purposefully adjusted by the singer? 

Procedure 

Analyzed singers’ “natural” vibrato rates. 

Evaluated singers’ ability to match faster/slower vibrato rate stimuli. 

Number of 

Subjects 

12 singers provided samples of “natural” vibrato rates. 

8 singers attempted to match target rates. 

Recording 

Setting 

Recordings obtained in a lab setting. 

All subjects voice performance or pedagogy students at Brigham Young Univ. 

Audio Sample 

Length 

5 seconds. 

2-second excerpt from mid-tone excerpted for analysis. 

Vowel,  

Pitch 

[a] 

C4, B5, G5 

Acoustic 

Measures 

For both freq. and amp. variation:  

1. Mean modulation rate 

2. Mean modulation extent 

3. Jitter (Steadiness of modulation rate) 

4. Shimmer (Steadiness of modulation extent). 

Findings 

Vibrato rate can be voluntarily modified in the presence of auditory stimuli. 

Voluntary reduction in vibrato rate produced less steady vibrato (higher jitter 

and shimmer values). 

Singers more able to increase rate in chest and mix registers; more able to 

decrease rate in head register 

Bretos, Sundberg - 2003 

Purpose 

Examines relationship between F0, vibrato rate, vibrato extent, intonation, and 

sound level. 

Procedure 

Analyzes commercial recordings of well known classical singers producing 

sustained tones in a high vocal range. 

Number of 

Subjects 10 sopranos; internationally recognized classical singers. 

Recording 

Setting 

Commercial recordings of one sustained pitch, during dynamic crescendo, in 

the aria “O patria mia” from Verdi’s Aida. 

Audio Sample 

Length 3.5 to 7.5 seconds per tone. 

Vowel,  

Pitch 

[a] 

F5 and A5 

Acoustic 

Measures 

1. F0 

2. Vibrato rate 

3. Sound level (intensity) 

All three variables measured over time. 

Findings 

Vibrato rate and extent tended to increase toward end of tone. 

Vibrato regularity greater at F5 than A5 pitch level.  

Mean vibrato rate not constant in soprano’s high range. 

Vibrato extent and mean F0 varied with pitch level.  
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Table 1 (Continued) 

Rothman, Diaz - 2003 

Purpose Is the highest quality vibrato the most symmetrical? 

Procedure 

Compared acoustic analysis results from examples of “good” and “poor” 

vibrato from within the same group of singers. 

Number of 

Subjects 

8 professional singers; each providing 5 “good” and 5 “poor” vibrato samples. 

4 judges classified samples as “good” or “poor.” 

Recording 

Setting Audio samples obtained in a lab setting. 

Audio Sample 

Length Greater than 1.5 seconds. 

Vowel,  

Pitch 

No vowel variation within sample. 

No pitch variation within sample. 

Acoustic 

Measures 

For freq. modulation only: 

1. Time varying rate 

2. STDEV of time varying rate 

3. Time varying extent 

4. STDEV of time varying extent. 

Findings 

Confirmed hypothesis that most periodic samples were perceptually judged to 

be “good.” 

Time varying extent was most useful indicator of perceived vibrato quality. 

Mürbe, Zahnert, Kuhlisch, Sundberg - 2007 

Purpose Longitudinal investigation of change in vibrato rate as result of singing study. 

Procedure 

Examined vibrato rates of singers before and after a 3-year period of voice 

study. 

Number of 

Subjects 22 singers; college age, performance majors. 

Recording 

Setting Audio samples obtained in lab setting. 

Audio Sample 

Length 5 seconds 

Vowel,  

Pitch 

[a] 

“Comfortable pitch level” 

Acoustic 

Measures 

1. Mean vibrato rate 

2. STDEV of mean vibrato rate. 

Findings 

After 3 years of training, slow vibrato rates increased and fast vibrato rates 

decreased. 

STDEV of mean vibrato rate decreased after study. 
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Table 1 (Continued) 

Kenny, Mitchell - 2007 

Purpose 

Investigates effect of “open throat” singing technique on vibrato (among other 

acoustic parameters). 

Procedure 

Analyzed acoustic characteristics of tones intended and perceived to be sung 

with varying degrees of open throat technique. 

Number of 

Subjects 

6 singers; female advanced opera students. 

15 judges. 

Recording 

Setting Audio samples obtained in a lab setting. 

Audio Sample 

Length Not specified. 

Vowel,  

Pitch 

Messa di voce at three pitch ranges. 

Excerpts with text from both Lieder and aria genres. 

Acoustic 

Measures 

1. Vibrato extent 

2. Regularity of vibrato extent 

3. Vibrato onset time. 

Findings 

Reduction in open throat technique produced decreased vibrato extent, longer 

vibrato onset time, and a less regular vibrato pattern. 

Table 1: Review of Recent Research on Acoustic Analysis of Vocal Vibrato 

 The findings of Rothman, Arroyo, Horii, and others provide the basis for the 

decision to concentrate the present analysis on frequency variation rather than changes in 

amplitude.  Work by Mürbe, Zahnert, Kuhlisch and Sundberg and Dromey, Carter, and 

Hopkin supports this study’s assumption that singers are able to change their use of 

vibrato voluntarily. Prame’s observation about the increase in rate towards the end of 

tones, corroborated by Sundberg in 2003, will be taken into consideration in any 

conclusions drawn in this study, which includes analysis of several tones of relatively 

short duration.  

The findings of Michel and Myers and Kenny and Mitchell will be considered 

during analysis of subjects’ messa di voce exercises.  The perceptual findings of Rothman 

and Diaz stating that the most periodic vibrato rates were perceived as “good” are of 

particular value to the conclusions drawn from this study, as perceptual corroboration of 
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acoustic measurements by a panel of experts was outside the scope of this investigation.  

Based upon this review of relevant research, the decision was made to analyze average 

vibrato rate and average vibrato extent, as well as the standard deviation of those 

measures, which gives some indication of the regularity of the vibrato pattern.    

A unique quality of this study in comparison to the existing body of research is 

the relatively large number of subjects. This investigation involved 44 singers, who 

provided a data pool of over 300 tones. This relatively large sample size allows for 

statistical analysis of both intrasubject and intersubject results.   

Quantifying the “Ringing” Quality of the Singing Voice - Singer’s Formant and 

Singing Power Ratio 

Wilmer Bartholomew observed that a quality of “ring” in the lyric singing voice 

was manifest acoustically by “a relatively large amount of energy in the region lying 

between approximately 2400 and 3200 cycles, and centering roughly around 2800” for 

male voices.53  Bartholomew also made several key observations about what he termed 

the “high formant” that hold true today: (1) “High formant” presence was noted 

consistently in well produced singing voices regardless of change in fundamental 

frequency, (2)  Bartholomew observed that the “high formant” was less prominent or 

absent in the speaking voice as compared to the singing voice, and (3) he also noted that 

the “high formant” frequency corresponded with a range of particular sensitivity for the 

human ear.54 

With regard to female voices, Bartholomew also made several astute 

observations.  For example, he noted that the center of the “high formant” for female 

voices was higher, around 3200 Hz, than for male voices.  Among high voices, 

                                                 
53 Wilmer T. Bartholomew, Acoustics of Music, 2nd ed. (New York: Prentice Hall International, 1945), 

145. 
54 Ibid., 146. 
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Bartholomew noted that “some types of tone with much smaller percentage of high 

formant are accepted as good.”55 He also noted that some high coloratura voices do not 

show any acoustic evidence of the “high formant” despite obviously possessing the 

ability to carry well over an orchestra.  

Bartholomew’s observations were corroborated by the research of several authors, 

including Winckel, Sundberg, and Benade, in the following half century.  During this 

period of time, the label “singer’s formant” replaced “high formant” as the terminology 

of choice.  Sundberg added a discovery of great significance in the early 1970s when he 

observed that the singer’s formant allowed for the voice of a tenor (in this case Jussi 

Björling) to carry over a full orchestra playing at a loud dynamic level.56 This was 

accomplished, Sundberg posited, by means of an increase in acoustic energy at the 

precise frequency level where the overtones of an orchestra are relatively weak. As 

Bartholomew had observed earlier, this is also the frequency range at which the human 

ear possesses a particularly high sensitivity.  A clear visual depiction of this effect 

observed in a long time average spectrum,57 adapted from Sundberg’s work by Arthur 

Benade in 1976,58 is shown below.  

 

                                                 
55 Ibid., 147. 
56 Johan Sundberg, “A Perceptual Function of the ‘Singing Formant’,” Speech Transmission Laboratory 

Quarterly Progress and Status Report 2-3 (1972): 61-63. 
57 A long time average spectrum shows the average power of each frequency component of a sound over 

the duration of a sung sample. 
58 Arthur H Benade, Fundamentals of Musical Acoustics (New York: Oxford University Press, 1876), 379. 



 35 

 

Figure 7: Benade’s Depiction of the Long Time Average Spectrum (LTAS) of Tenor 

Voice as Compared to LTAS of an Orchestra 

  In the time period following Sundberg’s discovery, researchers focused on 

deepening their understanding of the singer’s formant phenomenon.  An excellent 

overview of the period between mid century and the mid 1990s can be found in Thomas 

Cleveland’s 25-year retrospective evaluation of advances in voice science research, 

published in 1994.59  Cleveland asked his colleagues, including voice teachers, medical 

doctors, and voice scientists, to name the most significant findings and the most 

important advances in voice research in the preceding 25 years. He notes that all 

respondents "indicated the prime importance of the discovery of the physiology and 

acoustics of the singer's formant."60   

Cleveland’s article serves as evidence that by 1994, the fact that the singer’s 

formant allows the singer's voice to carry above the sound of an orchestra was widely 

accepted.  Among the other advances in research highlighted by Cleveland’s work is a 

                                                 
59 Thomas F. Cleveland, “A Clearer View of Singing Voice Production: 25 Years of Progress,” Journal of 

Voice 8, no. 1 (March 1994): 18-23. 
60 Ibid., 19. 
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deeper understanding of the singer’s formant as “clustering of the third, fourth, and fifth 

formants in the acoustic spectrum”61 evident in male and lower female trained lyric 

voices, rather than a single “extra” formant. 

The recent trend regarding “ring” in the singing voice has followed a similar 

pattern to that observed on the subject of vibrato.  Recent studies have focused on the 

relationship between the singer’s formant and other variables, such as specific vowels, 

changes in overall sound intensity, high fundamental pitch levels, and text intelligibility. 

The issue of a lack of singer’s formant - or the presence of a different type of 

“singer’s formant” phenomenon - in female voices, especially sopranos, is another recent 

focus of research.  Several authors, such as Rudolf Weiss, W.S. Brown, and Jack Moris, 

have disproven the presence of a true “singer’s formant” - defined as a tightly clustered 

group of formants that together form a bandwidth no larger than 800 Hz at a frequency 

level between 2800 and 3200 Hz – in soprano voices.  However, researchers including 

Weiss, Brown, and Moris62 have identified a series of equally strong, evenly spaced 

harmonics between 2.6 and 4.6 kHz that may account for the “ring” in higher female 

voices. 

Omori and colleagues63 were among the first researchers to devise a quantitative 

measure of ringing quality that did not necessitate the pinpointing of a specific cluster of 

“singing formants.”  Omori’s “Singing Power Ratio,” defined as the ratio between the 

greatest peak in power between 2 and 4 kHz and the greatest peak in power between 0 

and 2 kHz, provides a good general indicator of the strength of higher partials (the 

                                                 
61 Ibid. 
62 Rudolf Weiss, W. S. Brown, and Jack Moris, “Singer’s Formant in Sopranos: Fact or Fiction?,” Journal 

of Voice 15, no. 4 (December 2001): 457-468. 
63 Koichi Omori et al., “Singing Power Ratio: Quantitative Evaluation of Singing Voice Quality,” Journal 

of Voice 10, no. 3 (1996): 228-235. 



 37 

frequency range associated with carrying power formants) vs. lower partials (the 

frequency range associated vowel formants).  Various studies included below have 

adopted similar measures to quantify “ringing” quality and these have met with good 

levels of perceptual corroboration.  Similar to the review of literature on vibrato, the table 

below highlights the details of more recent studies on the singer’s formant. 

Table 2: Review of Recent Studies Quantifying “Ring” in the Singing Voice (Singer’s 

Formant and Singing Power Ratio) 

Siegwart, Scherer -1995 

Purpose 

Investigates the link between acoustic properties of a sound and its emotional 

content as expressed by singer and perceived by listerners. 

Procedure 

Recordings of cadenza from “mad scene” of Lucia di Lammermoor rated by 

judges and analyzed acoustically. 

Number of 

Subjects 

5 internationally recognized opera singers. 

11 judges familiar with art of operatic singing. 

Recording 

Setting 

Professional recordings of “Ardi gli incensi” from Donizetti’s Lucia di 

Lammermoor excerpted. 

Audio Sample 

Length 

Two excerpts from cadenza analyzed per singing subject. 

Duration not specified 

Vowel,  

Pitch 

[a] 

Various pitches (high range). 

Acoustic 

Measures 

1. Average intensity 

2. STDEV average intensity 

3. Average intensity of acoustic peaks identified in spectrogram 

4. STDEV of average energy of each acoustic peak. 

Composite scores devised to quantify relative strength and stability of F0, and 

relative strength and stability of “singer’s formant” energy (appx. 2500 Hz) 

compared to higher frequency peaks (3500-10,000 Hz). 

Findings 

The two singers with the least deviation in average intensity were preferred by 

listeners. 

Sopranos with low values in “singer’s formant” range (2500 Hz) but high values 

between 3500-10,000 Hz were preferred over those with strong energy in the 

typical “singer’s formant” range and lower values above 3500 Hz.  

Singers with lower and more stable F0 were preferred. 
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Table 2 (Continued) 

Omori, Kacker, Carroll, Riley, Blaugrund - 1996 

Purpose 

Presents a method for quantifying vocal power other than singer’s formant 

measurement, labeled Singing Power Ratio (SPR). 

Procedure 

Calculates SPR for sustained [a] vowel.  Offers perceptual correlation for 

ringing quality perceived by listeners. 

Number of 

Subjects 

37 trained singers; 21 professional and 16 non-professional (14 sopranos, 7 

mezzos, 7 tenors, 9 baritones). 

20 untrained singers (10 male, 10 female). 

Recording 

Setting Recordings produced in a lab setting. 

Audio Sample 

Length Sustained tones. 

Vowel,  

Pitch 

[a] vowel  

Comfortable pitch and intensity level. 

Acoustic 

Measures 

Within power spectrum, SPR - ratio between strongest harmonic peak between 

2 and 4 kHz and strongest harmonic peak between 0 and 2 kHz -  calculated. 

Findings 

SPR found to be greater for trained singers than untrained singers in sung tones. 

SPR found to be greater for sung tones than spoken tones for trained singers. 

Higher SPR correlated with higher perceptual ratings for “ring.” 

Barrichelo, Heuer, Dean, Sataloff - 2001 

Purpose Examined the effect of singer’s formant on resonance of speaking voice. 

Procedure 

Compared spoken and sung audio samples provided by trained and untrained 

singers. 

Number of 

Subjects 

80 subjects: 

40 trained classical singers (20 male, 20 female)  

40 untrained speakers (20 male, 20 female). 

Recording 

Setting Recordings produced in a lab environment. 

Audio Sample 

Length Not specified. 

Vowel,  

Pitch 

[a]  

Spoken and sustained at a “comfortable” pitch. 

Acoustic 

Measures 

1. LTAS 

2. Power spectrum. 

Findings 

Trained singers showed higher concentration of energy in singer’s formant area 

in both sung and spoken samples. 
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Table 2 (Continued) 

Sundberg -2001 

Purpose 

Investigates variation in singer’s formant in relation to vowel and vocal 

loudness level, difference between observed and predicted SF level, and center 

frequency of SF for various voice types. 

Procedure 

1. SF level examined in relation to vocal loudness. 

2. SF level examined on various vowels. 

3. Observed SF level compared with expected SF level based on acoustic theory 

of voice. 

4. LTAS of recordings from 20 professional opera singers analyzed and 

discussed. 

Number of 

Subjects 

For analyses 1 and 2: Three singers; classically trained, 2 baritones and one 

bass. 

For analysis 3: 13 Subjects - Three speakers (2 untrained, 1 singer); 7 male 

singers (4 tenors, 1 baritone, 2 basses) and 3 female singers (sopranos). 

For analysis 4: 20 singers; professional opera singers (4 soprano, 4 mezzo, 4 

tenor, 4 baritone, 4 bass). 

Recording 

Setting 

For analyses 1, 2 and 3: Recordings made in anechoic lab space. 

For analysis 4: Professional commercial recordings analyzed. 

Audio Sample 

Length 

For analyses 1 and 2: Sustained crescendo tones. 

For analysis 3: Not specified. 

For analysis 4: 30-second samples analyzed; 4 per singer. 

Vowel,  

Pitch 

For analyses 1 and 2:  [a], [i], [o]. [u] on pitches D3, D4, G3 

For analysis 3: Speakers read passage; male singers sang vowel sequence at 

midrange pitch; female singers sang passage from Mendelssohn’s “Hear my 

Prayer,” pitch range D5 to G5 

For analysis 4:  Not specified. 

Acoustic 

Measures 

For analyses 1 and 2: 

Slope, intercept, and correlation between overall loudness level and energy 

above 2 kHz on various vowels 

For analysis 3: Difference between strongest partial near F1 (L1) and strongest 

partial between 2-4 kHz (L3) calculated. 

Difference between expected and observed L1-L3  values deemed LSF. 

For analysis 4: LTAS. 

Findings 

Analysis 1 and 2: When overall sound level rose, sound level above 2 kHz rose 

as well. Some variation within that trend for vowel and pitch level. 

Analysis 3: LSF was zero for speakers, positive for male singers (but vowel 

dependent) and variable for sopranos.  LSF may be a valuable measure of SF 

level for male singers. 

Analysis 4: The center point of SF varies according to voice type; higher for 

higher voices and lower for lower voices. 

LTAS rather than SF level on isolated vowels may better indicate presence of 

SF. 
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Table 2 (Continued) 

Thorpe, Cala, Chapman, Davis - 2001 

Purpose Investigates relationship between breath support and voice projection. 

Procedure Compared acoustic measurement and measures of abdominal muscle activity. 

Number of 

Subjects 

5 professional singers, 4 performing at international level.  

All members of same voice studio. 

2 sopranos, 2 tenors, 1 baritone. 

Recording 

Setting Recordings obtained in lab setting. 

Audio Sample 

Length Range between 63 and 212 seconds. 

Vowel,  

Pitch Pitch and text of arias specific to each voice type. 

Acoustic 

Measures 

1. Average dB of each phrase.   

2. Ratio of power in frequency bands 2-4 kHz (Phi) and 0-2 kHz (plo) used as 

indication of vocal projection. 
3. LTAS for each phrase. 

4. Measures of airflow and ribcage diameter. 

Findings 

Increased projection involved greater acoustic output in the 2-4 kHz range for 

all voice types.  

A clear singer’s formant was evident for male voices on LTAS analysis. 

Weiss, Brown, Morris - 2001 

Purpose Does singer’s formant exist in soprano voices? 

Procedure Analyzed sustained tones in 10 sopranos for presence of singer’s formant. 

Number of 

Subjects 10 advanced/professional level sopranos. 

Recording 

Setting Recordings produced in a lab setting. 

Audio Sample 

Length Sustained tones. 

Vowel,  

Pitch 

Cardinal vowels [i] [e] [a] [o] [u]  

Pitches at high –Bb 932 Hz, mid – Eb 622 Hz and low – C 261 Hz ranges. 

Acoustic 

Measures 

Frequency and amplitude (dB) of each measurable harmonic between 200 and 

8000 Hz at midpoint of sustained tone plotted. 

This method of analysis found superior to LPC or broadband spectrum analysis 

for study purposes. 

Findings 

At low and mid pitch ranges, bandwidth reinforcement similar to the male SF 

found (2.6 to 4.6 kHz), but with a bandwidth 2.5 times greater than the male SF 

(at least 2 kHz for sopranos as opposed to 500-800 Hz for males). 

At high pitch ranges, no clear band of reinforcement, but generally strong 

harmonics extending as high as 5-8 kHz. 
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Table 2 (Continued) 

Carter - 2007 

Purpose Compared acoustic qualities of solo and choral singing. 

Procedure 

Analyzed sung samples produced in choral and solo singing environments and 

compared results. 

Number of 

Subjects 

9 singers, all baritones or bass-baritones. 

Voice performance majors, undergrad. and grad. levels. 

Recording 

Setting Recordings produced in lab environment. 

Audio Sample 

Length 

2 excerpts from “The Star Spangled Banner” and three excerpts from the 

“Hallelujah Chorus” of Handel’s Messiah. 

Vowel,  

Pitch 

Song texts – various vowels and consonants. 

Various pitches. 

Acoustic 

Measures 

1. LTAS 

2. Average frequency and dB level for: 

     Fundamental band – 200 Hz 

     First formant band – 500 Hz  

     Singer’s Formant band – Highest peak above 2000 Hz 

Findings 

Strength of SF in comparison to lower formants was more consistent when 

switching from solo to choral modes in singers with higher levels of training. 

Singers typically learn to control SF during junior and senior years of college 

study. 

Sundberg, Romedahl - 2009 

Purpose Examined relationship between singer’s formant and text intelligibility. 

Procedure 

Compared perception of text intelligibility between opera and musical theater 

singers.  

Correlates these findings with SF measures. 

Number of 

Subjects 

4 subjects; all professional baritones – two operatic and two musical theater. 

Two groups of 10 listeners each; all music students. 

Recording 

Setting Recordings obtained in a lab environment. 

Audio Sample 

Length Not specified. 

Vowel,  

Pitch 

Series of nonsense syllables involving vowel-consonant-vowel joins. 

G3 and C4. 

Acoustic 

Measures 

SF presence or absence measured. 

Accuracy of listeners’ phoneme identification quantified. 

Findings 

Opera singers produced SF, while musical theater singers did not. 

Musical theater singers produced more intelligible text. 

Presence of SF does not enhance text intelligibility. 

Table 2: Review of Recent Studies Quantifying “Ring” in the Singing Voice (Singer’s 

Formant and Singing Power Ratio)  
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The present study seeks to quantify the degree to which participants maintained a 

“ringing” quality similar to that demonstrated by the aural models during their sung 

performances.  A measure similar to the SPR of Omori et al and the acoustic power ratio 

of Thorpe et al. was devised to give a general indication of the acoustic energy both 

above and below a 2 kHz boundary.  However, based on the findings of Weiss et al., the 

upper boundary of the measurement was extended to 4.6 kHz to account for “ring” in 

soprano voices.  The measurement utilized in this study was labeled “modified singing 

power ratio” or MSPR. 

Quantifying Legato - Vowel and Consonant Articulation 

An article published in 2007 by Nicole Scotto di Carlo clearly articulates the 

interaction between consonants and vowels in Western operatic singing tradition. Di 

Carlo, discussing the inherent tension between intelligibility and musicality in operatic 

singing, explains that “singers underarticulate, both by reducing the duration and 

articulatory force of consonants and by centralizing vowels.  When they attempt to 

articulate normally, the various elements that contribute to the musicality of the sung 

phrase are altered, particularly voice homogeneity and the quality of the vibrato and the 

legato.”64 Di Carlo’s graphic, below, illustrates the marked difference in vowel vs. 

consonant duration between speaking and singing modes of voice production. 

 

                                                 
64 N. S Di Carlo, “Effect of Multifactorial Constraints on Intelligibility of Opera Singing (II),” Journal of 

Singing 63, no. 5 (2007): 560. 
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Figure 8: Di Carlo’s Illustration of Vowel and Consonant Durations in Speaking Voice 

vs. Singing Voice65 

Di Carlo’s discussion of vowel and consonant articulation also notes that as 

musical note durations increase, so does the length of vowel sounds.  Consonants, 

however, undergo a much smaller increase in duration.  Di Carlo suggests that this occurs 

because articulating consonants “degrades the legato,” as consonants “are defined 

acoustically by noise poles or acoustic zeros.”66  

Although articles such as Di Carlo’s clearly point to the importance of vowel and 

consonant duration measurements in Western lyric singing tradition, the body of 

academic research literature on this topic appears to be rather limited.  The research 

identified for this topic tended to fall into two main categories: studies differentiating the 

use of the voice in speaking mode from singing mode, often with the intent of 

                                                 
65 Ibid. 
66 Ibid., 561. 
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synthesizing a singing voice electronically67 or those working within a framework that is 

limited to speech and does not translate to sung vocal production. As such, this 

investigation represents early research from this perspective.  This study compares 

measurements of the duration (in milliseconds) of consonants and vowels as articulated 

by the aural model singers and by each group of participants.  

  

                                                 
67 Gunilla Berndtsson, “The KTH Rule System for Singing Synthesis,” Computer Music Journal 20, no. 1 

(April 1, 1996): 76-91.; Xavier Rodet, Yves Potard, and Jean-Baptiste Barrière, “The CHANT Project: 

From the Synthesis of the Singing Voice to Synthesis in General,” Computer Music Journal 8, no. 3 

(October 1, 1984): 15-31.;  Johan Sundberg, Anders Askenfelt, and Lars Frydén, “Musical Performance: A 

Synthesis-by-Rule Approach,” Computer Music Journal 7, no. 1 (April 1, 1983): 37-43. 
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Chapter 3: Review of Research on Aural Modeling 

Recent literature in music education provides an understanding of the role of aural 

modeling in the music classroom, and the use of recorded aural models.  It also provides 

valuable guidance for study design and research methodology.  Speech pathology 

literature, and specifically the research on auditory bombardment/focused intensive 

stimulation, provides the methodological framework for this study’s targeted approach to 

use of recorded aural models. 

MUSIC EDUCATION RESEARCH ON MODELING 

The tradition of instructor modeling as a part of music education methodology 

dates as far back as the art of music making itself.  The body of literature discussing the 

role of aural modeling in the music education environment has also been ongoing for 

centuries.  In light of the breadth of literature on the subject, this review of literature 

relevant to the present study will also begin by contextualizing the issue via a recently 

published literature review.  Marc R. Dickey of California State University provides an 

excellent overview of the research on “modeling in music teaching” conducted between 

the early 1970s and 1992.68  A discussion of Dickey’s findings will be followed by a 

review of the most recent studies on the topic. 

  Although the focus of Dickey’s discussion (and the majority of the other 

research on modeling) is not specific to the singing voice, his review of the effectiveness 

of modeling in the music education environment offers several conclusions that can be 

applied to singing instruction.  Within Dickey’s definition of modeling, “a teacher uses a 

                                                 
68 Dickey, “A Review of Research on Modeling in Music Teaching and Learning.” 
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musical instrument, voice, or electronic media” to demonstrate, “and the students respond 

with their instruments or voices.”69  He notes that “minimal verbal direction” can be used, 

but that modeling instruction is primarily nonverbal.  Among the musical elements 

Dickey asserts can be taught through modeling are “rhythm patterns, pitches, styles, 

articulation, and other elements of musical performance.”70 

Among the evidence in support of modeling as an effective strategy in the music 

classroom, Dickey cites studies conducted by Richard Sang in 1982 and 1987.  The 1982 

study is more relevant to the present investigation.  It compared the effect of three 

different teaching skills – modeling, discrimination, and diagnostic – on university-level 

instrumental students’ performance skills. Sang found that “modeling skill was identified 

as the greatest single contributor to variance in instructional effectiveness.”71   

Dickey also cites studies he himself conducted in 199172 that compared the 

effectiveness of verbal instruction and modeling instruction techniques.  Dickey’s study 

involved four middle school band classes (132 subjects), half of which were taught using 

verbal instruction and the other half using “modeling tools” that included live modeling 

by the instructor and recorded aural models (“taped music selections for rhythmic 

movement”).73 Videotapes of the classes were evaluated by independent judges.  The 

results revealed greater improvement in the modeling method classes in “ear-to-hand 

skills” and “kinesthetic response skills,” but not “general music discrimination skills.”  

These data supported the inclusion of modeling instruction in the classroom with the goal 

of improving ear-to-hand and kinesthetic skills.  

                                                 
69 Ibid., 28. 
70 Ibid. 
71 Ibid., 30. 
72 Marc R. Dickey, “A Comparison of Verbal Instruction and Nonverbal Teacher-Student Modeling in 

Instrumental Ensembles,” Journal of Research in Music Education 39, no. 2 (Summer 1991): 132 -142. 
73 Dickey, “A Review of Research on Modeling in Music Teaching and Learning,” 29. 
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Also relevant to the present study is Dickey’s review of several studies 

investigating the use of recorded aural models.  Studies by Puopolo (1971) and Zurcher 

(1975) measured the effectiveness of beginning instrumental students’ response to 

recorded modeling tools.  These included model performances of practice material 

(among other elements such as verbal instructions and metronome pulses, and/or piano 

accompaniments). In Puopolo’s study, the students practiced in a supervised 

environment, while Zurcher’s students practiced in the home environment.  Both studies 

found improved performances in the group of students whose practice time included use 

of aural models when compared to those whose practice time was not programmed.74 

The most relevant studies in terms of subject age and experience level discussed 

by Dickey include a pair of studies conducted by Roseanne K. Rosenthal in 198475 and 

1988.76 In the 1984 study, working with 44 graduate and upper-level undergraduate 

woodwind and brass majors, Rosenthal examined the effect of four different types of 

recorded aural models of an étude (with and without verbal instruction, complete and 

phrase-by-phrase performances) on students’ performance levels. Compared to the 

control group, which did not receive recorded aural models, model groups scored higher 

on “notes, rhythms, dynamics, and tempo, but not for phrasing/articulation.”77 The 

highest scores were earned by the group hearing a performance aural model without 

verbal instructions.   

                                                 
74 A study not included in Dickey’s analysis which generated contrasting results with home practice was 

conducted in 1981 by James Anderson.   Also working with beginning level instrumentalists (6th grade 

clarinet students) utilizing recorded models during home practice sessions, Anderson’s study observed no 

significant difference in playing abilities of the group using aural models vs. the control group. 
75 Roseanne Kelly Rosenthal, “The Relative Effects of Guided Model, Model Only, Guide Only, and 

Practice Only Treatments on the Accuracy of Advanced Instrumentalists’ Musical Performance,” Journal 

of Research in Music Education 32, no. 4 (December 1, 1984): 265-273. 
76 Roseanne K. Rosenthal et al., “Effects of Different Practice Conditions on Advanced Instrumentalists’ 

Performance Accuracy,” Journal of Research in Music Education 36, no. 4 (Winter 1988): 250 -257. 
77 Dickey, “A Review of Research on Modeling in Music Teaching and Learning,” 34. 
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Dickey notes that Rosenthal’s second study,78 conducted in collaboration with 

several colleagues, also presents strong evidence for the (at least short term) effectiveness 

of aural modeling.  In this study, 60 graduate and undergraduate woodwind and brass 

majors were randomly assigned to various types of practice conditions, again using an 

étude as the musical material. Groups completed one of four practice activities (plus 

control) for a duration of 3 minutes: (1) listening to a recorded aural model, (2) practicing 

singing the étude, (3) studying the étude silently,  (4) practicing the étude on their own 

instruments, or (5) playing a different set of musical tasks (control). Subjects were given 

an opportunity to play through the étude a single time to “warm up,” and then were 

recorded performing the étude.  Evaluation of the students’ performances after 

completion of the practice tasks revealed that the highest scores were earned by those 

practicing on their own instruments and those listening to the model.  This presented 

evidence that listening to an aural model during practice time may be as effective as 

physically practicing the same musical task. 

Among Dickey’s conclusions, the following are most relevant to this study: (a) 

“Modeling has a positive influence on music learning for elementary students, junior high 

students, and undergraduate and graduate music majors,” and (b) “The use of a prepared 

tape as a model appears to be an effective teaching strategy for both elementary students 

and college students.”79  

Among the studies that followed those included in Dickey’s overview is a 1997 

study that compared the effectiveness of audio vs. video recorded models conducted by 

                                                 
78 Rosenthal et al., “Effects of Different Practice Conditions on Advanced Instrumentalists’ Performance 

Accuracy.” 
79 Dickey, “A Review of Research on Modeling in Music Teaching and Learning,” 37. 
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F. Linklater.80 Linklater also worked with beginning instrumental students; in this case 

primary school level clarinet players.  Linklater’s study assigned three types of practice 

materials to its 146 participants: an audio tape with aural model, a non-modeling audio 

tape, and a video tape with performance model.  The only statistically significant results 

were improvement of visual skills in the group working with the video model.  However, 

students working with the audio model showed practical, though not statistically 

significant, improvement when compared to those working with the non-model 

recording. 

In a study designed in 1995 to test the effectiveness of mental practice (with and 

without simultaneous listening to aural models),81 Theiler et al. observed results that also 

lend support to the effectiveness of aural modeling with college level music majors.  A 

strength of this particular study is that the researchers, recognizing that vocalists “receive 

no visual, spatial, or tactile information during performance to associate with production 

of a specific pitch,” hypothesized that use of aural models during mental practice might 

be of increased value specifically to singers.  Although the study also included guitar 

majors, only the results obtained with vocalists will be discussed here.  

A group of 7 voice majors practiced “short musical excerpts” utilizing four 

different methods, “(a) continuous physical practice; (b) mental practice alternating with 

physical practice; (c) mental practice with a modeled recording of the music alternating 

with physical practice; and (d) a motivational control activity alternating with physical 

practice.” Subjects’ performances, both from memory and with score, were evaluated by 

                                                 
80 Fraser Linklater, “Effects of Audio- and Videotape Models on Performance Achievement of Beginning 

Clarinetists,” Journal of Research in Music Education 45, no. 3 (October 1, 1997): 402-414. 
81 Anne M. Theiler and Louis G. Lippman, “Effects of  Mental Practice and Modeling on Guitar and Vocal 

Performance,” Journal of General Psychology 122, no. 4 (October 1995): 329. 
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independent judges in the following areas: “pitch accuracy, rhythmic accuracy, 

articulation and phrasing, dynamics and expression, tempo, and tonal quality.”82    

Theiler and colleagues found that significantly higher ratings in all parameters 

were earned by the group who completed mental practice while listening to an aural 

model.  Although the small subject size is less than ideal, and the mental practice element 

does not allow for isolation of the effect of listening to the aural models without 

guidance, the findings of this study are of particular relevance to this treatise because of 

the use of college age voice majors as participants, and because of the specific finding of 

perceived improvement in “tone quality” in response to aural models. 

In conclusion, a strong body of literature supports the effectiveness of using 

recorded aural models as a part of music education methodology.  The present study adds 

to the body of literature on aural modeling by investigating its effect on a significant 

sample size of undergraduate level singers, and by reporting acoustic measures of the 

observed changes in several specific aspects of vocal production.  

SPEECH PATHOLOGY RESEARCH – AUDITORY BOMBARDMENT AND FOCUSED 

STIMULATION 

The speech pathology remediation technique known as “auditory bombardment” 

and later as “focused auditory stimulation”83 was first introduced by Barbara Hodson and 

Elaine Paden in the early 1980s.84  The technique itself evolved out of the authors’ 

clinical experience helping to meet the language acquisition needs of young children 

whose delayed language skills were categorized as “highly unintelligible.”85  

                                                 
82 Ibid., 333. 
83 In response to a pejorative connotation to the term “bombardment” perceived by some practitioners. 
84 Barbara Williams Hodson and Elaine Pagel Paden, Targeting Intelligible Speech: A Phonological 

Approach to Remediation, 2nd ed. (Austin, TX: Pro-Ed, 1991). 
85 Ibid., 10. 
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It also built upon a technique called “focused stimulation” employed by Marc 

Fey.  Fey explained that during focused stimulation, “the child is not asked to respond at 

any time, although the clinician works diligently to arrange the verbal and nonverbal 

context in such a way that the child is motivated to produce utterances that obligate use of 

the targeted forms. Second, the clinician produces a high density of the child’s target 

forms in meaningful and highly functional contexts.”86 Fey notes that this approach is 

grounded in comprehension, which focuses “on the child’s internal processing of 

meaningful linguistic stimuli, not just the spoken products of this processing.”87 

 Hodson and Paden explain that their approach, while similar to those described 

by Fey in process, is grounded in phonology, which in their words “refers to the speech 

sound system of a language.”  In practical terms, Hodson and Paden’s phonological 

approach to speech-language remediation would take into account both individual 

phonemes (such as  a single consonant sound) and “a set of phonotactic rules defining 

how these phonemes can be arranged in syllables.”88 For example, in English, the 

phoneme [ᶇ] (-ng) as a rule does not begin syllables.  

In addition to the details of the actual auditory bombardment procedure, several 

underlying principles articulated by Hodson and Paden can be considered in relation to 

the acquisition of singing skills.  For example, Hodson and Paden’s assertion that “as 

children acquire new speech patterns, they associate kinesthetic with auditory sensations, 

enabling later self-monitoring”89 rings remarkably similar to Ralph Appelman’s 

encapsulation of the way singers acquire a new technique. It reads, “All artful singing is 

                                                 
86 Marc E. Fey, Language Intervention with Young Children (San Diego, CA: College-Hill Press, 1986), 

209. 
87 Ibid., 210. 
88 Hodson and Paden, Targeting Intelligible Speech: A Phonological Approach to Remediation, 4. 
89 Ibid., Page??. 
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conceptual.  A singer cannot possibly sing a pitch knowingly without first conceiving it 

as sensation.  Equally a singer cannot establish a controlled vocal quality and control 

variations in intensity, without first conceiving these elements as sensations.”90  

Hodson points out that “most parents do not instruct their children ‘where to put 

their tongues,’ nor do they provide tactile assistance for placement and production,”91 

which echoes Richard Miller’s sentiment that “the art of singing can be learned only 

through singing.”92  Hodson and Paden’s statement that “while children who do not 

develop intelligible speech may need additional kinds of assistance, we believe the power 

of auditory stimulation should be exploited in remediation”93 served as the impetus for 

exploring whether auditory stimulation may be similarly beneficial as a component of 

voice pedagogy. 

Acknowledging that their auditory bombardment technique is to be incorporated 

into cycles of stimulation and production typically included in a remediation protocol, 

Hodson and Paden define auditory bombardment as “listening at a low level of 

amplification to numerous repetitions of words containing the target sound or sequence” 

and note that it “produced awareness that was not achieved through regular listening or 

by other methods.”94 This observation serves as the basis for including multiple 

repetitions of a sung aural model in participants’ listening activities during the present 

study. 

Auditory bombardment was typically incorporated near the beginning of each 

speech therapy session. In terms of procedure, Hodson and Paden describe the clinician 

                                                 
90 Appelman, The Science of Vocal Pedagogy, 9. 
91 Hodson and Paden, Targeting Intelligible Speech: A Phonological Approach to Remediation, 79. 
92 MIller, The Structure of Singing: System and Art in Vocal Technique, xxii. 
93 Hodson and Paden, Targeting Intelligible Speech: A Phonological Approach to Remediation, 79. 
94 Ibid., 86. 
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reading 12 to 15 words (once or twice, depending on the child’s attention span) 

containing the target phoneme for the session.  Slight amplification was employed if the 

child would allow placement of headphones, the rationale being that children with 

language delay may have increased focus and acquisition of auditory information if it 

was amplified above the sound of any ambient noise in the room.  The child was allowed 

to repeat a few sounds into a microphone at the completion of the listening.  This was 

followed by production practice stimuli (questions asked by the clinician, discussion of 

visual stimuli such as pictures or objects), production practice (experimental play 

activities that elicit the child’s production of the target sounds), and a second period of 

auditory bombardment (without the child producing the target sounds) at the conclusion 

of the session.95  

From this description, it is clear that auditory bombardment was intended to be 

utilized as a part of a much larger remediation protocol.  The intent of the present study 

was to identify the effect repeated exposure to aural models might have within a similarly 

multi-layered educational context. 

  A more recent study evidencing the current use of Hodson and Paden’s 

technique was authored by Caroline Bowen and L. Cuppels.96  In the context of a much 

broader review of effective therapeutic approaches to language remediation entitled 

PACT (Parents and Children Together), Bowen and Cuppels discuss the use of auditory 

bombardment. Their work involved 14 preschool age subjects with phonological 

development significantly below age level. Citing as their rationale the fact that “Hodson 

and Paden (1983) proposed that auditory bombardment helps to develop ‘auditory 

                                                 
95 Ibid., 120-1. 
96 Caroline Bowen and L. Cupples, “Parents and Children Together (PACT): A Collaborative Approach to 

Phonological Therapy,” International Journal of Language & Communication Disorders 34, no. 1 (1999): 

35-55. 
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images,’ allowing the child to learn to monitor incorrect productions, while production 

practice produces kinesthetic images, which also assists in error monitoring,”97 Bowen 

and Cuppels include auditory bombardment as part of  a “multiple exemplar” remediation 

approach during treatment sessions. Auditory bombardment is also included as part of the 

at-home routine parents undertake with children.  In this more current study, no 

amplification (and in fact, even a whisper volume level) is suggested for periods of 

auditory bombardment.98 

Bowen and Cuppels note that “auditory bombardment also increases lexical 

frequency and controls phonological input for limited periods, potentially presenting an 

opportunity for children to discover underlying phonological patterns for themselves.  

Often, in the clinical setting, it has been observed by the authors to trigger spontaneous 

rehearsal of the bombardment words by children.”99 This observation is interesting in that 

repeated hearing of an aural model may help enhance the singers’ ability to develop aural 

awareness and self-corrective habits related to sung voice production in a similar way. 

An important part of the overall structure of Bowen and Cuppels PACT approach 

is to “structure therapy sessions so that at least 50% of procedures and activities involve 

cognitive (auditory processing) skills, thereby acknowledging the important role of 

listening and thinking in linguistic learning, with less emphasis given to production 

procedures and activities.”100  This seems in line with much of the findings of much of 

the music education research that notes the effectiveness of modeling in the classroom 

when compared to verbal instructions followed by production type activities. 

                                                 
97 Ibid., 46. 
98 Ibid., 49. 
99 Ibid., 46. 
100 Ibid., 53. 
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Focused auditory stimulation techniques remain in use within the speech 

pathology field, as evidenced by Dennis Ruscello’s inclusion of this technique in his 

2008 Treating Articulation and Phonological Disorders in Children.  Recognizing the 

heterogeneity of the population receiving speech-language therapy, Ruscello created the 

book with the intent of helping practitioners familiarize themselves with different 

treatment approaches and choose appropriately.  In this publication, auditory 

bombardment is included as a “multiple exemplar training” component of a 

“collaborative treatment approach” based on the work of Bowen and Cupples. The 

protocol described specifically involves two periods of auditory stimulation incorporated 

within a wider range of treatment activities.101  However, in contrast to Hodson and 

Paden’s approach, Ruscello specifically notes that “no amplification is used.”102 

As the population of singers involved in this study were all observed to have 

normal language skills, and presumably normal hearing skills, the concept of repeated 

auditory stimulation was considered more applicable to the singing population than the 

use of slight amplification.  Thus, the level of amplification used in delivery of the aural 

models to participants was not controlled.  However, the choice to expose study 

participants to multiple repetitions of a “target” sound (the aural model) within a 

condensed time period is based on Hodson and Paden’s auditory bombardment technique.  

In addition, based on Hodson and Paden’s observation that phonemes in their 

grammatical context were more effective as auditory stimuli than single phonemes, a  

  

                                                 
101 Dennis M. Ruscello, Treating Articulation and Phonological Disorders in Children (St. Louis, 

Missouri: Mosby Elsevier, 2008), 92. 
102 Ibid. 
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sequence of grammatically correct words (rather than nonsense syllables) was 

incorporated into the design of the musical material recorded as an aural model in this 

study. 
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PART TWO: RESEARCH METHODOLOGY AND PROCEDURES 

Chapter 1: Pilot Study 

PURPOSE 

In order to investigate the theoretical and practical questions described above, the 

present author designed a study to survey students on their listening behaviors, and 

measure any change in their vocal production after approximately one week of listening 

to aural models without attempting to produce the sounds they heard.  However, before 

moving forward with this investigation on a larger scale, a pilot study was conducted.  

The intent of the pilot study is as follows:  

 Determine the merit of the listening behavior survey questions.  Are they 

easily understood? Do they provide accurate data? Can the survey be 

completed within a reasonable amount of time? 

 Determine the effectiveness of aural modeling portion: Can one week of 

listening to aural models produce a measurable improvement in students’ 

vocal production? 

AGE AND EXPERIENCE LEVEL OF PARTICIPANTS 

Five participants were recruited to participate in the pilot study.  One volunteer 

participated in the survey portion only. Four volunteers completed the survey and 

provided audio samples for analysis. All participants were undergraduate level students 

(ages 19-25) enrolled in solo voice lessons in Southwestern University, a selective private 

liberal arts college located in Georgetown, Texas with a student body of approximately 

1300. Music courses are offered through Southwestern’s Sarofim School of Fine Arts, 
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which has offered a music program accredited by the National Association of Schools of 

Music (NASM) since 1951.103   

Southwestern University offers two types of music degrees; those classified by 

NASM as liberal arts degrees including the Bachelor of Arts in Music, and professional 

degrees including the Bachelor of Music.  According to NASM, “the liberal arts degree 

focuses on music in the context of a broad program of general studies” while “the 

professional degree focuses on intensive work in music supported by a program in 

general studies.”104  In liberal arts degrees, music coursework generally makes up 30% - 

45% of total degree requirements.  Professional degrees require either “at least 65% 

music content in the case of majors in performance, theory, composition, 

history/literature, sacred music, and jazz studies,” or “at least 50% music content in the 

case of majors in music education.”105 

In order to ascertain whether the students’ experience levels influenced their 

listening behavior and/or response to aural modeling, participants were divided into two 

categories: novice and advanced. This categorization took into account the academic 

environment from which participants were recruited. Within the liberal arts philosophy of 

Southwestern University, the Department of Music “strives to provide the widest possible 

range of musical opportunities for students - whether it’s the exploration of music theory, 

the study of ancient or modern musical forms, the chance to play solo or in an ensemble, 

or teaching students of all ages in the classroom.”106  In practical terms, this means that 

two types of students enroll in applied music lessons: those pursuing a degree in music 

                                                 
103 “Southwestern University: Sarofim School of Fine Arts: Music Department: About the Department”, 

n.d., http://www.southwestern.edu/departments/music/about/index.php. (accessed June 10, 2011). 
104 “NASM Handbook 2010-2011,” 75. 
105 Ibid., 76. 
106 “Southwestern University: Sarofim School of Fine Arts: Music Department”, n.d., 

http://www.southwestern.edu/departments/music/index.php. (accessed June 10, 2011). 
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(BA with music major or BM in Performance, Education, Literature, or 

Theory/Composition) and those fulfilling general course requirements in the fine arts 

subject area. Although some non-music-majors choose to pursue applied music studies 

throughout their undergraduate careers and gain considerable skill in this area, fine arts 

area course requirements are also an impetus for students who have little or no experience 

in singing (or music in general) to enroll in applied vocal music classes. 

Because of these population characteristics, a more accurate measure of 

experience level than the students’ year in school was needed.  Thus, a “singing 

experience level (SEL)” value was calculated from the data participants provided in the 

survey, in order to separate the true novices who are approaching singing for the first 

time at a college age from those (music majors or non-music-majors) who possess good 

command of basic musical and vocal skills.  The SEL value was calculated as the sum of 

the following components: 

 College Solo and Choir Singing Experience. This is the primary 

experience level of interest in this study.  One point was added for each 

semester of study in these categories, giving the students’ college singing 

experience the highest weight in the singing experience score. 

 Pre-College Solo and Choir Singing Experience. In order to account for 

students who may be early in their college studies, but have gained 

significant singing training and experience at the pre college level, one 

point was added to the experience score for each year of pre-college 

singing experience. 

 Degree Plan: In order to take into account the seriousness with which a 

student choosing music as a major or minor presumably approaches the 

subject, one point was added if the student reported pursuing a music 
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major and 0.5 point was added if the student reported pursuing a music 

minor or music theater major. 

Participant ages and experience levels are listed in Table 3, below. 
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100 19 2 No Sop 2 2 0 0 4 Nov Both 

101 25 4 No Mez 1 0 0 0 1 Nov Both 

102 21 5 Minor Sop 10 3 0 9 23 Adv Both 

103 23 4 Major Sop 8 8 6 9 31.5 Adv Survey 

104 22 4 No Sop 8 0 0 2 10 Adv Both 

Table 3: Age and Experience Level of Pilot Study Participants 

METHODOLOGY 

Survey Portion 

Each participant completed a 33-question survey107 that asked them to provide 

information on their listening habits, singing experience, and favorite singers. Students 

were also asked to provide feedback on the length of time taken to complete the survey, 

                                                 
107 See Appendix A 
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clarity of questions, and suggestions for improving the survey’s accuracy and thought 

flow. 

Aural Modeling Portion 

Aural Model Design and Stimulus Recording  

 The aural model consisted of a newly-composed melody that included five 

pitches. As all volunteers were female, the melody was set at a middle voice pitch range 

(F4 to D5 – approx. 349-587 Hz) above the female primary register transition.108 This 

would avoid any changes in sound quality that might be caused by participants’ ability to 

negotiate vocal register transitions.  This melody, designed to be within the capabilities of 

novice and advanced singers, had a descending pattern beginning and ending on the same 

pitch, including primarily descending stepwise motion and one ascending leap.   

The melody was set on the English language text, I see winter’s view, which was 

designed to present the singers with several common diction challenges.  It contains one 

diphthong [a:I], three pure vowels [i] [I] and [u], one “schwa” neutral vowel sound [ǝ], 

and several types of consonants and consonant clusters [s] [w] [n][t][r][z] and [vj]. The 

aural model was designed to be a novel combination of pitches and words in order to 

ensure that audio data would isolate the effect of listening to the aural model from any 

prior vocal production of the melody and text. See Figure 9 below for an illustration of 

the melody in musical notation. 

 

                                                 
108 The primary register transition refers to the point at which the physical mechanism of vocal production 

switches from thyroarytenoid dominant muscular action to cricothyroid dominant muscular action.  

According to Titze and Wicklund, it typically occurs between the pitches of C4 and E4.  
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Figure 9: Pilot Study Aural Model - Musical Notation 

A professional operatic soprano, this study’s primary investigator, recorded the 

aural model.  The recording was converted to mp3 format for use in the pilot study. 

Procedure 

Participants attended an initial recording session in which the aural model was 

played for them a single time through a set of speakers. Immediately following, the 

starting pitch was played on a piano, and participants were then asked to “sing back” 

what they heard to the best of their ability.  These sung samples were recorded and the 

audio data stored for acoustic analysis. 

Participants then received a copy of an mp3 file containing the aural model they 

had heard and produced in the initial recording session.  They were each asked to listen to 

the aural model for a total of 10 minutes per day for a period of six days.  The aural 

model was approximately 6 seconds in duration.  Therefore, participants were exposed to 

approximately 100 repetitions of the aural model per day.  The number of repetitions and 
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length of listening period was formulated based on auditory bombardment protocols used 

in speech therapy.109 

After completing listening activities, participants attended a second recording 

session.  The aural model was again played for them a single time through speakers, 

followed by the starting pitch.  Participants were again asked to “sing back” what they 

had heard to the best of their ability, and their singing was recorded. 

Audio data from the participants’ pre- and post-listening recordings was analyzed 

to determine the accuracy of each pitch and the presence or absence of vibrato on each 

syllable.    

RESULTS 

Survey Results 

Participants reported that the survey took between 25 and 30 minutes to complete, 

and recommended it be condensed to 20 minutes or less. Participants reported that, with a 

few exceptions, survey questions were generally clear and easy to understand. 

Among the findings revealed through analysis of survey results, music majors and 

minors (Subjects 102 and 103) reported spending more hours per week singing in a 

classical style than their non-music major colleagues. Music majors and minors also 

reported more hours per week spent singing in general (all styles included) than their 

non-music major colleagues.  

However, contrary to what might be expected, four out of five participants, 

including the music majors and minors, reported spending equal or greater hours per 

week singing in non-classical styles than classical styles during a typical week.  

                                                 
109 Caroline Bowen, “Auditory Bombardment and Focused Auditory Input”, 1999, http://www.speech-

language-therapy.com/audbomb-2.htm. (accessed May 15, 2011);  Hodson and Paden, Targeting 

Intelligible Speech: A Phonological Approach to Remediation., 2
nd

 Ed., Austin: Pro-Ed, 1991. 
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Participants’ self-reported singing habits are shown in Figure 10, with subject numbers 

ordered left to right from greatest to least SEL. 

 

 

  Figure 10:  Pilot Survey Results - Singing Habits 

In terms of listening habits, a striking contrast between classical and commercial 

musical styles emerged.  All participants, including music majors and minors, reported 

listening to fewer than five hours of solo classical music per week.  Another surprising 

trend was that non-music-majors reported a higher amount of time spent listening to 

music in general than their music major and minor colleagues. 
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Figure 11: Pilot Survey Results - Listening Habits  

Acoustic Analysis Results 

Acoustic analysis of pre- and post-listening audio samples yielded findings of 

improvement110 in both pitch accuracy and use of vibrato.  Figure 12 shows the number 

of pitches sung correctly (out of the total of six included in the aural model) by each 

participant.  These results demonstrate that half of the participants showed improved 

pitch accuracy after completing listening.  

  

                                                 
110Here, “improvement” is intended as a shifting towards characteristics that more closely matched those of 

the aural model. 

0

5

10

15

20

25

30

35

103 102 104 100 101

H
o

u
rs

 P
e

r 
W

e
e

k 
Sp

e
n

t 
Li

st
e

n
in

g 

Subject Number 

Listening Habits 

Listening Classical
Style (Soloists)

Listening All Non-
Classical Styles



 66 

 

Figure 12: Pilot Study Results - Pitch Accuracy 

 The results of the pilot study also appear to indicate that the listening activity may 

have had an effect on participants’ use of vibrato (See Figure 13, below).  After repeated 

listening to the aural model, which was sung with vibrato on all six pitches, two of the 

four participants increased their use of vibrato. Both were music majors or minors, and 

both increased their use of vibrato by 30%.  Among the two novice participants, one 

decreased her use of vibrato post-listening, and one showed no change.    
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Figure 13: Pilot Study Results - Presence of Vibrato  

DISCUSSION 

Limitations of Study  

Among the limiting factors inherent in the design of this pilot study, the small 

sample size is the most significant.  Although some trends were observed in the survey, 

and some measurable changes were observed in the vocal production of the participants, 

it is impossible to determine whether these data represent statistically significant 

phenomena. A larger sample size was required to determine the significance of the trends 

observed. 

  In addition, the recordings for the pilot study were not conducted in an anechoic 

room, and participants’ distance from microphone was approximated rather than rigidly 

controlled.  Therefore, detailed acoustic analysis of vibrato rate and extent, and 

characteristics such as singing power ratio was not possible due to noise levels in the 

audio samples.  A more carefully controlled recording environment was required to 

reduce noise levels and obtain higher quality audio samples. 
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The fact that participants sang the same melody twice may also be a limiting 

factor, in that “order effect,” a learning effect experienced by singing the same melody 

more than once, may have influenced the improvements observed. 

Significance of Findings 

However, taking these limitations into account, the survey portion of the pilot 

study indicated some trends worth investigating in more detail.  The aural modeling 

portion demonstrated that repeated exposure to an aural model, when isolated from 

repeated vocal production (practicing singing the melody), can yield an improvement in 

both pitch accuracy and vibrato for some singers.  

As for vibrato, since the two subjects who exhibited change were advanced 

students, it is possible that advanced students were better able to adjust their use of 

vibrato to match a musical style than novice singers, who are still developing their vocal 

technique and may not yet possess the skill necessary to modify use of vibrato. It was 

concluded that these preliminary findings merited further study with a larger sample size 

and more precisely controlled recording conditions. 

CONCLUSIONS AND REVISIONS 

Several revisions to the study design were implemented after completion of the 

pilot. The survey was condensed by removing some qualitative questions, such as 

definitions of singing terms, in order to make it more time-efficient. With the aim of 

understanding the preliminary findings in students’ listening and singing habits, specific 

questions about the amount of time students typically spend listening to different styles of 

music were added. The revised survey included questions about time spent listening to 

jazz, pop, rock, country, musical theater, and other styles of singing. 
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 In addition, due to the surprisingly low degree of pitch accuracy exhibited by the 

pilot group, the texted melody was reworked to present a smaller degree of musical 

challenge.  Specifically, the melody was revised to contain only stepwise motion and 

fewer changes of pitch overall. In order to eliminate the influence of order effect on the 

improvement within the same subjects, a second texted melody, similar in duration and 

pitch contour to the first, was designed for the full study. 
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Chapter 2: Research Study  

Based on the findings of the pilot study, an empirical study was implemented to 

investigate students’ self-reported listening behaviors, and to isolate and measure the 

students’ response to repeated hearings of a series of vocal aural models.  The primary 

investigator made short presentations about the study during voice lessons, choir, and 

studio voice classes at Southwestern University, and students were asked to participate as 

volunteers. Participants received proper consent forms, and students were assured that 

participation would be voluntary. Participants were not compensated in any way.  The 

Institutional Research Board of Southwestern University approved all research 

procedures in March, 2011 (See Appendix B). 

PARTICIPANT DEMOGRAPHICS 

A total of 43 students volunteered to participate in this study.  All participants 

were undergraduates at Southwestern University, ages 17-26 (average age 20.5, standard 

deviation 1.84), currently or formerly enrolled in applied vocal music courses (solo voice 

and/or choir). 

Before beginning the aural model portion of the study, a Singing Experience 

Level (SEL) value was calculated for each participant based on the survey data they 

provided.  This was conducted in the same manner as the pilot study SEL. Participants 

with a SEL > 11 were classified as “advanced” and participants with SEL ≤ 11 were 

classified as “novice.” SEL data was reviewed by the primary investigator, who is 

familiar with the student population, to verify that the SEL values were reflective of 

participants’ skill levels.  Two students with SEL values under 11, both upperclass level 

students with several semesters of college level solo voice training and solid basic vocal 
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technique, were reclassified as “advanced” despite their slightly low SEL values. 

Characteristics of advanced and novice populations are shown in Figure 14, below. 

 

 

 

Figure 14: Age and Experience Level of Research Study Participants. Error bars 

represent one standard deviation above and below average value. 

STUDY  DESIGN 

As in the pilot study, all participants received and completed a 29-question survey 

(See Appendix A) that asked for information about their singing experience levels, 

singing habits, and listening habits. In order to investigate whether the students are 

formulating a “sound ideal” during their voice studies, participants were queried about 

their favorite classical, musical theater, and non-classical style singers, as well as their 

name recognition of professional classical singers. 

As seen in Table 4, below, the aural modeling portion of the study followed a dual 

design that allowed for two different comparisons of pre- and post-listening 
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performances.  First, performances by Group A were compared to performances by 

Group B.  This “between subjects” analysis allowed for comparison between a non-

listening control group (Group A) and an experimental group which completed listening 

activities (Group B).   

In addition, the initial performances by Group A (no listening) were compared to 

Group A’s second performances (after listening).  This “within subjects” analysis 

measured the response to aural modeling within the same exact group of student singers. 

 

Group Listening Task 1 Trial 1 Listening Task 2 Trial 2 

A 

N=20 

Novice =6 

Advanced =14 

None 

Sing Series 1 

Aural Models 

(No listening) 

Listen to Series 2 

Aural Models 

Sing Series 2 

Aural Models 

(After 

Listening) 

B 

N=18 

Novice=4 

Advanced=14 

Listen to Series 1 

Aural Models 

Sing Series 1 

Aural Models 

(After 

Listening) 

None None 

Table 4: Research Study Design 

PROCEDURE 

All participants attended two brief recording sessions in which aural models of a 

series of 3-5 second vocal tasks were played for them a single time through a set of 

speakers.  Participants were then asked to perform the same vocal tasks. The aural 

models/vocal tasks consisted of novel melodic compositions sung by professionally 

trained opera singers of each participant’s self-reported vocal range (soprano, mezzo, 

tenor, or baritone/bass).  The starting pitch was played after each aural model, 

immediately prior to each participant’s performance.  A written copy of the text (text 

only; no musical notation) was provided. 
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Prior to attending the recording sessions, the participants were divided at random 

into two groups, which will be referred to as Group A (N=20) and Group B (N=18).  The 

participants in Group A attended a first recording session without any listening 

preparation. They heard a series of aural models (henceforth Series 1) one time each. 

After each aural model was played through stereo speakers, the starting pitch was played 

on the piano. Participants then immediately performed what they had heard to the best of 

their ability.   These acoustic data were used as a control (no listening) compared to the 

performances of the same vocal tasks (Series 1) by the experimental group (Group B). 

The participants in Group B were exposed to aural modeling for five days before 

attending their recording session.   Group B participants received mp3 format audio 

recordings of the Series 1 aural models, sung by professionally trained singers of each 

participant’s self-reported voice range.  Participants received instructions to listen to the 

samples for 10 minutes each day for five days. They were permitted to break the 10-

minute listening period into two 5-minute sessions. Participants were instructed not to 

practice singing any of the listening material during the course of the study, and were 

informed that singing the listening material would invalidate the study results.  

Participants confirmed their completion of the listening tasks daily via email to the 

primary investigator.  One to two days after the five-day listening period, Group B 

participants attended a recording session in which they heard (once) and immediately 

performed the Series 1 vocal tasks.  

After their first recording session, members of Group A received mp3 audio files 

of a second series of aural models (henceforth Series 2). Series 2 aural models were 

similar but non-identical to Series 1 in order to control for any improvement based on 

order effect from repeated vocal production. Series 2 aural models were recorded by the 
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same professional singers, and distributed according to each participant’s self-reported 

voice range.  

Group A members were asked to follow the same listening instructions their 

colleagues in Group B had received the week prior.  They listened to the aural models 

repeatedly for 10 minutes daily without attempting to sing any portion of what they heard 

during the duration of the study. Participants in Group A also confirmed their completion 

of listening tasks daily via email.   

One to two days after completing the five-day listening period, Group A 

participants attended a second recording session, during which they heard Series 2 a 

single time through a set of speakers, followed by a starting pitch.  They immediately 

performed Series 2 and performances were recorded.  These data (post-listening) were 

compared with their (pre-listening) Series 1 performances.  

Data files were kept in a secure location at all times.  Identification numbers 

associated with participants’ names and contact information were kept in a secure 

location and accessed exclusively by the primary investigator during the data collection 

phase of the study for tracking and scheduling purposes only.  All identifying information 

has been stripped from the final dataset. 

AURAL MODEL DESIGN AND STIMULUS  RECORDING  

A texted melody (Figure 15) served as the first aural model/vocal task in Series 1.  

This melody was simplified from the version used in the pilot study in order to fall better 

within the technical capabilities of novice singers.  It consisted of a 5-note syllabic 

melody with descending stepwise motion on the English language text used in the pilot 

study; I see winter’s view.   
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It was composed at a mid-range pitch level for all voice types to avoid registration 

prejudice.  It was recorded by one male and one female singer, both professional opera 

singers, in the appropriate octave for male and female voices (F to A; approximately 349-

440 Hz for females and 175 -220 Hz for males). 

 

Figure 15: Series 1 Text 1 Aural Model – Musical Notation 

The texted melody for Series 2, referred to as Text 2 (Figure 16), was designed to 

be similar in duration, musical difficulty level, and vowel/consonant content to the 

corresponding aural model in Series 1.   

 

Figure 16: Series 2 Text 2 Aural Model – Musical Notation 
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The Series 2 texted aural model, referred to as Text 2 (Figure 16), also consisted 

of five syllables of English language text: I beg you, say “No.” Phonetically, it contained 

three exact vowel matches to the Text 1 aural model, [a:I] and [u], and two identical 

consonant phonemes, [s] and [n]. The remaining consonants and vowels represented a 

slight variation from Text 1: [E], [e:I], [o], [b], [j] and [g].  For a comparison of 

phonemes used between series 1 and series 2, see Table 5, below. 

 

Aural Model Vowels Consonants Clusters 

Series 1, Text 1 [a:I] [u] [i] [I] [ǝ]  [s] [j] [n] [w] [v] 

[t] [r] [z] 

[nt] [rz] [vj] 

Series 2, Text 2 [a:I] [u] [E] [e:I] [o]  [s] [j] [n] [b] [g]  [gj] [jn] 

Table 5: Aural Model Phonemes 

Musically, Series 2 Text 2 was designed to be similar but non-identical to Series 1 

Text 1. The Text 2 aural model also contained five pitches, sung syllabically, with a 

stepwise motion.  However, it varied from Text 1 in that its melodic contour was arched 

rather than descending.  It was pitched in an identical Hz range (F to A; approximately 

349-440 Hz for females and 175 -220 Hz for males), and recorded in both male and 

female octaves by the same two professional opera singers. 

The full study’s participant group included a larger proportion of advanced 

singers than novice singers.  With this in mind, a second aural model was designed to 

present an appropriate level of vocal challenge to advanced singers.  A messa di voce on 

a single pitch and vowel was chosen, as the messa di voce exercise requires significant 

technical skill to sing well.  Due to the challenge of designing a vocal exercise similar in 

technical demand but non-identical to the messa di voce, this exercise was included in 
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Series 1 but no comparable exercise was designed for Series 2. The acoustic data was 

compared between subject groups A and B only.   

Due to the fact that advanced singers are comfortable singing over a minimum of 

a two-octave range, and are more secure in identifying their voice type than novice 

singers, the messa di voce was recorded at four pitch levels, by professional soprano, 

mezzo soprano, tenor, and baritone operatic singers.  An [a] vowel was chosen for 

baritone voices and [i] for soprano, mezzo and tenor versions of this aural model, again to 

provide an appropriate vowel for each voice type to most easily produce the messa di 

voce effect. Messa di voce exercises were recorded at the following pitch levels (Table 6), 

designed to sit in the upper middle voice range for each voice type: 

 

Soprano Mezzo Tenor Baritone/Bass 

Eb5 – 622 Hz C5 – 523 Hz Eb4 – 311 Hz Bb3 – 233 Hz 

Table 6: Pitch Levels by Voice Type - Messa di voce Aural Model  

Aural models were recorded by professional opera singers in a non-soundproofed 

voice studio using a Marantz CDR111 recording device and a matched pair of Earthworks 

cardioid microphones.112   

PARTICIPANT PERFORMANCE RECORDINGS 

All participant recordings were recorded in the percussion studio in the Sarofim 

School of Fine Arts at Southwestern University.  This space is soundproofed, but not 

                                                 
111 Frequency Response: 20Hz ~ 20kHz +0/-0.5 dB; Signal to Noise Ratio: (IEC-A) 100 dB; Total 

Harmonic Distortion: (1kHz) 0.003%; Dynamic Range 96 dB. 
112 Frequency Response: 30 Hz to 30k Hz +/- 1.5 dB @ 6²²; Max Input: 145 db SPL with 5K ohm load; 

Peak Output: 3V into 1K ohm, 10V into 5K; Noise: 22 dB SPL equivalent (A weighted; Minimum Output 

Load: 600 ohm at pin 2 and pin 3). 
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entirely anechoic.  A piano was present in the room.  Recordings were taken using the 

Marantz digital recorder and paired Earthworks cardiod microphones described above, 

positioned at a 90-degree angle.  Microphone height was adjusted to match the mouth 

height of each participant.  Each participant stood 12 inches away from the microphones.  

Participants stood at the same place in the room for each recording session. 

DATA  ANALYSIS  METHODS 

As mentioned briefly above, the study design allowed for two different methods 

of data comparison: between subjects and within subjects.  First, the data from Group A 

(no listening) was compared with the data from Group B (after listening).  Both groups 

performed the same musical material (Series 1).  The random manner in which 

participants were assigned to groups allowed for observation of a similar population 

under control (no listening) and experimental (listening) conditions.   

Additionally, the data from two performances by members of Group A (before 

and after listening) were compared. This constitutes what is known as a repeated 

measures test, in which changes in performances given by the same people are observed 

at two different time points.   

Acoustic Analysis 

Acoustic measurements were calculated using Praat and MATLAB113 software 

programs, and data were further analyzed using Microsoft Excel.  Measurements that 

were too nuanced to be completed by an automated program were taken manually by the 

primary investigator.  Accuracy of the manual measurements was evaluated and will be 

considered in the discussion of results.   

                                                 
113 “MATLAB - The Language Of Technical Computing,” MATLAB - The Language Of Technical 

Computing, n.d., http://www.mathworks.com/products/matlab/. 
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Pitch and Rhythmic Accuracy 

Pitch accuracy was measured using an automated feature of the Praat program.  

An average fundamental pitch for each vowel sound was extracted from Praat, in order to 

exclude any major variation in pitch caused by consonant articulation and provide the 

greatest possible level of accuracy.  Since subjects were singing without accompaniment, 

the interval distance (in cents) between each set of two pitches was evaluated rather than 

the accuracy of the fundamental frequency of each sung vowel.  Intervals were 

considered “accurate” if they were less than one semitone’s difference from the interval 

articulated by the aural model singer. 

Rhythmic accuracy was analyzed using measurements made manually by the 

primary investigator in the Praat software program, conducted in the following manner: 

A broad band spectrogram was generated in Praat, and the duration of each syllable (in 

milliseconds) was marked in a corresponding “text grid”114 according to aural and visual 

observations.  In an effort to minimize the possibility of unintentional bias towards a 

particular singer or group, the files were analyzed in a random order and the group to 

which each participant was assigned was not visible to the primary investigator during 

analysis.  In order to determine the margin of error for these manual duration 

measurements, the same task was completed five different times by the primary 

investigator and the variation in the five sets of measurements was calculated.  The 

manual measurements were found to be accurate within a margin of error of ± 8.5 

milliseconds.   

                                                 
114 A “text grid” is a separate text file that Praat uses to track durations within an audio sample. 
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Vowel and Consonant Duration 

The amount of time that each singer spent articulating each phoneme was marked 

in Praat by the primary investigator. Bearing the 8.5-millisecond margin of error in mind, 

these durational measurements were analyzed to compare the amount of time spent 

articulating vowels and consonants in the samples as a whole, as well as some specific 

phonetic combinations of interest.  

Vibrato 

The vibrato measurements utilized in this study were designed to answer three 

basic questions: (1) Do the singers use vibrato with a reasonable rate and extent115 on 

every vowel sound, as opposed to singing with a “straight tone”? (2) How close is the 

students’ vibrato to the properties demonstrated by the aural model singers? And (3) How 

consistent is the vibrato in the students’ sung samples?  In order to answer the first two 

questions, both vibrato rate and extent were measured for the total duration of each vowel 

sound.  In order to address the third question and give an indication of the degree of 

consistency demonstrated by the participants, the standard deviation in both rate and 

extent was measured for each vowel sound.   

Although there are many possible methods for measuring vibrato rate and extent, 

the measurements in this study were carried out utilizing a function that was custom 

written for the MATLAB software program.116  This MATLAB function involved a “zero 

crossing” method of analysis117 which can be described in the following steps:  The 

                                                 
115 “Reasonable” meaning closely matching the values demonstrated by the aural model singers. 
116 As programming in MATLAB is outside the expertise of this author, Christian J. Long is gratefully 

acknowledged for writing this MATLAB function. 
117 As opposed to peak-to-peak measurements, calculations based on linear predictive code, or other 

possible procedures. 



 81 

fundamental frequency118 throughout the duration of each vowel sound was determined 

by Praat and imported into MATLAB.   

The frequency as a function of time data was then band low pass filtered119 in 

order to isolate the variation in pitch caused by vibrato.  Low pass filtering separates the 

variation in frequency caused by vibrato from variations in frequency below 1 Hz, which 

correspond to a “drift” of the pitch, and frequency variations greater than 15 Hz, which 

are beyond the limits of a sung vibrato rate and therefore irrelevant to the vibrato 

analysis.  This filtering process ensures that measurements recorded are specific to the 

vibrato vocal phenomenon.   

After band pass filtering, the fundamental frequency for the entire sample was 

centered about its mean.  The points at which the fundamental frequency crossed the 

mean pitch (the “zero” value) were used to calculate rate and extent measurements for the 

duration of each audio sample.   

Vibrato rate was calculated using the average duration in milliseconds (ms) 

between every other pair of zero crossings.120 Vibrato extent was calculated by 

identifying the zero crossings, rectifying the waves, and calculating the maximum 

distance (in cents) from the mean fundamental pitch between each consecutive pair of 

zero crossings.    Figure 17, below, demonstrates the methodology for vibrato analysis 

used in this study. 

 

                                                 
118 It is also possible to use a higher harmonic to analyze vibrato, but as the software available had the 

capability of accurately analyzing vibrato using the fundamental frequency, the F0 measurements were 

used. 
119 Data was band low pass filtered using a second order Butterworth filter with pass-band of 1-15 Hz. 
120 This time interval represents one full vibrato cycle. 
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Figure 17: Vibrato Analysis Method  

It should be acknowledged at this point that most researchers to date have 

measured vibrato on sustained tones of at least 1.5 seconds’ duration, and many of the 

samples in this study were just under 1 second in duration.   However, the intent of this 

study was to compare students’ vocal production to that of the aural models. It was 

observed that aural model singers consistently produced a minimum of 5 zero crossings, 

even in the syllables of shortest duration.  For this reason, it was determined that an 

accurate analysis of any change in rate and extent effected by the listening activities 

could be calculated using this method.  

 In the event that a student’s audio sample did not contain enough zero crossings 

to calculate rate and extent (in other words, the vibrato was too slow or too narrow to 
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measure) a value of zero was assigned to the rate and extent measurements for that 

vowel, indicating the lack of presence of vibrato.   

Carrying Power  

As discussed in detail during the literature review, there are numerous methods 

for quantifying the “ringing” quality associated with operatic singing voices.  Although 

measurements of the “singer’s formant” are considered accurate for male voices, the fact 

that this study included a number of female high voices necessitated a different method 

for quantifying carrying power.   

Based on the work of Omori et al.121, Thorpe et al.,122 and Michel and Myers,123 it 

was determined that an acoustic power ratio measurement could serve as a viable 

indicator of both “ring” and the typical balance of upper to lower partials observed in a 

Western lyric vocal timbre. Omori et al. defined their “Singing Power Ratio” as the 

difference between the power in the strongest acoustic peak between 2 and 4 kHz (the 

frequency range of the singer’s formant) and the strongest acoustic peak between 0 and 2 

kHz (the frequency range including vowel formants).  Thorpe et al. similarly measured 

the ratio above and below a 2 kHz boundary, but included all frequencies within a 

specified range rather than one specific acoustic peak. Michel and Myers observed that, 

in soprano voices, although there is no clear, relatively narrow band of increased power at 

a certain frequency range, there is a more general increase in power between 2.6 and 4.6 

kHz.  They posited that this may be related to “ring” or carrying power in high female 

voices.   

                                                 
121 Omori et al., “Singing Power Ratio: Quantitative Evaluation of Singing Voice Quality.” 
122 C. William Thorpe et al., “Patterns of Breath Support in Projection of the Singing Voice,” Journal of 

Voice 15, no. 1 (March 2001): 86-104. 
123 Michel and Myers, “The Effects of Crescendo on Vocal Vibrato.” 
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The present study utilized a “modified singing power ratio” measurement 

(henceforth MSPR) adapted from the work of these three groups of researchers.  The 

MSPR quantified the relationship between power measurements in two frequency ranges: 

2-4.6 kHz and 0-2 kHz. As this analysis evaluated performances by both male and female 

singers of all four voice types, the MSPR compares the total power between 2 and 4.6 

kHz to the total power between 0 and 2 kHz, rather than identifying specific peaks.  The 

MSPR is defined as the ratio of the power between 2 and 4.6 kHz and the power between 

0 and 2 kHz for the duration of each audio sample.   

The MSPR was calculated using a separate function written in the MATLAB 

software program.  The function can be described in the following steps:  From each .wav 

format audio file, MATLAB was used to compute the short time Fourier transform 

(STFT).124  For the duration of the sample, it then measured the following:  total power 

between 0 and 22,040 Hz, power between 0 and 2 kHz, and power between 2 and 4.6 

kHz. It then calculated an average value for each frequency range.   Finally, the MSPR 

was calculated by taking the ratio of the power in the 2-4.6 kHz band to the power in the 

0-2 kHz band.125 

Because the messa di voce exercise involves a change in musical dynamics, which 

corresponds to both a change in overall power and the relative level of upper to lower 

partials, an additional power measure was devised for analysis of those particular audio 

samples. For both crescendo and decrescendo phases of the messa di voce exercise, 

MATLAB was used to calculate the best linear fit for the change in power and the change 

in MSPR.  The values for the rate of change (the slope of the linear fit) in the power, the 

                                                 
124 The STFT uses a Gaussian window of 50 ms, with an overlap of 33 ms between windows. 
125 The MSPR calculation usually results in a negative value, as the ratio between two logarithmic values is 

determined by subtraction and the frequency components above 2 kHz are generally less strong than the 

frequency components below 2 kHz for singers. 
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rate of change in the MSPR, as well as the R
2 

values126 for the linear fits were then 

exported to an Excel spreadsheet for further analysis.  An example of the power analysis 

for messa di voce exercises is found in Figure 18, below. 

 

Figure 18: Power Analysis Example – The Crescendo Phase of a Messa di voce Vocal 

Exercise Sung by a Professional Operatic Soprano 

                                                 
126 The R 

2 
value is a unit-less measure of the accuracy of the linear fit. It ranges from 0 to 1, with 1 

indicating a perfectly accurate fit and 0 indicating no correlation between the data and the line. 
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Statistical Analysis 

In order to evaluate whether or not any observed differences in accuracy as 

compared with the aural models were statistically significant, T-tests were performed 

using the SPSS127 software program.  In an effort to maintain a high degree of accuracy, 

the accuracy values (ACC) for each acoustic parameter were combined into a single 

quantitative value (Overall Accuracy Metric or OAM) before a single T-test was 

performed, rather than performing a T-test for each and every acoustic measurement 

taken. 

 This procedure was followed because performing multiple T-tests on the same 

dataset increases the margin of error for the experiment as a whole.  For example, when 

performing a single T-test, the investigator accepts the standard margin of error (5%), 

which indicates there is a 1 in 20 chance of obtaining a falsely positive significance 

result.  However, if the researcher performs 20 T-tests on the same set of data, the 

probability that one or more of those T-tests will yield an incorrect result increases 

dramatically.   Thus, combining the measurements into a single quantitative value before 

performing a single T-test is highly advantageous. 

Before the OAM could be calculated and statistical analysis performed, however, 

the accuracy measures for various acoustic parameters were normalized, as 

measurements of different units (Hz and seconds, for example), cannot be directly 

combined.  In order to combine various acoustic parameters within a single standardized 

scale of measure, a unit-less Normalized Accuracy value (henceforth NACC) was 

calculated for each acoustic parameter.   

                                                 
127 “IBM SPSS Statistics”, n.d., http://www-01.ibm.com/software/analytics/spss/products/statistics/. 

(accessed July 2, 2011). 
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The NACC value was calculated by dividing each ACC value by a similar 

mathematical unit; in this case, the mean standard deviation of that acoustic parameter for 

the total participant group.  Formulas used in the calculation of ACC and NACC values 

for all acoustic parameters can be seen in Figure 19, below. 

 

              

 

       
    
  

 

 

ACCX = Accuracy of measured acoustic parameter X 

NACCX = Normalized accuracy metric for acoustic parameter X 

X = Any acoustic parameter measured (e.g. Rhythm or Vibrato Rate) 

| … | = Absolute value  

XM = Acoustic parameter measurement for model 

XP = Acoustic parameter measurement for participant 

σ = Standard deviation 

 

Figure 19:  Formulas Used to Calculate Accuracy (ACC) and Normalized Accuracy 

(NACC) Values for Each Acoustic Parameter Measured. 
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PART THREE: RESEARCH STUDY RESULTS 

Chapter 1: Listening Behavior Survey Results 

Survey participants (N=43) provided information in three categories: musical 

background and singing experience, current singing habits, and listening habits. Since the 

focus of this study was to explore students’ listening behaviors as they relate to Western 

lyric singing style, several questions asked students to contrast the time spent singing or 

listening to Western lyric style material with other musical styles.  In order to most 

closely match the terminology commonly used by the student population, Western lyric 

singing style was referred to as “classical” style and other genres including pop, rock, 

R&B, jazz, country, and others were collectively referred to as “non-classical.” The 

results of each section are discussed in detail below. 

PARTICIPANT DEMOGRAPHICS AND MUSICAL BACKGROUND 

A total of 43 students volunteered to participate, including 26 women and 17 men.  

Participants ranged in age from 17 to 26, with a mean age of 20.5 (stdev. 1.84).  In terms 

of voice type, the population included 19 sopranos, 7 mezzo-sopranos, 7 tenors, and 10 

baritones/basses.  The participant group was approximately an even split between 

students who identified music as a part of their major plan of study and those taking 

music courses electively within the liberal arts curriculum. The study population included 

23 students pursuing a music major or minor (13 music majors, 4 musical theater majors, 

and 6 music minors) and 20 non-music-majors. Of the 13 music majors, 12 reported 

voice as their principal performance instrument.  

In response to a multiple-choice question about their intended career paths, 33% 

of this study population (14 students) reported intending to pursue careers as professional 

musicians.  A majority of participants, 58% (25 students) reported intending to pursue a 
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career in a non-music field with continued recreational singing activity.  Among  the 

remaining 9% (4 students), two students reported intending to pursue acting careers not 

including musical theater, one student reported planning a non-music career with little to 

no recreational singing activity, and one student reported an interest in music therapy. No 

students reported intending to pursue careers in instrumental conducting.   

A singing experience level value was calculated for the study population 

according to the process described in the discussion of the pilot study.128 This study 

population included a wide range of SEL values, ranging from 1 to 34 with a mean of 

14.9 (Std. 8.89).  Using a SEL of 12 as the minimum guideline for classification as 

“advanced,” the study population included 30 “advanced” and 13 “novice” level 

singers.129  The advanced category included both music majors/minors and nonmajors.  

All of the novice level singers were non-music majors, with the exception of one music 

major whose principal and secondary instruments are outside the voice area 

(guitar/piano). Specific areas of singing experience reported by participants, including 

typical rehearsal hours per week, are shown in Table 7, below.130 

  

                                                 
128 SEL= Number of semesters solo and choir experience + number of years pre-college solo and choir 

experience + 1 for music major or .5 for music theater major or music minor. 
129 With the exception of the two singers described above whose college level performance experience and 

skill level warranted “advanced” classification despite slightly low SEL scores. 
130Due to unclear wording of the question about experience in church choir, it was not clear whether 

students provided information on their current or former participation in this type of ensemble.  For this 

reason, church choir experience was not included in the SEL calculations.  
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 Average STDEV Max Mode 

Semesters Solo Study  - 
College Level 3.8 2.51 10 4 

Semesters Choral Study -  
College Level 2.9 2.50 8 2 

Choral Rehearsal Hours Per 
Week – College Level 3.0 1.51 5 4 

Years Solo Study –  
Pre College Level 2.2 2.37 8 0 

Years Choral Study -   
Pre College Level 5.5 4.15 14 8 

Choral Rehearsal Hours Per 
Week – Pre College Level 3.9 2.76 10 0 

Years Experience -  Church 
Choir  3.7 4.48 15 0 

Rehearsal Hours Per Week 
–Church Choir 1.6 1.99 10 0 

Table 7: Survey Results - Singing Training and Experience  

In the section on musical background, participants were also asked which styles 

of singing they had specifically studied in solo voice lessons.  All participants reported 

studying classical style music (as expected). Just over half of participants with solo 

training (23 students) also reported studying musical theater style material in their voice 

lessons.  A total of five students reported studying jazz, and three students reported 

studying pop style music in their solo voice lessons.  The rest of the styles listed, 

including country, rock, folk, R&B, and speech level singing, each garnered only a single 

“yes” response from the study population. 
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SINGING HABITS RESULTS 

Participants were queried about aspects of their current singing habits, including 

time spent singing and performing in various musical styles. As a component of solo 

voice enrollment, students are required to perform at least once per semester in a master-

class format combined studio voice class.  Choral ensemble members also are required to 

participate in several public performances per semester.  As a result, the majority of 

survey participants (37 students) counted public performances of classical style music 

among their singing activities.   

A total of 14 students reported performing as both soloists and ensemble 

members, whereas 19 reported solo performance only and 3 students reported ensemble 

performances only.  Among the other styles of music that more than two students 

reported performing, musical theater (7 students), rock (4 students), and folk (4 students) 

were identified by several participants.  Other styles of music, such as jazz, pop, R&B, 

and others were not reportedly performed by more than 1-2 students.  

When queried about the number of hours per week spent singing in various styles 

of music, the full survey results contrast with those found in the pilot study.  Although the 

average amount of time spent singing in non-classical music styles was slightly higher 

than the average amount of time spent singing in classical style music overall, when the 

data is examined in light of students’ degree concentrations, a different trend emerges.  

Music majors reported spending a larger amount of time singing in classical style as 

compared to non-classical styles, while the reverse was true for the non-music majors.  

Figure 20, below, shows the survey results for the students’ self-reported singing 

habits.131 

                                                 
131 One student reported singing “100+” hours per week in non-classical styles.  As this value was so far 

above the numbers reported by the rest of respondents, it was not included in the data represented above. 
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Figure 20: Survey Results - Singing Behaviors 

LISTENING HABITS RESULTS 

Students were also queried about their listening habits and the inclusion of 

listening activities in their voice study.  Similar to the singing habits results, although the 

group as a whole showed more time spent listening to non-classical styles, music majors 

and minors showed more time spent listening to classical styles than non-classical styles.  

Results of listening habits results are shown in Figure 21, below.132 

 

                                                 
132 Again, one student reported listening to 100+ hours per week of non-classical music.  This data point 

was not included in the above results in an effort not to skew the average. 
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Figure 21: Survey Results - Listening Behaviors  

 In addition to their general listening habits, participants provided information on 

their use of aural models in the context of their applied voice and choral studies.  When 

asked how often they listen to an example of a new piece they are learning sung by a 

professional singer, 30% of participants (13 students) responded “always”, 37% (16 

students) chose “often” and 33% (14 students) chose “sometimes.”  Encouragingly, none 

of the participants selected “never.”   

Students were then queried about the number and quality of the examples they 

choose, and the frequency with which they listen to these self-selected aural models.  

Participants reported listening to an average of 2.6 aural models (range 1-10, stdev. 1.50) 

of each new piece they are learning.  Participants reported listening to these examples an 

average of 4.1 times per week (range 0.5-25, stdev. 4.72).  When asked whether they seek 

out listening examples recorded by professional classical singers, 44% percent (19 
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students) of participants responded “always,” 16% (7 students) responded “sometimes,” 

37% (16 students) responded “not usually,” and 2% (1 student) responded “never.”   

In a qualitative response to a query about the sources students utilize to find aural 

models, YouTube ranked first with 40 written-in responses, followed by ITunes with 22 

written-in responses.  CDs and online sources such as Classical Music Library133 were the 

next most popular choices, followed by friend/teacher recommendations, various online 

libraries, the Southwestern library, DVDs, downloads, Mediafire,134 and tapes.  

In addition to their self-motivated listening behaviors, students were queried 

about their perception of the role listening to aural models plays in their applied voice 

and choral studies.  When asked whether any of their current teachers encourage listening 

to classical singing as a method of improving performing skills, 72% (31 students) 

responded, “yes.”  In response to the same question about their former music instructors, 

53% (23 students) answered, “yes.”  When asked to quantify the number of hours per 

week of listening they were encouraged to complete by their current teachers, 42% (18 

students) provided specific figures which averaged 1.9 hours per week.  In addition, 28% 

(12 students) responded that the time they were encouraged to listen per week was 

unspecified.  

Interestingly, in response to a question that asked whether their studio teacher or 

choral conductor assigns specific listening examples as part of applied music study, only 

28% responded “yes.”  Of those who did report receiving specific listening assignments 

from their current or former teachers, the average amount of time those assignments 

require was 1.2 hours per week. 

                                                 
133 “Classical Music Library”, n.d., http://clmu.alexanderstreet.com/. 
134 “Free File Hosting Made Simple - MediaFire”, n.d., http://www.mediafire.com/. 
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Finally, participants were asked a series of questions pertaining to their familiarity 

with professional artists working in various musical genres.  The purpose of these 

questions was to ascertain whether or not students were developing a “sound ideal” in 

classical and commercial styles, and to gain an idea of their familiarity with professional 

classical artists.   

When asked to name their three favorite non-classical artists, the vast majority of 

participants, 77% (33 students) named the maximum requested; three different artists. 

Music majors and minors named an average of 2.5 artists (stdev. 1.08) and non-music 

majors named an average of 2.3 artists (stdev. 1.26). The qualitative results of this 

question showed a wide variety of commercial musical taste, as a total of 87 different 

commercial singing artists were named, most of which were mentioned by only one 

student.  The greatest degree of overlap in responses occurred with four separate 

mentions of Michael Bublé.  Other artists mentioned more than a single time included 

Regina Spektor (3), Amy Lee (2), Kelly Clarkson (2), Josh Turner (2), Kate Voegele (2), 

John Mayer (2), Jon Foreman (2), Ella Fitzgerald (2), Lady Gaga (2), Sara Bareilles (2), 

Ray Lamontagne (2), and Carole King (2). 

When asked to name their favorite musical theater singers, 40% of participants 

(17 students) named three artists.  However, 42% (18 students) did not name a single 

artist.  The remainder named either one (6 students) or two (1 student) artists. There was 

no difference in the average number of musical theater performers named by music 

majors/minors and their colleagues in other majors. The qualitative results made mention 

of 29 different artists, although there was considerably more overlap among responses.  

The following artists earned more than a single mention: Idina Menzel (8), Barbra 

Streisand (5), Julie Andrews (4), Bernadette Peters (4), Kristin Chenoweth (3), Adam 

Pascal (2), Elaine Page (2), Gene Kelly (2), Michael Crawford (2), and Lea Michele (2).  
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Participants were asked two questions regarding classical artists.  First, they were 

requested to name their three favorite classical singers.  A second question on this topic 

asked participants to name as many professional classical singers as they could think of. 

In response to the “name three” question, although about 50% (21 participants) named 

zero artists, the other 50% (22 participants) were able to name at least one favorite 

classical singer. Of those who named classical artists, 15 participants identified the 

maximum number requested; three favorite classical artists.  The average number of 

artists named by music majors was 1.9 (stdev. 1.47), which stands in slight contrast to the 

0.9 average (stdev. 1.18) number named by their non-music major colleagues. 

 The qualitative results of the question about three favorite classical artists 

identified 33 different classical singers by name.  Those receiving more than one mention 

included Cecilia Bartoli (6), Luciano Pavarotti (5), Jessye Norman (3), Dietrich Fischer 

Dieskau (3), Renée Fleming (3), Sarah Brightman (2), Fritz Wunderlich (2), Sumi Jo (2), 

Natalie Dessay (2), Ian Bostridge (2), and Josh Groban (2).135 

In response to the challenge to name as many classical singers as they could think 

of, 60% of participants (26 students) were able to name at least one classical artist. The 

number of artists identified by a single participant ranged widely from 0 to 24. Music 

majors and minors named an average of 3.7  artists (stdev. 4.07), while their colleagues 

majoring outside of music named an average of 2.2 artists (stdev. 5.34).  The open-ended 

nature of this question yielded mention of 57 different classical singers spanning many 

historical eras.   

In the qualitative responses to this question, several singers were identified by 

multiple participants.  Those artists included Luciano Pavarotti (9), Renée Fleming (9), 

                                                 
135 It is worth noting that Sarah Brightman and Josh Groban are considered “crossover” artists by the 

classical singing community. 
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Cecilia Bartoli (7), Bryn Terfel (6), Jessye Norman (5), Dietrich Fischer-Dieskau (5), 

Natalie Dessay (5), Andrea Bocelli (4),  Joan Sutherland (4),  Placido Domingo (4), Ian 

Bostridge (4),  Kathleen Battle (3), Samuel Ramey (3),  Janet Baker (3), Kiri Te Kanawa 

(3), Joyce DiDonato (2), Sarah Brightman (2), Dawn Upshaw (2), Fritz Wunderlich (2), 

Beverly Sills (2), Maria Callas (2), Birgit Nilsson (2), Marian Anderson (2),  and José 

Carreras (2).  

In response to a question about who each student would most like to sound like, in 

terms of non-classical musical style, 65% of participants (26 students) identified at least 

one artist.  Again, the qualitative results showed a wide variety of musical taste, including 

49 different performers.  Among those identified by more than one participant were 

Regina Spektor (3), Amy Lee (2), Shane Everett (2), Sara Bareilles (2), and Jimmy 

Needham (2). 

When asked which classical singers the students most wanted to emulate, 50% of 

participants (22 students) provided an answer greater than zero. A total of 25 classical 

singers were mentioned by name, with those receiving more than one identification 

including Jessye Norman (3), Ian Bostridge (3), Sumi Jo (2), and Luciano Pavarotti (2).  
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Chapter 2: Aural Modeling Portion Results – Group A vs. Group B 

(Between Subjects Analysis) 

Given the wide array of acoustic measurements that are possible, an effort was 

made to choose measurements that correlate with perceptual characteristics that are 

valued in the voice studio. The measurements included for this study included basic 

musical elements such as pitch and rhythmic accuracy; elements related to the legato line, 

including vowel and consonant duration and use of vibrato; and elements related to tone 

quality, including the power in the overtone frequency range between 2 and 4.6 kHz.136  

Results were compared before and after completion of listening activities both between 

subjects in Groups A and B (between-subjects analysis) and within the subjects in Group 

A (within subjects analysis).  

ANALYSIS 1: TEXT 1 AURAL MODEL 

Musical Accuracy  

Pitch – Interval Accuracy 

In terms of interval accuracy, Group B (post-listening) performed all intervals 

with greater accuracy than Group A (no listening).  The greatest difference in accuracy 

occurred on the third interval, which was a repetition of the tonic pitch (F natural).  After 

hearing the entire melodic pattern (mi-re-do-do-do)137 modeled only once, approximately 

half of the singers in Group A sang an E natural rather than the repeated tonic pitch for 

the fourth note of the pattern, producing a mi-re-do-ti-do melodic contour.  Thus, 

interestingly, these students seemed to substitute their musical expectation for the leading 

tone’s confirmation of the key rather than repeating what they actually heard.   

                                                 
136 As voice production is a dynamic and interactive phenomenon, vibrato also relates to what is perceived 

as tone quality, and carrying power relates to legato. 
137 See Figure 15 for musical representation of Series 1 Aural Model. 
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After repeated listening to this aural model, however, members of Group B 

showed improved accuracy in their reproduction of the pattern demonstrated in the aural 

model; only 15% of the members of Group B made the same error.  The accuracy of 

participants’ performance of each interval in the melody is shown in Figure 22, below. 

 

Figure 22: Interval Accuracy Results – Series 1 Aural Model 

Rhythmic Accuracy 

With regard to rhythmic accuracy, both groups of singers were consistently 

accurate.   The greatest variation in rhythm occurred on the final note of the melody, 

which was sustained an average of a half-second longer by Group B than Group A.  

However, there does not appear to be any significant change related to listening activity 

in this very basic rhythmic pattern.  The duration of each of the five pitches contained in 

the aural model in seconds is shown in Table 8, below. 
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Female 

Model 

Male 

Model 

Group A 

Average 

Group A 

STDEV 

Group B 

Average 

Group B 

STDEV 

Duration  

Note 1(seconds) 0.9 1.0 0.93 0.10 0.92 0.09 

Duration  

Note 2(seconds) 1.1 1.0 0.98 0.07 0.99 0.08 

Duration  

Note 3(seconds) 1.1 1.1 1.10 0.08 1.13 0.11 

Duration  

Note 4(seconds) 1.1 1.1 1.09 0.12 1.07 0.12 

Duration  

Note 5(seconds) 2.6 2.6 1.66 0.38 2.08 0.37 

Table 8:  Rhythm Results – Between Subjects Comparison 

Musical Accuracy – Statistical Significance 

In order to evaluate whether or not the differences observed in musical accuracy 

are statistically significant, a T-test was performed using the SPSS program.  In an effort 

to avoid obtaining falsely positive results, the accuracy measures for pitch and rhythm 

were calculated, and then combined into a single quantitative value (Overall Accuracy 

Metric or OAM).  The NACC values for Interval and Rhythm, and the Overall Accuracy 

Metric for musical parameters are shown in Table 9, below. 

 
 Group A Group B 

NACCINTERVALS 1.098 0.497 

NACC RHYTHM 1.278 0.868 

Overall Accuracy Metric  1.213 0.669 

Table 9: Normalized Accuracy Results - Pitch and Rhythm.  Lower NACC values are 

closer to those demonstrated by the aural models. 
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An independent samples T-test analysis was performed to evaluate the difference 

in Overall Accuracy Metric values between groups.  The results were determined to be 

statistically significant with a sig. of .007, indicating that Group B (post-listening) 

performed with a greater degree of musical accuracy than Group A (no listening).  

Vowel-to-Consonant Ratio 

 In order to identify any change in the duration of vowel vs. consonant phonemes 

within participants’ audio samples, the duration values (in seconds) of each phoneme as 

measured by the primary investigator in Praat were evaluated.  A ratio of time spent 

articulating vowels vs. consonants, henceforth Vowel-to-Consonant Ratio (RVC), was 

calculated for each audio sample.  For this study, RVC can be defined as the sum of the 

duration of all vowel sounds divided by the sum of the duration of all consonant sounds 

(See Figure 23, below).   Thus, a higher RVC value indicates a larger percent of time spent 

articulating vowels during a sung phrase. 

 

    
  
  

 

Figure 23: Formula Used to Calculate Vowel-to-Consonant Ratio (RVC), where Tv = the 

total time spent articulating vowel sounds; Tc = total time spent articulating 

consonant sounds throughout the vocal task. 

It is useful to note that a high RVC value is generally indicative of the sustained 

vowel sounds characteristic of legato Western lyric singing.  More specifically, however, 

the RVC values in this study were compared to a standard set by the aural model singers.  

To this end, an accuracy value (ACC) for RVC was calculated for each participant, using 

the aural model to which each participant listened (either male or female) as a standard.  
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The process for ACC calculation was identical to that used for pitch and rhythm (See 

Figure 19).  

A comparison of the RVC and ACCRvc values between subject groups yielded a 

difference in favor of Group B (post-listening). For this acoustic measure, the aural 

models set a consistent standard, with the female model singer demonstrating an RVC of 

4.03 and the male singer demonstrating an RVC of 4.46.  Group B, with an average RVC of 

3.69 (stdev. 0.73), demonstrated a higher average RVC value (longer vowels and shorter 

consonants) than Group A, for whom the average RVC was 3.04 (stdev. 0.64). It is notable 

that the difference in mean RVC between the two groups (0.65) is approximately the size 

of one standard deviation138 for this acoustic measure. As 70% of the values of any given 

dataset fall within one standard deviation, a difference larger than one standard deviation 

indicates that the change observed between groups is sizeable and warrants statistical 

analysis.   

In addition, Group B yielded RVC values that were closer to those demonstrated 

by the model singers than Group A.  The ACCRvc mean value for Group B was 0.72.  

This is lower, and therefore more accurate, than the ACCRvc value of 1.17 for Group A.  

These data are contained in Table 10 at the end of this section. 

 A further investigation of RVC was carried out focusing on specific phonemes of 

interest.  For example, diphthongs139 present a particularly challenging element in 

singing.  In Western lyric style, the first vowel sound of each diphthong tends to be 

                                                 
138 Standard deviation is a measure that indicates how widely disbursed data points are from the average 

value for the data set.  A relatively large standard deviation value  indicates a wide range of  values, 

whereas a relatively small standard deviation indicates that a large proportion of values are close to the 

average for a given measurement. 
139 Diphthongs are syllables containing more than one successive vowel sound. 
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elongated in relation to the second.  The values for the [a:I] diphthong on the first syllable 

of this melody were examined in terms of the duration of each vowel sound.140   

The [a:I]  Diphthong 

 A ratio of the duration of the [a] vs. the [I] vowel sounds, henceforth Ratio of 

Vowel1 to Vowel2 (RV1V2), was calculated for both model and participant singers. The 

average values of each group were then compared.  Group B produced a slightly larger 

average RV1V2 value of 2.74 (stdev. 1.25) than Group A, whose average RV1V2 value was 

2.45 (stdev. 1.33).  However, when these results were compared to the values for each 

aural model, the values for Group B demonstrated a greater degree of difference from the 

model values; 1.29 (stdev. 1.08) as opposed to Group A’s 1.05 (stdev. 1.06).   Thus, 

although the members of Group B seemed to articulate their diphthongs in a more 

desirable manner by Western lyric singing standards, they departed from the duration 

values demonstrated by the models to do so.  Additionally, the standard deviation values 

for this measurement were larger than the amount of difference observed between means.  

This indicates that the observed difference in diphthong articulation between groups may 

not demonstrate a clear trend. 

The [vju] Glide 

 The [vj] glide at the beginning of the final syllable (“view”) was also examined in 

detail.   The male and female models again provided a consistent RVC  standard, with 

female and male model singers demonstrating an RVC  of 1.802 and 1.831 respectively.  

Again, Group B showed higher RVC values than Group A.  For this syllable, Group A 

produced an average RVC of 0.72 (stdev 0.49), while Group B produced a higher average 

                                                 
140 Keeping in mind that, as manual duration measurements were conducted, the point at which the vowel 

formants for the [a] sound began to transition towards the [I] sound was marked as the end of the [a] 

duration.   
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RVC of 1.25 (stdev. 0.44).  These data show that members of Group B articulated the [vj] 

glide more quickly before moving to the sustained [u] vowel than their colleagues in 

Group A.  Again, the size of the difference (.53) is greater than the standard deviation 

value, indicating the difference between groups may represent a trend.   

When compared to the aural model RVC values, Group A produced an ACCRvc 

value of 1.10 (stdev. 0.47) while Group B produced a lower ACCRvc value of 0.62 (stdev. 

0.37).  These data indicate that Group B produced RVC values that more closely matched 

those demonstrated by the aural model singers. A summary of the results of RVC and 

ACCRvc analysis for this syllable can also be seen in Table 10, below. 
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RVC 

Full Text 

4.03 4.46 3.04 0.64 3.69 0.73 ACCRvc  

 Full Text 

1.17 0.72 

RVC 

[vju]  

1.81 1.83 0.72 0.49 1.25 0.44 ACCRvc  

[vju] 

1.10 0.62 

RV1V2 

[a:I] 

Diphthong 

1.54 1.67 2.45 1.33 2.74 1.25 ACCRv1v2 

[a:I] 

Diphthong 

1.05 1.29 

Table 10: Vowel-to-Consonant Ratio (RVC) Results for Full Text, [vju] Syllable, and [a:I] 

Diphthong 

Vowel-to-Consonant Ratio – Statistical Significance 

A normalized accuracy value and RVC metric were created for the above data set, 

and a T-test was performed to determine statistical significance using the SPSS software 

program.  The differences between Group A and Group B were determined to be 
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statistically significant with a sig. value of .026, indicating that members of Group B 

demonstrated RVC values significantly closer to those exhibited by the aural model 

singers. 

Vibrato 

Average Vibrato Rate 

As previously discussed, measurements for vibrato rate and extent, as well as the 

degree of regularity for each of those values, were taken for the vowel portion of each 

syllable of the Series 1 aural model.  The analysis of vibrato parameters began with a 

look at average vibrato rate (AVR).  The female aural model exhibited an average vibrato 

rate ranging from 6.05 Hz to 6.84 Hz, and averaging 6.49 Hz across all five vowel 

sounds.  The male aural model exhibited a slightly slower overall vibrato rate, ranging 

from 4.93 Hz to 5.91 Hz between syllables and averaging 5.09 Hz across all five vowel 

sounds.  The fact that these rates are similar to those obtained by researchers mentioned 

in the literature review serves as a verification of the accuracy of these results.141   

With respect to participants’ vibrato rate values, some general trends can be 

observed despite differences between group averages depending on the vowel sound.  For 

example, the minimum values for Group A, which include 0, 2.3, 0, 4.3, and 4.9 for each 

of the five vowel sounds, depart sharply from those demonstrated by the aural models. In 

contrast, the minimum values for Group B, which include 2.49, 0, 4.77, 4.57, and 4.48 for 

the five vowel sounds, bear a closer resemblance to the rates exhibited by the aural 

models.  The maximum values for each group exhibit a similar trend, with Group A 

showing values that are further away from the standard set by the aural models, with 3/5 

                                                 
141 The fact that the female aural model exhibited a slightly faster vibrato rate overall is also in agreement 

with the existing body of research on operatic vibrato rates.   
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vowel sounds showing maximum AVR values above 8 Hz.   In contrast, only 1/5 vowels 

in Group B shows a maximum AVR above 8 Hz. Thus, the data on the range of AVR 

values between groups show that singers in Group B sang with vibrato rates within a 

range closer to the standard set by the aural models. 

A comparison of the mean AVR for the entirety of the melody between groups 

reveals little difference between Group A and Group B, however.  Group A showed a 

mean AVR of 5.81 Hz (stdev. 0.85), while Group B showed a similar mean AVR of 5.90 

Hz (stdev 0.73).  The ACCAVR values were similar as well, at 0.76 and 0.60 for Groups A 

and B, respectively.  These data indicate that overall, no change in vibrato rate was 

observed between non-listening and listening participant groups.  

Despite this overall result, some changes are evident between groups on certain 

syllables.  As seen in Table 11, below, the vowel [i] seems to show little change between 

groups, and the final [u] vowel ACCAVR values may indicate that Group A matched the 

aural models slightly better than Group B.  However, larger changes favoring Group B 

can be observed in the ACCAVR for the [a:I], [I], and [ǝr] sounds.   This seems to indicate 

that while both groups of students were able to handle the less challenging syllables, the 

particular challenges posed by the diphthong, nasal consonant following the [I], and the 

[ǝr] phonemes were handled in a fashion more closely matching the aural models by 

Group B.  Further research that more specifically controls for phoneme groups is 

warranted to investigate changes in vibrato rate. 
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AVR 

[a:I] 6.68 5.17 5.08 2.06 6.16 1.34 
ACCAVR 

[a:I] 1.32 0.90 
AVR 

[i] 6.59 5.17 5.88 1.58 5.39 1.87 
ACCAVR  

[i] 1.40 1.40 
AVR 

[I] 6.84 5.03 5.91 2.41 6.14 0.78 
ACCAVR  

[I] 1.39 0.79 
AVR 

[ǝr] 6.28 5.14 6.46 1.93 6.12 0.75 
ACCAVR 

[ǝr] 1.28 0.69 
AVR 

[u] 6.05 4.93 5.72 0.56 5.67 0.68 
ACCAVR 

[u] 0.67 0.69 
AVR 

All 

Vowels 6.49 5.09 5.81 0.85 5.90 0.73 
ACCAVR  

All Vowels 0.76 0.60 

Table 11: Vibrato Rate Results – Series 1 Text 1 Aural Model 

In addition to the vibrato rate itself, the degree of consistency in the rate across 

the duration of each syllable was evaluated and compared between groups.  This 

measurement, henceforth variation in average vibrato rate (VAVR), was calculated as the 

standard deviation in vibrato rate for the duration of each vowel sound. Although VAVR 

was measured in Hz, for ease of comparison, the VAVR values are expressed here as a 

percent of each participant’s average vibrato rate.   

The female and male aural models exhibited an average VAVR of 14% and 7.5%, 

respectively, across all five vowel sounds.  Again, there was some variation among 

syllables, with the female aural model ranging from approximately 6% to approximately 
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28% VAVR.  The male aural model ranged in VAVR from approximately 2% to 11% 

among syllables.   

Despite these differences among vowel sounds, it can be observed that Group B 

demonstrated less variation with a mean VAVR of 14.64% (stdev. 5.58) than Group A, 

which produced a mean VAVR of 22.40% (stdev 13.52).  Bearing in mind that the lower 

VAVR value indicates a more consistent vibrato rate, these data appear to indicate that 

Group B sang with more a more regular vibrato rate than Group A.  The fact that the 

standard deviation value for Group B (5.58) was more than half as narrow as that for 

Group A (13.52), the members of group B appear to have more reliably demonstrated a 

consistent vibrato rate. 

The accuracy of VAVR values when compared to the aural models (ACCVAVR) 

was substantially different between Groups A and B on four out of five vowel sounds and 

across the melody as a whole.  For example, although the [a:I] vowel combination 

showed relatively similar ACCVAVR values across groups (13.26% for Group A vs. 

14.15% for Group B),  the ACCVAVR values for [i] and [I] vowels were twice as large for 

Group A as those for Group B, observed at 16% vs. 8% for [i] and 12% vs. 6% for [I].  

When differences in rate variation between participants and model values were averaged 

across all vowel sounds, a more accurate match between Group B and the aural models 

emerged.  Group B exhibited a markedly lower (more accurate) mean ACCVAVR value of 

6.08% than Group A, which exhibited a mean ACCVAVR of 13.75%.  Specific values for 

variation in vibrato rate are demonstrated in Table 12, below. 
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VAVR 

[a:I]  10.32 11.27 21.26 18.87 23.93 13.82 
ACCVAVR 

[a:I] 13.26 14.15 
VAVR 

[i] 16.10 8.73 21.14 21.64 12.02 11.49 
ACCVAVR 

[i] 16.15 8.37 
VAVR 

[I] 10.78 9.25 15.74 14.88 10.73 7.48 
ACCVAVR 

[I] 12.10 5.63 
VAVR 

[ǝr] 6.281 5.04 25.58 23.87 13.84 7.63 
ACCVAVR 

[ǝr] 20.38 8.63 
VAVR 

[u] 28.22 2.98 15.74 14.98 10.15 9.59 
ACCVAVR 

[u] 20.67 17.96 
VAVR 

All 

Vowels 14.15 7.49 22.40 13.52 14.64 5.58 
ACCVAVR 

All Vowels 13.75 6.08 

Table 12:  Variation in Vibrato Rate Results – Series 1 Text 1 Aural Model 

Average Vibrato Extent 

Vibrato extent was analyzed in a similar manner, bearing in mind that a “typical” 

vibrato extent in Western lyric singing style is about 1 semitone, or 100 cents.  The 

models demonstrated a range of vibrato between 75 and 121 cents, averaging 86 cents for 

the female aural model singer and 107 cents for the male singer.  Again, these values are 

consistent with the standards observed by researchers in the voice science field, lending 

support to the accuracy of these data. 

Participants’ AVE values appeared to be somewhat larger in Group A, at an 

average of 61 cents (stdev. 30.44), than Group B, with an average of 55 cents (stdev. 

10.01).  However, the wide variation in standard deviation values between groups 

prevents firm conclusions being drawn from the mean AVE data.   
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A comparison of the accuracy values between groups reveals that on every 

syllable, Group B values more accurately matched the vibrato extents demonstrated by 

the aural models.   Bearing in mind that a lower ACCAVE value demonstrates a vibrato 

extent that more closely matched the the aural model, the mean ACCAVE for Group B, at 

10.49 cents, is four times as accurate as the mean ACCAVE value for Group A, 41.05 

cents.  These data appear to indicate that in terms of vibrato extent, a clear contrast 

between listening and non-listening groups exists. 
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AVE 

[a:I] 75.19 130.99 86.32 65.79 75.89 32.05 
ACCAVE 

[a:I] 39.71 28.30 
AVE 

 [i] 77.63 95.02 56.92 23.44 64.10 32.52 
ACCAVE  

[i] 37.74 21.07 
AVE 

 [I] 82.49 121.44 52.74 45.21 67.90 28.65 
ACCAVE  

[I] 58.14 27.83 
AVE 

[ǝr] 101.13 101.17 82.42 119.46 70.18 23.08 
ACCAVE 

[ǝr] 71.32 17.27 
VAVE 

[u] 93.70 88.25 65.88 34.58 76.56 31.36 
ACCAVE  

[u] 36.99 19.29 
AVE 

All 

Vowels 86.03 107.37 61.24 30.44 54.86 10.01 
ACCAVE 

All Vowels 41.05 10.49 

Table 13: Vibrato Extent Results – Series 1 Text 1 Aural Model 

Finally, the variation in average vibrato extent (VAVE) for each vowel sound was 

evaluated in order to measure the AVE regularity.  Identical in derivation to the VAVR, 

the VAVE is a measure of the standard deviation in vibrato extent for the duration of 

each vowel sound.  Also in the same fashion as the VAVR measurement, VAVE values 
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here are expressed as a percent of the AVE rather than in their actual unit of measure 

(cents).   However, the ACCVAVE measurement is shown as measured in cents. 

 An examination of the VAVE paints a mixed picture, both within the models and 

across groups.  Both models showed a wide range of variation in vibrato extent between 

different syllables, with the female aural model ranging from 28% variation on the [u] 

vowel to 52% on the [i] vowel.  The male aural model showed a high of 30% variation in 

vibrato extent on the [a:I] diphthong and a low of 9% variation in vibrato extent on the [I] 

vowel.  Musically speaking, one cent represents only 1/100 of a half step.  Thus, a 

variation of 50 cents would register aurally as a quarter-tone variation in pitch.  As the 

unit of measure is quite precise, and there is a notable level of variation within the 

standard set by the model singers, it is reasonable to expect a fair degree of variation 

among participants as well. 

Unsurprisingly, then, the results of the VAVE analysis yield mixed results when 

Groups A and B are compared.  The average VAVE values for both groups are close to 

the range of values demonstrated by the aural models.   Group B shows a slightly lower 

mean VAVE value (more consistent vibrato extent) at 38.7% (stdev. 18.71) than Group 

A, with a mean VAVE of 43.06% (stdev. 19.08).  However, the difference between 

groups is far smaller than the standard deviation values for VAVE. 

When the accuracy results are evaluated for each group, bearing in mind that 

lower accuracy scores indicate a closer match to the aural model values, Group B shows 

more accurate ACCVAVE results with an average of 8.48%. The Group B mean ACCVAVE 

is approximately half the value of Group A’s mean ACCVAVE of 14.22%.  However, the 

6.8% difference between ACCVAVE values is smaller than the difference between male 

and female aural model singers (22%).  Thus, the data on VAVE appear to be 

inconclusive. 
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VAVE 

[a:I] 41.28 30.29 46.50 28.30 45.42 12.49 
ACCVAVE 

[a:I] 15.85 14.00 
VAVE 

[i] 52.67 15.03 49.07 24.20 36.17 14.88 
ACCVAVE  

[i] 15.42 15.64 
VAVE 

[I] 31.40 9.00 47.77 40.28 35.50 23.62 
ACCVAVE 

[I] 14.07 13.29 
VAVE 

[ǝr] 40.67 33.72 54.07 36.93 39.15 12.21 
ACCVAVE 

[ǝr] 55.56 13.06 
VAVE 

[u] 27.67 13.39 31.24 21.94 37.18 36.87 
ACCVAVE 

[u] 11.52 22.48 
VAVE 

All 

Vowels 42.74 20.58 43.06 19.08 38.70 18.71 
ACCVAVE 

All Vowels 14.22 8.48 

Table 14: Variation in Vibrato Extent Results – Series 1 Text 1 Aural Model 

Vibrato -  Statistical Significance 

In order to determine whether the trends in vibrato rate, variation in rate, extent, 

and variation in extent observed independently above hold statistical significance, the 

values for each parameter were combined into a Vibrato Accuracy Metric in process 

identical to that employed for the Musical Accuracy Metric and the Vowel-to-Consonant 

Ratio Accuracy Metric.  The Vibrato Accuracy Metric was calculated by averaging the 

NACC values for all four parameters. Table 15, below, shows the Normalized Accuracy 

value for each parameter as well as the Overall Vibrato Accuracy Metric for each group.   
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Value Group A Group B 

NACCAVR 0.971 0.765 

NACCVAVR 1.209 0.574 

NACCAVE 1.779 1.711 

NACCVAVE 0.711 0.422 

Vibrato Accuracy Metric 1.168 0.868 

Table 15: Accuracy Results – Vibrato – Series 1 Text 1 Aural Model 

A T-test statistical analysis of the Vibrato Accuracy Metric revealed that the 

differences between Group A (no listening) and Group B (post listening) shown above 

are not statistically significant (sig. 0.093).   

Power Ratio 

The final parameter measured in this portion of the study was the Modified 

Singing Power Ratio (MSPR).  This acoustic measure correlates with the typical balance 

of high and low partials that has been observed in Western lyric singing style.  The 

MSPR is calculated as the ratio between the power of frequency components between 2-

4.6 kHz and the frequency components between 0-2 kHz within a single tone. For the 

purposes of this discussion, “high” or “upper” partials will refer to frequency components 

above the 2 kHz boundary and “low” or “lower” partials will refer to frequency 

components below 2 kHz.  

Interestingly, the MSPR values were negative for all singers.  This indicates that 

the power of the fundamental frequency and vowel formants, which fall within the 0-2 
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kHz range, is invariably stronger than the power of the singer’s formant and other 

components related to carrying power, which fall between 2 and 4.6 kHz.   

However, the professional singers serving as aural models showed a significantly 

higher MSPR values, indicating stronger overtones above the 2 kHz boundary.  The male 

aural model had an average MSPR of -8.89 dB across all vowels, while the female aural 

model showed an average MSPR of -9.61 dB across all vowel sounds.  The 

undergraduate level participants, by contrast, showed means hovering around -16 dB for 

both Group A and Group B across all vowels.  These data demonstrate that the student 

participants on the whole produced sung tones with weaker partials above the 2 kHz 

boundary than the professional operatic singers who served as the aural models.  

A notable exception to this trend occurs on the [u] vowel, when the aural model 

values show a smaller difference between high and low partials while the participants’ 

average values show a larger difference.  This indicates that the participants’ tones 

included stronger upper partials while the aural model singers had attenuated these upper 

partials, concentrating the power more clearly in the F0, F1 and F2 frequency ranges.  

These data show evidence of the “formant tuning” principle, by which trained Western 

lyric style singers boost certain formants and attenuate others in order to produce vowel 

shapes that resonate efficiently. 

A look at the mean MSPR values for all five vowels combined confirmed the 

differences described above between aural models and participants as a whole, as the 

MSPR values for the models were twice as high as those for participants.  However, the 

MSPR values showed little difference when listening and non-listening participant groups 

were compared.  For example, the mean MSPR for Group A was -16.46 dB (stdev. 5.67), 

and the mean MSPR for Group B was similar at -16.93 dB (stdev. 3.85).  The data from 

the ACCMSPR measurements revealed very similar levels of accuracy between Groups A 
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and B on every vowel and across the total duration of the sample.  Results of the MSPR 

analysis can be seen in Table 16, below. 
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MSPR 

[a:I] -9.16 -11.69 -16.03 5.13 -16.76 3.73 
ACCMSPR 

[a:I] 6.78 6.62 
MSPR 

[i] -7.17 -1.72 -11.64 6.44 -12.68 5.06 ACCMSPR [i] 7.12 7.62 
MSPR 

[I] -6.88 -5.18 -11.06 6.07 -11.27 4.80 ACCMSPR [I] 5.48 5.17 
MSPR 

[ǝr] -8.68 -8.43 -15.79 6.08 -16.04 4.80 
ACCMSPR 

[ǝr] 7.78 7.46 
MSPR 

[u] -16.17 -17.43 -27.77 8.28 -27.89 6.59 
ACCMSPR 

[u] 12.45 11.83 
MSPR 

All 

Vowels -9.61 -8.89 -16.46 5.67 -16.93 3.85 
ACCMSPR 

All Vowels 7.63 7.60 

Table 16: Modified Singing Power Ratio Results – Series 1 Text 1 Aural Model 

Power Ratio – Statistical Significance 

A T-test to evaluate the statistical significance of any differences in MSPR was 

run.  This analysis revealed that no significant differences in MSPR were observed 

between groups, with a sig. of 0.984.  These data confirm what the above table appears to 

indicate; that the MSPR did not change as a result of listening to the aural models. 

Overall Statistical Significance 

In order to investigate whether the participants’ singing more closely matched the 

values of the aural models overall after listening, the metrics for each parameter were 
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combined into an Overall Accuracy Metric, and a final T-test analysis was performed.  

Table 17, below, shows a summary of the Metrics for each acoustic parameter, as well as 

the Overall Accuracy Metric. 

 

Metric Group A Group B Significance 

Musical Accuracy Metric  1.213 0.669 Yes (Sig. 0.007) 

Vowel-to-Consonant Ratio Metric 1.779 1.711 Yes (Sig. 0.026) 

Vibrato Accuracy Metric 1.168 0.868 No (Sig. 0.093) 

Modified Singing Power Ratio Metric 1.569 1.564 No (Sig. 0.984) 

Overall Accuracy Metric 1.381 0.970 Yes (Sig. 0.009) 

Table 17: Statistical Significance of Overall Accuracy Results - Between Subjects 

Analysis 

The statistical analysis of the Overall Accuracy Metric revealed that the 

difference between Group A and Group B was statistically significant, with a sig. value 

of .009.  Thus, when all acoustic parameters are taken into consideration, the observation 

that Group B (post-listening) showed greater accuracy in comparison to the acoustic 

profile of the aural models is statistically significant.    

ANALYSIS 2: SERIES 1 MESSA DI VOCE AURAL MODEL 

As discussed in the methodology chapter above, all participants in the “advanced” 

singing experience level category were asked to sing a messa di voce vocal exercise in 

addition to the melody with text.  While the texted melody was designed to be within the 

technical capabilities of even the most novice singers, the purpose of this exercise was to 

present more experienced singers with a task that would be technically challenging, in 
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order to observe the effect of aural modeling as the participants performed a vocal task 

that stretched their technical abilities. 

A successful performance of a messa di voce vocal exercise involves skilled 

management of breath flow, consistent use of vibrato, the ability to organize the 

crescendo and decrescendo phases of the exercise into relatively equal durations without 

hearing the structure of a regular beat pattern, and the ability to increase and then 

decrease overtones (especially those above 2 kHz).  Physiologically, this involves a 

gradual shortening and lengthening of the vocal folds in coordination with a simultaneous 

change in the speed of air flow.  

At the undergraduate level, it is unlikely that messa di voce vocal exercises are a 

regular part of the participants’ practice routines.  It is also likely that, if the students 

participating in this study have performed messa di voce exercises, they do not yet 

possess a full understanding of the mechanics that underlie successful execution of this 

vocal task. Although the texted melody discussed previously had never been performed 

by participants, its vocal demands fell well within the set of technical tools these students 

already possess. In contrast, the messa di voce challenged students to explore new 

technical territory in response to an aural model without verbal explanations of vocal 

technique. 

Duration 

One important aspect of a messa di voce is the ability to manage the crescendo 

and decrescendo durations so that an even pp < f > p dynamic change occurs.  To this 

end, a measurement of the duration of each phase of the messa di voce was made for each 

participant, and these values were compared to the values demonstrated by the aural 

model singers.  As four different models (one for each voice type) were employed in this 
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part of the study, the duration values used as a standard show a higher degree of variation 

than those used in the analysis of the texted melody. However, each participant’s audio 

samples were compared to the aural model to which they listened. 

 Models ranged in total messa di voce duration from 6 to 8.3 seconds.  Group 

averages among participants for total duration showed little variation: Group A held the 

messa di voce for an average of 6.3 seconds (stdev 1.06), and Group B held the same 

exercise for an average of 6.2 seconds (stdev. 1.22).   

When the ratio of crescendo to decrescendo phase durations (RCD) was examined 

to evaluate the durational evenness of the messa di voce, again, little difference between 

groups was noted.  Group A produced an average RCD of .826 sec and Group B exhibited 

an RCD of .866.  The accuracy values as compared to the aural models for both groups 

were also quite similar, as Table 18 demonstrates, below. 
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Duration Cresc. 

Phase (seconds) 4.1 2.6 2.5 5.0 2.731 0.966 2.696 0.756 

Dur. Decresc. Phase 

(seconds) 4.3 3.5 3.4 3.3 3.578 0.912 3.432 1.017 

Duration Total 

(seconds) 8.5 6.1 6.0 8.3 6.309 1.064 6.129 1.217 

Ratio Cresc. to 

Decresc. Phases (RCD) 0.959 0.738 0.738 1.485 0.826 0.392 0.866 0.404 

ACCRCD     0.341  0.345  

Table 18: Duration Results – Messa di voce 
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Vibrato 

The four vibrato parameters (rate, variation in rate, extent, variation in extent) 

were examined for both crescendo and decrescendo phases of the exercise.  With respect 

to rate, the results were similar to those obtained for the texted melody. Group A 

exhibited an AVR of 5.48 Hz (stdev. 0.69), and Group B exhibited a mean AVR of 5.66 

Hz (stdev. 0.83).  These values were similarly accurate to those demonstrated by the aural 

models, yielding ACCAVR measures of 0.59 for Group A and 0.58 for Group B.   

Due to the fact that the messa di voce involves a sustained tone on a single vowel, 

the variation measurements were more consistent for this musical material than for the 

texted melody. 142  Another factor that likely contributed to the higher degree of regularity 

in rate is the fact that this population included only advanced singers.  Again, little 

difference between groups was noted, as the Group A mean ACCVAVR of 0.61 Hz (stdev. 

0.93) is only slightly higher than the ACCVAVR mean value for Group B, 0.55 Hz (stdev. 

1.02). 

In terms of vibrato extent, the four aural models demonstrated a wide range of 

values.  The soprano aural model demonstrated an AVE of 595 cents (approximately 6 

semitones) during her crescendo phase, while the mezzo aural model produced an AVE 

of 37 cents (approximately a quarter tone). A similar range in AVE was produced by the 

aural model singers during the decrescendo phase. Thus, the data gathered from 

participants in this category must be viewed with a similarly wide margin of acceptable 

variation. 

The discrepancy among aural models is mitigated, however, by the fact that each 

participant’s values were compared to the aural model to which they listened, and these 

                                                 
142 This factor also indicates that the messa di voce samples include a larger number of zero crossings, 

further increasing the level of accuracy in their analysis. 



 120 

accuracy measurements were used to compare data between groups.  For both crescendo 

and decrescendo phases, Group B demonstrated a greater degree of accuracy to the aural 

model values than Group A in terms of both AVE and VAVE. It is worth noting that the 

standard deviation of the extent parameters during both phases are lower for Group B 

than Group A.  This indicates that the mean values for Group B are more reliable than 

those for Group A. These values, along with the rest of the vibrato analysis results for the 

messa di voce exercise, can be seen in Table 19, below.
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 AVR  

(Hz) 5.39 5.58 6.03 4.88 5.48 0.69 5.66 0.83 
ACCAVR 

(Hz) 0.59 0.58 
VAVR 

(Hz) 0.72 0.68 1.74 0.63 1.37 0.93 1.10 1.02 
ACCVAVR 

(Hz) 0.61 0.55 

AVE 

(Cents) 595.84 64.16 37.44 63.26 53.53 39.10 49.89 21.31 
ACCAVE 

(Cents) 293.78 261.06 
VAVE  

(Cents) 48.41 17.87 13.52 29.36 34.06 56.39 19.04 4.84 
ACCVAVE  

(Cents) 39.21 25.35 
             

D
ec

re
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d

o
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h
a
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 AVR  

(Hz) 5.15 5.53 6.10 5.12 5.74 0.91 5.61 0.71 
ACCAVR 

(Hz) 0.826 0.51 

VAVR 

(Hz) 1.89 0.28 1.20 0.62 1.22 1.60 0.77 0.69 
ACCVAVR 

(Hz) 1.112 0.77 

AVE 

(Cents) 367.7 61.75 35.43 53.51 53.36 40.43 48.05 20.38 
ACCAVE 

(Cents) 170.62 153.13 

VAVE  

(Cents) 340.71 13.81 25.10 15.92 28.67 49.99 19.30 17.71 
ACCVAVE  

(Cents) 162.82 158.66 

Table 19: Vibrato Results – Messa di voce  
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Vibrato – Statistical Significance 

 In order to evaluate the statistical significance of the vibrato measurements, 

accuracy values were normalized and averaged together to form a single vibrato metric. 

The results of this process are shown in Table 20, below. 

 

 Group A Group B 

C
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d
o
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h
a
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NACCAVR  0.787 0.772 

NACCVAVR  0.632 0.564 

NACCAVE  9.478 8.422 

NACCVAVE  0.979 0.633 

D
ec

r
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n

d
o
 

P
h

a
se

 

NACCAVR  1.029 0.639 

NACCVAVR  0.901 0.622 

NACCAVE  5.404 4.840 

NACCVAVE  4.382 4.270 

Vibrato Accuracy Metric 2.949 2.597 

Table 20: Normalized Accuracy Results – Vibrato - Messa di voce 

 A T-test was performed, and the results revealed that the observed difference in 

overall vibrato accuracy between groups was not statistically significant (sig. 0.678).  

 Power Ratio 

The main component of the messa di voce musical gesture is a gradual change in 

dynamic level.  For this reason, both the MSPR and its rate of change (ROC) were 

evaluated.  A more specifically targeted analysis of the ROC of the power in three 
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different frequency ranges (full 0-22 kHz, 0-2 kHz, and 2-4.6 kHz) was also conducted in 

an effort to fully evaluate all acoustic components of the messa di voce vocal gesture. 

These data show that although the messa di voce corresponds to a gradual 

increase in power followed by a gradual decrease in power, the rate of change is 

approximately twice as fast in the 2-4.6 kHz frequency range as it is in 0-2 kHz 

frequency range.  For example, the soprano aural model demonstrated a ROC of 5 dB/s in 

the 0-2 kHz range during the crescendo phase of her messa di voce.  However, in the 2-

4.6 kHz range, her ROC was 9.82.  These values combined to produce an overall ROC in 

the MSPR of 4.81.  The values for the other three model singers are similar in proportion 

during the crescendo phase.  In addition, the four aural models also showed fairly 

consistent ROC values during the crescendo phase when compared to each other. For 

example, the aural model values for ROC of the MSPR ranged from 3.34 to 5.26 dB/s.143  

These values set a consistent standard from which to depart in evaluation of participants’ 

power measurements.  

During the decrescendo phase, the same relationship between ROC in 0-2 kHz 

and 2-4.6 kHz frequency ranges was observed.  The soprano aural model, for example, 

showed a ROC of -4.52 in the 0-2 kHz frequency range and a ROC of -9.04 in the 2-4.6 

kHz range.  However, the ROC values among the four models were somewhat less 

consistent than during the crescendo phase, ranging from -4.52 to -10.52 during the 

decrescendo.  Thus, the data obtained for the decrescendo phase must be viewed with a 

wider lens. 

A comparison of the data gathered from participants’ messa di voce exercises 

shows that both groups showed a similar relationship between the ROC in 0-2 kHz and 2-

                                                 
143 Although not directly related to the main premise of this study, it is interesting that the tenor aural 

model showed a positive MSPR value, indicating that his 2-4.6 frequency band power was higher than the 

0-2 kHz frequency band power.  None of the other aural model singers exhibited a positive ratio value. 
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4.6 kHz frequency ranges.  During the crescendo phase, the average ROC from 0-2 kHz 

was 5.00 dB/s (stdev.3.69) for Group A and 5.41 dB/s for Group B (stdev. 2.44).  During 

the same phase, the average ROC from 2-4.6 kHz was 9.91 dB/s for Group A (stdev. 

6.67) and 9.04 dB/s from Group B (stdev. 3.33).  Although they show little difference 

between participant groups beyond the fact that Group B shows a smaller standard 

deviation values, these data confirm that participants were producing acoustic results 

consistent with the messa di voce musical gesture with a good degree of overall success. 

The accuracy measurements for the crescendo phase, however, show that Group 

B demonstrated a greater degree of accuracy in ROC of MSPR.  With a mean 

ACCROCMSPR value of 2.01, Group B matched the ROC MSPR values of the aural models 

far more closely than Group A, which showed a mean ACCROCMSPR value of 3.80.    

Interestingly, when the frequency ranges are examined individually, the change in 

2-4.6 kHz frequency components emerges as the determining factor in the ACC value.  

For example, Group A produced a slightly more accurate mean ACCROC in the 0-2 kHz 

frequency range (2.44 as compared to 2.78 for Group B).  However, in the 2-4.6 kHz 

range, the Group B average accuracy of 4.09 was notably lower (more accurate) than the 

Group A mean of 5.68.  The greater overall accuracy in the ROC MSPR was achieved by 

Group B through adjustments in the 2-4.6 kHz frequency component range. 

During the decrescendo phase, the 2-4.6 kHz range values are also the deciding 

factor.  However, the ACC results during this phase appear to point in the opposite 

direction.  Both groups showed ROC relationship between 0-2 kHz and 2-4.6 kHz 

frequency ranges similar to those above.  Namely, the average ROC value between 2-4.6 

kHz was approximately twice as large as the average ROC value between 0-2 kHz.  

However, Group A demonstrated slightly greater accuracy in the 2-4.6 kHz range, with a 

lower ACCROCMSPR value of 2.80 as compared to Group B’s somewhat less accurate 
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value of 2.39.  Thus, these data indicate that Group A (no listening) demonstrated slightly 

greater accuracy in ROC of power components during the decrescendo phase.   

In summary, the acoustic power analysis revealed that Group B demonstrated 

greater accuracy during the crescendo phase of the messa di voce, but Group A 

demonstrated greater accuracy during the decrescendo phase.  It should be noted, 

however, that standard deviation values during the decrescendo phase were less 

consistent between groups than during the crescendo phase.  Therefore, the results of the 

crescendo phase are more telling. The values of the power measurements can be seen in 

Tables 21 and 22, below.



 126 

 

 

Value S
o
p

ra
n

o
 

M
o
d

el
 

M
ez

zo
  

M
o
d

el
 

T
en

o
r 

 

M
o
d

el
 

B
a
r
it

o
n

e 

M
o
d

el
 

M
ea

n
 G

ro
u

p
 

A
 (

H
z)

 

S
T

D
E

V
 

G
ro

u
p

 A
 

M
ea

n
 G

ro
u

p
 

B
 (

H
z)

 

S
T

D
E

V
 

G
ro

u
p

 B
 

Accuracy  M
ea

n
 G

ro
u

p
 

A
 (

H
z)

 

M
ea

n
 G

ro
u

p
 

B
 (

H
z)

 

C
re

sc
en

d
o
 P

h
a
se

 

ROC – Full 

Band 0-22 kHz 

(dB/s) 5.03 7.91 8.72 4.80 5.44 4.02 5.48 2.44 
ACCROC 

0-22 kHz 2.53 2.96 
R

2
 ROC Full 

Band 0.13 0.21 0.13 0.11 0.28 0.19 0.18 0.12    

ROC  

0-2 kHz (dB/s) 5.00 7.78 7.25 4.68 5.00 3.69 5.41 2.44 
ACCROC 

0-2 kHz 2.44 2.78 
R

2
 ROC  

0-2 kHz 0.13 0.22 0.35 0.12 0.30 0.19 0.18 0.12    
ROC  

2-4.6 kHz (dB/s) 9.82 13.04 10.60 8.02 9.91 6.67 9.04 3.33 
ACCROC 

2-4.6 kHz 5.68 4.09 
R

2
 ROC 

2-4.6 kHz 0.07 0.20 0.23 0.06 0.33 0.27 0.27 0.16    

MSPR (dB) -23.67 -14.45 8.56 -14.05 -15.49 5.23 -19.26 4.51 ACCMSPR 6.27 5.23 

ROC MSPR 

(dB/s) 4.81 5.26 3.35 3.34 4.91 4.59 3.63 1.96 
ACCROC 

MSPR 3.80 2.01 

R
2
 ROC MSPR  0.28 0.40 0.86 0.25 0.48 0.34 0.57 0.29    

Table 21: Carrying Power Results – Messa di voce – Crescendo Phase 
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ROC – Full 

Band 0-22 kHz 

(dB/s) -4.53 -5.98 -7.76 -11.92 -5.04 2.09 -5.71 3.63 
ACCROC 

0-22 kHz 2.75 2.00 
R

2
 ROC Full 

Band 0.29 0.20 0.09 0.08 0.16 0.13 0.13 0.14    

ROC  

0-2 kHz (dB/s) -4.52 -5.91 -5.14 -11.76 -4.79 1.90 -5.66 3.59 
ACCROC 

0-2 kHz 2.58 1.99 

R
2
 ROC 

0-2 kHz 0.29 0.21 0.26 0.08 0.16 0.14 0.14 0.15    

ROC  

2-4.6 kHz 

(dB/s) -9.04 -12.92 -15.57 -18.66 -9.58 4.31 -10.29 6.55 
ACCROC 

2-4.6 kHz 

3.92 
 

4.58 
 

R
2
 ROC 

2-4.6 kHz 

(dB/s) 0.26 0.06 0.07 0.04 0.18 0.10 0.19 0.14    

MSPR (dB) -30.68 -20.33 -5.69 -16.91 -17.14 5.74 -21.10 4.54    

ROC MSPR 

(dB/s) -4.52 -7.01 -10.42 -6.90 -4.78 2.87 -4.64 3.39 
ACCROC 

MSPR 

2.39 
 

2.80 
 

R
2
 ROC MSPR 0.39 0.21 0.14 0.19 0.38 0.26 0.42 0.24    

Table 22: Carrying Power Results – Messa di voce – Decrescendo Phase 
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Overall Statistical Significance 

In order to evaluate the statistical significance of these results, the values from 

each parameter were normalized and then averaged to create a single metric (Table 23).  

 

 Group A Group B 

NACCRCD 0.870 0.880 

Vibrato Accuracy Metric 2.949 2.597 

Power Accuracy Metric 0.925 0.739 

Overall Accuracy Metric 1.581 1.405 

Table 23: Normalized Accuracy Metrics - Messa di voce 

As the number of advanced participants performing the messa di voce exercise 

was smaller (N=30) than the sample size of the groups performing the texted melodies, a 

single T-test analysis of the Overall Accuracy Metric was performed in order to provide 

the greatest degree of accuracy in the results.144  This analysis reveal that the difference 

between the overall accuracy of Group A and B, as quantified by this study, was not 

statistically significant on the messa di voce exercise (sig. 0.527). 

  

                                                 
144 Performing multiple T-tests on the same study population increases the experimental margin of error, 

especially when working with a relative small sample size.  
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Chapter 3: Aural Modeling Portion Results - Group A Before and After 

Listening (Within Subjects Analysis) 

SERIES 1 AURAL MODEL (TEXT 1) VS. SERIES 2 AURAL MODEL (TEXT 2) 

In order to observe the effects of repeated exposure to an aural model on the same 

group of subjects, the audio samples from Group A discussed above were compared to a 

second set of audio samples sung by the same participants.  The second group of audio 

samples from Group A was obtained after these participants listened to the Series 2 Aural 

model following the same protocol used by Group B with the Series 1 aural models.  

Thus, the data examined below represent the performances of Group A participants 

(N=20) before and after listening activities. 

Musical Accuracy 

Beginning with pitch accuracy, the post-listening results showed an average of 

3.41 (stdev. 1.000) correct intervals for the post-listening samples.  This value, when 

compared to the average of 2.65 (stdev. 0.961) correct intervals for the pre-listening 

sample, shows a greater level of pitch accuracy in the post-listening samples.  With 

regard to rhythm, the participants showed a high degree of accuracy overall.  However, 

the post-listening samples appear to be more accurate.  Bearing in mind that lower 

accuracy scores represent a closer match to the aural model values, the post-listening 

audio samples demonstrated a mean rhythmic accuracy of 1.024 as compared to the pre-

listening samples, which demonstrated a mean rhythmic accuracy of 1.278 across the 

duration of the melodic material. 
 

 
 

 

 The pre- and post- listening accuracy scores for intervals and rhythmic duration 

were averaged to create a single Overall Musical Accuracy Metric, which shows that the 
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accuracy values for post-listening samples (1.024) were lower than those of the pre-

listening sample (1.213).  A comparison of these values can be seen in Table 24, below. 

 

Value 

Mean 

Pre- Listening 

Mean  

Post -Listening 

Interval Accuracy Metric 1.098 0.826 

Rhythmic Accuracy Metric 1.278 1.024 

Overall Musical Accuracy Metric 1.213 0.925 

Table 24: Musical Accuracy Results – Series 2 Aural Model  

Musical Accuracy – Statistical Significance 

Despite the practical improvement post-listening evidenced by the lower accuracy 

metric values (closer to the model values) for all measured parameters, a paired samples 

T-test analysis of the musical accuracy results revealed that the difference between pre- 

and post listening audio samples for musical accuracy was not statistically significant 

(sig. 0.171).   

Vowel-to-Consonant Ratio 

As the two melodies performed by participants did not include identical vowel 

and consonant content, it is most useful to compare the accuracy of participants pre- and 

post-listening RVC as compared to the aural models singing the same text than to examine 

the difference in the RVC values themselves.  In this test, the pre-listening RVC values 

show a more accurate (lower) ACCRvc level, at 1.56 than the post-listening ACCRvc value 

of 1.67.   
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Because of the difference in the duration of the syllable containing the [ju] 

glide,145 an accurate comparison of pre- and post- listening results for that 

consonant/vowel combination was not possible.  However, both Series 1 and Series 2 

aural models contained a diphthong [a:I] on the first syllable, and the syllable durations 

were approximately equal at 1 second each.  Therefore, the RV1V2 values for the [a:I] 

diphthongs were compared between pre- and post- listening samples. 

The aural models showed excellent consistency in their articulation of the [a:I] 

diphthong.  The RV1V2 for the female model was 1.54 for the [a:I] diphthong in Series 1 

and 1.42 for the same phoneme combination in Series 2.  The RV1V2 for the male aural 

model for the same diphthong was 1.67 for Series 1 and 1.67 for Series 2.   

Interestingly, a comparison of participants’ RV1V2 values between Series 1 (pre-

listening) and Series 2 (post-listening) diphthongs reveal that the post-listening value of 

2.24 (stdev. 0.94) is closer to the model values than the pre-listening RV1V2 value of 2.45 

(stdev. 1.33).146  Accuracy measurements comparing participants’ RV1V2 values to those 

of the aural model singers confirm the above observation.  The mean ACCRv1v2 for the 

post-listening group was lower at 0.908 than the mean ACCRv1v2 for the pre-listening 

group, at 1.047. However, a paired samples T-test revealed that these differences were 

not statistically significant, with a sig. value of 0.945. 

Vibrato 

Average Vibrato Rate 

As seen in Table 25, vibrato rates between Series 1 and Series 2 audio samples 

remained fairly consistent, both among aural model singers and participants.  Female and 

                                                 
145 Approx. 2 seconds in the Text 1 aural model and approx. 1 second in Text 2 aural model. 
146 Also of interest is the fact that the participants’ values show a longer duration of time articulating the 

[a] sound than the model singers.  
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male aural models showed Series 1/Series 2 average vibrato rates of 6.49/6.57 Hz and 

5.09/5.23 Hz, respectively.  Participants averaged 5.81 Hz in Series 1 and 5.79 Hz in 

Series 2.  The variation in average vibrato rate was somewhat larger for the aural model 

singers.  The female aural model singer showed a 14.15% VAVR in Series 1 and a 

17.57% VAVR in Series 2.  The male aural model showed a 7.49% Series 1 VAVR and 

an 11.25% VAVR in Series 2.  Participants’ VAVR was quite consistent pre- and post-

listening, with a VAVR of 22.40% pre-listening and 23.10% post-listening.  Vibrato rate 

results can be observed in Table 25, below. 
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AVR (Hz) [a:I] 6.68 5.17 5.08 2.06 
AVR 

(Hz) [a:I] 6.46 5.36 5.08 2.10 
AVR 

(Hz)  [i] 6.59 5.17 5.88 1.58 
AVR 

(Hz)  [E] 7.19 5.25 5.87 2.11 
AVR 

(Hz)  [I] 6.84 5.03 5.91 2.41 
AVR 

(Hz)  [u] 6.60 4.93 6.88 3.50 

AVR  

(Hz)  [ǝr] 6.28 5.14 6.46 1.93 
AVR  

(Hz)  [ei] 6.47 5.21 5.35 1.72 

AVR (Hz)  [u] 6.05 4.93 5.72 0.56 
AVR 

(Hz)  [o] 6.13 5.40 5.76 0.78 

AVR All 6.49 5.09 5.81 0.85 AVR All 6.57 5.23 5.79 0.69 
VAVR (% 

AVR) All 14.15 7.49 22.40 13.52 
VAVR 

(% AVR) All 17.57 11.25 23.10 15.17 

Table 25: Vibrato Rate Results – Series 2 Aural Model 

When the accuracy of the above rate results is compared, only slight changes 

between pre- and post-listening audio samples can be observed.  For example, 

participants’ pre-listening ACCAVR is 0.76 Hz, as compared to a post-listening ACCAVR 
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of 0.64 Hz.  The values for ACCVAVR pre- and post-listening were 13.75% and 12.68%, 

respectively.  These data seemed to indicate a slight improvement in accuracy of vibrato 

rate post-listening.  However, statistical analysis was required to confirm the validity of 

the possible trend toward improvement.  Table 26, below, shows the accuracy results for 

vibrato rate and variation in vibrato rate. 

 

Measure Vowel 

Mean  Series 1 

Pre-Listening Vowel 

Mean Series 2 

Post-Listening 

ACCAVR (Hz) [a:I] 1.32 [a:I] 1.36 

ACCAVR (Hz) [i] 1.40 [E] 1.40 

ACCAVR (Hz) [I] 1.39 [u] 1.60 

ACCAVR (Hz) [ǝr] 1.28 [ei] 1.22 

ACCAVR (Hz) [u] 0.67 [o] 0.52 

ACCAVR (Hz) All 0.76 All 0.64 

ACCVAVR (% AVR) All 13.75 All 12.68 

Table 26: Vibrato Rate Accuracy Results – Series 2 Aural Model 

Average Vibrato Extent 

Similarly, the study data for vibrato extent reveal small changes between pre- and 

post-listening groups that appear to indicate an improvement in accuracy of vibrato extent 

post-listening.  The aural models sang the entirety of the Series 2 audio sample with a 

generally smaller AVE, at 62.07 cents (female) and 73.65 cents (male).  The model AVE 

values for Series 1 were wider, at 86.02 cents (female) and 107.37 cents (male) across all 

vowels.  On the other hand, participants widened their mean AVE post-listening, 

demonstrating a mean AVE of 71.33 cents post- listening as compared to a mean AVE of 

61.24 cents pre-listening.   

In terms of variation in vibrato extent, while each aural model exhibited very 

similar VAVE values between the two audio samples, participants’ VAVE decreased 

post- listening.  Participants VAVE in Series 1 was an average of 43.06%, while their 
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Series 2 samples showed a smaller average VAVE of 34.80%.  Thus, participants showed 

greater consistency of AVE in the post-listening audio samples.   These data can be seen 

in Table 27, below. 
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AVE 

(Cents) [a:I] 75.19 130.99 86.32 65.79 
AVE 

(Cents) [a:I] 61.69 72.16 90.95 53.72 

AVE 

(Cents) [i] 77.63 95.02 56.92 23.44 
AVE 

(Cents) [E] 62.89 80.08 96.28 180.85 

AVE 

(Cents) [I] 82.49 121.44 52.74 45.21 
AVE 

(Cents) [u] 56.68 77.60 56.61 25.59 

AVE 

(Cents) [ǝr] 101.13 101.17 82.42 119.46 
AVE 

(Cents) [ei] 58.36 60.28 49.35 33.78 

AVE 

(Cents) [u] 93.70 88.25 65.88 34.58 
AVE 

(Cents) [o] 70.72 78.13 63.45 29.80 

AVE 

(Cents) All  86.03 107.37 61.24 30.44 
AVE 

(Cents) All  62.07 73.65 71.33 35.75 

VAVE 

(%AVE) All 42.74 20.58 43.06 19.08 
VAVE 

(%AVE) All 44.70 28.04 34.80 9.87 

Table 27: Vibrato Extent Results – Series 2 Aural Model 

Participants’ shift toward a wider AVE post-listening yielded a far lower (more 

accurate) ACCAVE value of 23.45 cents post-listening, as compared to an ACCAVE of 

41.05 cents pre-listening.  However, participants’ shift towards a smaller VAVE yielded 

a very similar (but slightly larger) ACCAVE value of 14.61 post-listening, as compared to 

14.30 pre-listening.  In light of the fact that the two aural models demonstrated 

approximately 20 cents difference in both AVE and VAVE values, the significance of the 
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change in participants’ AVE post-listening is unclear.  Vibrato extent results can be 

viewed in Table 28, below. 

 

Measure Vowel 

Mean  Series 1 

Pre-Listening Vowel 

Mean Series 2 

Post-Listening 

ACCAVE (Cents) [a:I] 39.71 [a:I] 35.85 

ACCAVE (Cents) [i] 37.74 [E] 71.73 

ACCAVE (Cents) [I] 58.14 [u] 23.90 

ACCAVE (Cents) [ǝr] 71.32 [ei] 30.52 

ACCAVE (Cents) [u] 36.99 [o] 24.21 

ACCAVE (Cents) All Vowels 41.05 All Vowels 23.45 

ACCVAVE  

(% AVE) All Vowels 14.30 All Vowels 14.61 

Table 28: Vibrato Extent Accuracy Results – Series 2 Aural Model 

Vibrato -  Statistical Significance 

As with the data collected from Series 1 audio samples, the Group A pre- and 

post-listening data was normalized and then averaged into a single metric for vibrato (See 

Table 29, below).  Practically speaking, this vibrato metric indicates a lower (more 

accurate) NACC value of 0.781 post-listening, compared to 1.168 pre-listening.  This 

result indicates that participants in Group A more closely matched the vibrato 

characteristics of the aural models after listening.   
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Value Series 1 – Pre-Listening Series 2 – Post Listening 

NACCAVR 0.971 0.926 

NACCVAVR 1.209 0.800 

NACCAVE 1.779 0.656 

NACCVAVE 0.711 0.742 

Vibrato Accuracy Metric 1.168 0.781 

Table 29: Overall Vibrato Results – Series 2 Aural Model 

A paired samples T-test analysis was performed to determine the statistical 

significance of the observed improvement in vibrato accuracy post-listening.  It revealed 

that these differences were also not statistically significant, with a sig. value of 0.114. 

Power Ratio 

When examined in detail, the results of power ratio analysis show that the ratio of 

power of 2-4.6 kHz frequency components to 0-2 kHz frequency components varied 

considerably with vowel.  Similar to the Series 1 power analysis, female and male aural 

model singers in Series 2 show higher MSPR values (-11.94 dB and -8.73 dB) than study 

participants, whose mean MSPR was -14.64 dB.  This indicates that the professional 

singers consistently employ stronger frequency components within the 2-4.6 kHz range 

than the study participants.  

The pre- and post-listening data for this acoustic parameter for the entirety of the 

musical example show that participants’ post-listening mean MSPR value of -14.64 dB ( 

stdev. 4.53) is slightly higher (closer to the aural model values) than the pre-listening 
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mean MSPR value of -16.46 dB (stdev. 5.67).  However, the difference between groups 

of audio samples is smaller than the standard deviation values for the MSPR 

measurements.  These data can be observed in Table 30, below. 
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MSPR 

(dB) [a:I] -9.16 -11.69 -16.03 5.13 
MSPR 

(dB) [a:I] -11.85 -13.17 -13.81 3.50 

MSPR 

(dB) [i] -7.17 -1.72 -11.64 6.44 
MSPR 

(dB) [E] -8.97 -5.43 -10.75 4.71 

MSPR 

(dB) [I] -6.88 -5.18 -11.06 6.07 
MSPR 

(dB) [u] -15.85 -7.23 -20.48 6.76 

MSPR 

(dB) [ǝr] -8.68 -8.43 -15.79 6.08 
MSPR 

(dB) [ei] -7.358 -5.97 -9.03 4.15 

MSPR 

(dB) [u] -16.17 -17.43 -27.77 8.28 
MSPR 

(dB) [o] -15.66 -11.87 -19.13 6.43 

MSPR 

(dB) All  -9.61 -8.89 -16.46 5.67 
MSPR 

(dB) All  -11.94 -8.73 -14.64 4.53 

Table 30: Power Ratio Results – Series 2 Aural Model  

The accuracy measures in Table 31, below, demonstrate that post-listening 

ACCMSPR was more accurate, at 4.63 than the pre-listening ACCMSPR at 7.63 across all 

vowels.  These data appear to indicate that listening had a positive effect on participants’ 

balance of 2-4.6 kHz and 0-2 kHz frequency components.  To confirm this observation, a 

paired samples T-test analysis was performed.  This revealed a sig. value of 0.009, 

reveling that the MSPR differences between pre- and post-listening audio samples were 

statistically significant.  
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Measure Vowel 

Mean  Series 1 

Pre-Listening Vowel 

Mean Series 2 

Post-Listening 

ACCMSPR (dB) [a:I] 6.78 [a:I] 3.05 

ACCMSPR (dB) [i] 7.12 [E] 4.04 

ACCMSPR (dB) [I] 5.48 [u] 9.17 

ACCMSPR (dB) [ǝr] 7.78 [ei] 3.05 

ACCMSPR (dB) [u] 12.45 [o] 6.35 

ACCMSPR (dB) All Vowels 7.626 All Vowels 4.630 

NACCMSPR All Vowels 1.569 All Vowels 1.023 

Table 31: Power Ratio Accuracy Results – Series 2 Aural Model 

Overall Statistical Significance 

 Results for each of the acoustic parameters described above were normalized into 

a metric of comparable units, and these results were averaged into an Overall Accuracy 

Metric for the within subjects analysis.  The results shown in Table 32, below, indicate 

that the post-listening acoustic data are more accurate (1.100) than the pre-listening 

acoustic data (1.381).   

 

Metric Pre-Listening Post- Listening Significant 

Musical Accuracy Metric  1.213 0.925 No (Sig. 0.171) 

Vowel-to-Consonant Ratio 

Accuracy Metric 1.779 1.672 No (Sig 0.945) 

Vibrato Accuracy Metric 1.168 0.781 No (Sig. 0.114) 

Modified Singing Power 

Ratio Accuracy Metric 1.569 1.023 Yes (Sig. 0.001) 

Overall Accuracy Metric 1.381 1.100 Yes (Sig. 0.023) 

Table 32: Statistical Significance of Overall Accuracy Results – Within Subjects 

Analysis 
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A paired samples T-test was performed to determine the significance of the 

findings.  It revealed that the difference in overall accuracy between pre- and post-

listening audio samples was statistically significant as quantified by the parameters of this 

study (sig. 0.023). 
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PART FOUR: DISCUSSION 

Chapter 1 – Discussion of Listening Behavior Results 

Among the most interesting survey results were the data gathered on the hours per 

week participants typically spend singing in and listening to various musical styles.  

Given the academic focus on Western lyric singing style, the fact that music majors and 

minors reported spending twice as many hours per week singing in a classical style vs. 

non-classical styles is encouraging. The fact that these numbers were reversed for non-

music-majors is unsurprising, as their musical interests are less specifically tied to 

classical musical style.   

However, the 7 hours per week music majors and minors reported singing in a 

classical style, which amounts to approximately one hour per day, is not sufficient for 

significant vocal progress to be made.  That figure causes a greater degree of concern if 

those 7 hours include time spent in voice lessons and choir rehearsals. These results 

indicate that this population may benefit from clearer guidelines for appropriate practice 

time. 

 The listening results are also encouraging in that music majors and minors report 

listening to slightly more classical than non-classical style music per week.  However, 

similar to the singing behavior results, the average figure of 4 hours per week spent 

listening to classical music seems surprisingly low for music majors, especially if the 

students included classroom listening time in their estimations. 

 Although non-classical styles appear to occupy more listening time for 

nonmajors than classical styles, another striking trend is the fact that nonmajors in both 

pilot and full studies reported spending more hours per week listening to music in general 

than the music majors and minors. One would expect music majors and minors to be 
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more actively engaged in listening activities by choice than their colleagues with an 

academic focus outside of music.  Perhaps this result can be explained by the hypothesis 

that students in the general population with a strong interest in music are more likely to 

choose music courses as their fine arts electives.   

The survey also yielded important findings in terms of students’ perception of the 

role listening to aural models plays in their music studies. It is evident, for example, that 

students consistently listen to aural models of new pieces they begin studying. However, 

although 44% of participants reported “always” seeking out a professional quality aural 

model as an example, an almost equally large proportion of respondents (37%) reported 

that they do not usually seek out professional quality examples.  These data indicate that 

there is ample room for improvement in the quality of the examples students seek out.   

As 72% of participants reported that their current teachers emphasize listening as 

a way to improve performance skills, the voice faculty appears to be successfully 

communicating the importance of listening to aural models.  However, the numbers were 

lower when specifics were addressed, as only 22% reported receiving specific listening 

assignments, and only 42% reported receiving instructions about time parameters for 

listening activities. These data indicate that more structured listening guidelines are 

needed.   

LIMITATIONS  AND FUTURE REFINEMENTS 

 Although the sample size for this study was adequate for statistical analysis of the 

acoustic measurements, the survey portion of this study could have benefitted from a 

sample size closer to 60 participants.  A sample size of 60+ would have made possible a 

statistical analysis to determine whether participants’ survey responses could be 

accurately generalized beyond this specific group of singers. A larger sample size would 
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also have allowed for statistical analysis that explored connections between listening 

behaviors and vocal production. Therefore, results reported and discussed in this treatise 

can be considered preliminary findings on the topic of listening behaviors. 

It is also important to bear in mind that it may not be prudent to generalize these 

results to top tier conservatory educational environments.  Only one third of this study 

population (14 students) reported intending to pursue careers as professional musicians, 

while a majority of participants (58%) reported intending to pursue careers in non-music 

fields.  Although these population demographics are similar to other liberal arts 

institutions and at least the first two years of large university music programs such as The 

University of Texas at Austin, a comparison with data on listening behaviors among 

conservatory students would allow for a more in-depth understanding of this topic.  This 

represents a logical direction for future research. 

  



 143 

 

Chapter 2 – Discussion of Aural Modeling Portion Results 

The singing voice is a complex and multifaceted phenomenon, and the study of its 

production is underway not only in the music field, but also in medicine, physics, and 

psychology. Whether researchers choose to use the opinions of expert judges or acoustic 

analysis, evaluating changes in sung vocal production is a challenging endeavor, and an 

“ideal” method for quantitative analysis has not yet been developed.   

The intent of this study was to create a reasonable quantitative measure of overall 

change in vocal production using acoustic analysis.  The results indicate that the four 

factors included in this study’s acoustic analysis - musical accuracy, articulation, vibrato, 

and carrying power - combine successfully to provide an accurate overall measure of 

changes in vocal production.  

Accepting that the parameters established for this investigation are viable, the 

results obtained in the aural modeling portion of the study are among its most 

compelling.  Within a relatively short period (five days) of exposure to recorded aural 

models, the participants in this study demonstrated a 20% to 30% improvement in the 

accuracy of their performances as compared to the standards set by the aural model 

singers. Additionally, improvements in the overall accuracy of participants’ vocal 

production were found to be statistically significant in both between-subjects and within-

subjects analyses.  

More specifically, these data indicate that durational measurement of the 

articulation of vowel and consonant phonemes seems to be an effective tool for assessing 

the legato vocal line.  The lengthening of vowel sounds that occurs in Western lyric 

singing is a method of vocal production not present in speech.  As such, it is a key 
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component of effective vocal pedagogy.  The results of this study present strong support 

for further study of the singing voice utilizing durational measurements of phoneme 

articulation. 

COMMENTS ON THE BETWEEN  SUBJECTS ANALYSIS 

The between subjects analysis147 is the stronger of the two branches of this aural 

modeling study, as it included a higher number of participants (N=38) and a more 

straightforward study design than the within subjects analysis.148  Therefore, the 30% 

improvement in participants’ performances of the melody with text observed from Group 

B after listening is the most valuable result obtained in this investigation.  The results 

observed in each of the four measured acoustic parameters are also discussed in detail 

below. 

  The improvement in musical accuracy observed in this study as a result of aural 

modeling is in agreement with the findings of music education researchers working with 

different populations.  More interestingly, this study specifically observed improvement 

in vowel and consonant articulation, a parameter not previously investigated in relation to 

aural modeling.  These student singers were able to change their manner of articulation 

by lengthening their vowel sounds and shortening their consonants to create a more 

seamless musical line after hearing these qualities modeled by a professional singer.  

These results appear to indicate that, both in the early stages of vocal study and over a 

short period of time, articulation is an area in which aural modeling can be an effective 

pedagogical tool. In light of this observation, the quality of the aural models students 

choose to listen to gains additional importance. 

                                                 
147 Comparison between Group A (no listening) and Group B (listening). 
148 Comparison within Group A pre- and post-listening. 
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These findings also open up an additional direction for future research, as it would 

be beneficial to explore the effect of aural modeling on singers’ articulation of specific 

phoneme combinations, and on the stability of the lower formants (F1 and F2) within a 

single sustained vowel.  The impact of combined aural/visual models would also be a 

topic of interest, as the movement of the jaw and tongue during articulation is one of the 

few externally visible aspects of voice production. 

The lack of significant differences between listening and non-listening groups in 

both vibrato and carrying power after this five-day aural modeling activity is also a 

noteworthy result. A possible explanation could lie in this population’s level of singing 

experience.  From a technical standpoint, changes in pitch and rhythmic accuracy and 

basic articulation of vowels and consonants are among the first skills on which singers 

focus during the beginning stages of technical study.  While resonance is always a goal of 

technical instruction in the Western lyric singing style, the vibrato and carrying power 

that contribute to vocal resonance are skills cultivated over a period of study that can 

span decades.  Therefore, a short-term study such as this may not present a sufficient 

period of time to affect change in these more technically advanced aspects of vocal 

production.   

The hypothesis that the short-term design of this study may account for the lack of 

significant change in more technically advanced aspects of vocal technique is 

strengthened by the results of the messa di voce portion of this study.  The messa di voce 

exercise is a technically advanced vocal exercise that is heavily dependent on changes in 

power ratio and vibrato for musical success.  It is possible that, in order for aural 

modeling to be effective, students must already possess the technical skill to make the 

changes in their vocal production that better match the model.   A longer term study that 
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compares the effects of aural modeling between advanced students who have mastered 

the messa di voce and a more novice population would shed further light on this question. 

Another possible explanation for these findings is that the experience level of the 

singer is a stronger factor influencing his or her vibrato use and overtone balance than 

short term exposure to an aural model.  A study with a larger sample size would allow for 

a statistical analysis which controlled for singing experience level.  Alternately, a similar 

study with an equal but more uniformly experienced population would be valuable. 

COMMENTS ON THE WITHIN SUBJECTS ANALYSIS 

The results of the comparison of the Group A pre- and post-listening 

performances are evaluated here bearing the smaller sample population (N=20) in mind.  

It is also essential to recognize these singers performed a different melodic sample (to 

control for order effect) at each recording session.  As several musical and phonemic 

elements were not identical between the two aural model melodies, these differences are 

also considered in the evaluation of the results.   

Although the two aural model melodies were similar in that they contained only 

whole and half steps, the melodic contour of the Series 2 aural model (do-re-mi-re-do) 

easily fit aural expectations of tonality. In contrast, the melodic contour of Series 1 (mi-

re-do-do-do), since it does not begin on the tonic pitch and does not confirm the key with 

a “ti-do” melodic pattern, provided a greater degree of musical challenge to participants.  

Given the greater musical difficulty of the Series 1 aural model, one would expect to see 

a very pronounced increase in musical accuracy with post-listening performances of the 

less challenging Series 2 melody.  However, none was observed within this sample.  

Although this result stands in contrast to the musical accuracy improvement that was 
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observed post-listening in the between subjects comparison, the dissimilarity between 

aural model melodies is a complicating factor. 

In terms of vowel-to-consonant ratio, the values for each sample were measured 

in comparison to the aural models rather than a single standard value.  Thus, the lack of 

significant difference pre- and post-listening within these 20 subjects is also striking 

when compared to the data supporting a difference between groups. Again, however, the 

dissimilarity of the phoneme content could have skewed the results of this analysis.    

The parameter on which both analyses agree is vibrato.  Although results showed 

practical improvement in the consistency level of both vibrato rate and extent after 

listening,149 the overall vibrato analysis results of both portions of this study suggest that 

vibrato is not among the parameters affected by repeated exposure to aural models in the 

short term.  One explanation for these observations might be that although the student 

participants were not technically equipped to change the rate or extent of their vibrato in 

response to the model, they were able to allow the vibrato they are currently capable of 

producing to be present more consistently after listening.  Thus, further research that 

focuses on changes in vibrato rate and extent over time would be useful. 

The results of the within subjects analysis of power ratio are interesting in that 

they also contrast with the findings of the between subjects analysis.  A statistically 

significant difference was observed before and after listening in modified singing power 

ratio within these 20 singers, whereas a power-related difference was not noted between 

groups for either the texted melody or the messa di voce exercise.  Clarification of the 

effect of aural modeling on the relative power of frequency components may require 

more specifically targeted analyses, including the tracking and evaluation of specific 

                                                 
149 Less variation in average and vibrato rate and average vibrato extent over the duration of the vowel. 
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formants.  Again, a larger sample size would allow for investigation of the differences in 

effect among various singing experience levels and voice types.  

 Although there is some difference among the specific acoustic parameters, the 

most valuable point of agreement between the two modes of analysis is the fact that the 

combined metric, which takes all four acoustic parameters into account, yielded evidence 

of a difference between pre- and post- listening groups in both between subjects and 

within subjects analyses.  The agreement between these results presents strong evidence 

supporting the effectiveness of aural modeling utilizing focused periods of repeated 

listening. 

LIMITATIONS AND FUTURE REVISIONS  

In light of the experience gained conducting the present study, several revisions to 

the methodology are recommended for future investigations of this nature.  First, it would 

strengthen the study design to control for the method of delivery of aural models (with or 

without headphones and volume level).  A control on any additional listening participants 

wish to complete during the study period would also be beneficial.   

In the present study, the fact that the aural models were recorded in a different 

space than the participants’ performances did not allow for comparison of power or 

sound pressure level.  Although the comparison of relative power between different 

frequency levels employed in the present study presents valuable data, a comparison of 

absolute power levels between models and participants would allow for more 

comprehensive evaluation of changes in power.  

For repeated measure comparisons within the same subject groups (within 

subjects comparison), the degree of similarity between the two aural models is of 

tantamount importance.  Therefore, a future study with this design would benefit from 



 149 

including texted musical phrases with identical combinations of phonemes that occur in 

different order, rather than a slightly different phoneme collection.  Also, the melodic 

contour of the two aural models would best be constructed to offer not only the same 

interval content, but the same degree of adherence to tonal expectations.  A sample size 

closer to 40+ participants would also be of benefit. 
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CONCLUSIONS 

At the outset of this investigation, both theoretical and practical questions were 

posed: “How are students making use of aural models in their applied voice studies?” 

and, “Can repeated exposure to a vocal aural model produce measurable improvement in 

vocal production?”   

The results of the survey portion provide valuable insights into the listening habits 

of undergraduates enrolled in applied voice and choir within a liberal arts educational 

environment. The survey results show that students are seeking out aural model examples 

of pieces on which they are working, although the quality of those examples is not always 

at a professional level.  The survey also demonstrated that music majors and minors 

spend more hours per week listening to classical style music than non-classical style 

music, and that the reverse is true for non-music majors.   

According to this investigation, the voice faculty at Southwestern University is 

successfully communicating the importance of listening to aural models to this student 

population.  However, students would benefit from more specific instructions about 

appropriate time and quality parameters for listening activities.   

Based on these findings, music teachers may wish to include specific listening 

assignments in applied voice and choral curricula.  Applied voice faculty may enhance 

their students’ vocal progress by emphasizing the importance of choosing to listen to 

professional quality artists, and by providing specific instructions about the amount of 

listening they recommend.150  Teachers may also wish to encourage both music majors 

                                                 
150 Some practical ideas here include assembling a webpage or YouTube channel that contains listening 

examples deemed high in quality by the instructor. 
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and non-music majors to increase the amount of time they spend listening to classical 

style singing during their practice time and in general.  

The results of the aural modeling portion of this study were strikingly successful 

in demonstrating that targeted listening to repetitions of a high quality an aural model can 

facilitate a difference in vocal production, at least in the short term.  This indicates that 

aural modeling is a tool of great practical value in the voice studio.   

In response to these findings, teachers who work with students of other voice 

types, especially female teachers working with male students (and vice versa) may wish 

to provide a list of professional singers in each student’s voice range that would serve as 

excellent aural models.  The results of this study indicate that applied voice students 

would benefit from developing an ability to recognize the Western lyric singing style as 

performed by singers of their own voice range in addition to their instructors and fellow 

students. 

One pedagogical concept for which aural modeling can be useful is the legato 

vocal line, particularly as it relates to articulation of vowels and consonants.  The 

significant improvement observed in vowel and consonant articulation in this study’s 

between subjects analysis indicates that students respond strongly when an ideal example 

of lengthened vowel sounds and precise articulation of consonants is presented.   In 

response to this finding, studio teachers may wish to provide students with aural models 

that demonstrate excellent legato articulation.  It would be effective to ask the students to 

listen to the aural models repeatedly for a short period of time each practice session, 

without singing along, before vocalizing.  Teachers may also choose to ask students to 

discuss and compare various aural models in terms of articulation and the legato line.   

Although the results of this study with regard to power ratio were inconclusive in 

relation to aural modeling, several observations from the carrying power analysis have 
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ramifications for studio teaching.  For example, the fact that aural model singers 

consistently showed a MSPR approximately twice as high as the undergraduate level 

participants highlights the importance of developing a sung tone that includes strong 

higher harmonics.  This study’s finding that the most successfully executed messa di voce 

exercises were achieved through skilled manipulation of overtones between 2 and 4.6 

kHz lends additional support to the importance of acquiring this skill set.   

In response to these findings, studio teachers may wish to utilize real time 

acoustic analysis software151 to help students understand and visualize these overtones.  

Although it is unclear whether short term aural modeling activities are of benefit here, 

visualizing the difference between spectrograms of an aural model singer and the student 

singer would be an effective way to approach this technical topic. 

Voice teachers may also find it useful to explain the concept of legato in terms of 

the components identified in this study: articulation, resonance, and vibrato.  

Additionally, a discussion of the way the four factors in this study (and others) combine 

to produce an ideal tone may be beneficial in enhancing voice students’ acoustic 

understanding of the Western lyric singing style. 

With regard to research methods, the results of this study demonstrate that 

acoustic analysis of articulation, high vs. low overtone balance, vibrato, and musical 

accuracy serves as a viable measure of “overall” change in vocal production.  As the 

voice as an instrument does not have a single identifiable standard sound, working with a 

panel of experts to evaluate change in vocal production often involves a high degree of 

subjectivity and disagreement among panel members.  Therefore, this study’s method of 

                                                 
151 Donald Miller’s Voce Vista software program is an inexpensive and  effective option. 
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acoustic analysis may be of benefit to future researchers working on the subject of aural 

modeling with singers. 

This study also demonstrates that durational measurement of vowel and consonant 

phonemes is a viable method of evaluating the articulation component of the legato vocal 

line.  In the future, researchers may wish to explore ways to refine the process of 

measuring phoneme duration.  Teachers and researchers may also wish to investigate 

whether changes in voice production in response to aural models occur more easily for 

certain consonants, vowels, or combinations of vowels and consonants.   

 In terms of aural modeling, further research is needed to investigate topics such 

as the size of the effect in relation to the amount of time spent listening, the long-term 

effects of aural modeling, and studies that isolate the effect of aural modeling on single 

acoustic components.  A logical step forward in terms of curriculum development would 

be to investigate how best to integrate aural modeling into the overall voice or choral 

curriculum, without diminishing the benefits that analysis, musical literacy and physical 

singing practice provide to young singers. This may include investigating how much time 

is best spent utilizing aural modeling during a single lesson or class, and how singers may 

best organize practice time to include both traditional vocalization, sight reading and 

musical literacy, and developing aural awareness as it relates to performance skills. 

Although research in all of these directions would be of further benefit to the field, the 

results of this study clearly support the effectiveness of aural modeling as a tool for 

improving vocal performance with undergraduate level singers. 
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Appendix A – Listening Behavior Survey 

Voice Pedagogy Research Survey 
 

Name :___________________   Email:____________________ Phone:________________ 
Age:_______     
Year in School (Please circle one):  1st year    sophomore     junior     senior    5th year 
Intended Major: ______________________    Intended Minor or Double Major (If 
Applicable):________ 
Principal Instrument (If music major) __________________   Secondary Instrument 
________________ 
Voice Range (Please circle one):  Soprano   Alto   Tenor  Baritone/Bass  Not Sure 

 
I. Musical Background and Vocal Training 

 

1. How many semesters of private voice instruction have you had at the college level 

(Including the current semester in the total)? __________ 

2. How many years of private (one-on-one) voice instruction have you had at the pre-

college level (elementary through high school)? ______________ 

3. What types of vocal styles have you specifically studied in private (one-on-one) voice 

lessons? Please check boxes for all that apply.   

□ Classical  
□ Country 
□ Jazz 
□ Musical theater 
□ Rock 
□ Folk 
□ Pop 
□ R&B 
□ Speech Level Singing 
□ Other: __________________________________________________ 

 

4. How many semesters of experience do you have singing in choral ensembles at the 

college level? _____________________ 

a. How many hours per week did/does your choral ensemble typically rehearse? 

________ 

5. How many years of experience do you have singing in choral ensembles at the pre-

college level (elementary through high school)? ______________________________ 

a. How many hours per week did your high school choral ensembles typically 

rehearse?___ 
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6. How many years of experience do you have singing in a classically oriented church choir 

or extra-curricular choral ensemble?  _________________ 

a. How many hours per week did this ensemble typically rehearse? ____ 

 
7. Please check the box for the intended career path that most closely fits your goals at 

this time (Please check only one):  

□ Professional performer - classical singer  
□ Professional performer - musical theater  
□ Professional voice teacher - focus on working with solo singers 
□ Professional music educator – focus on choral conducting 
□ Professional music educator – focus on instrumental music 
□ Professional actor – not primarily musical theater 
□ Career in non-music field with continued recreational singing activity 
□ Career in non-music field with little to no singing activity 

 

II. Singing Habits – Use of Voice 

 

1. How many hours per week do you typically spend singing in a classical style (including 

practicing, rehearsing and performing)? __________________________ 

2. How many hours per week do you typically spend singing in a non-classical style 

(including singing in the car and along with the radio)?  

________________________________ 

3. What styles do you sing, either just for fun or in a performance setting? Please check 

boxes for all that apply and list amount of time spent singing in each style per week. 

□ Classical   Hours per week:______    
□ Country  Hours per week:______ 
□ Jazz   Hours per week:______ 
□ Musical theater Hours per week:______ 
□ Rock  Hours per week:______ 
□ Folk  Hours per week:______ 
□ Pop   Hours per week:______ 
□ R&B  Hours per week:______ 
□ Speech Level Singing Hours per week:______ 
□ Other: ________________ Hours per week:______ 
□ Other: ________________ Hours per week:______ 

 

4. Do you currently sing in any groups or ensembles outside of school choirs, including 

church choir, praise team, bands, duos, etc. (Please circle one)?  Yes  No 

a. If so, please list types of ensembles and amount of time spent singing with each per 

week: 

________________________________________________________________ 
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5. Do you ever perform in front of a group of people (either in a classroom or public 

concert setting), as a soloist or featured singer (Please circle one)?  Yes   No 

a. If yes, please indicate the styles in which you perform for a group along with the 

frequency of performance, and whether you are a soloist or member of an 

ensemble. 

□ Classical  Performances per semester:____ Circle One: Soloist  or Ensemble  
□ Country Performances per semester:______ Circle One: Soloist  or Ensemble 
□ Jazz  Performances per semester:______ Circle One: Soloist  or Ensemble 
□ Musical theater - Performances per semester:______ Circle One: Soloist  or Ensemble 
□ Rock Performances per semester:______ Circle One: Soloist  or Ensemble 
□ Folk  Performances per semester:______ Circle One: Soloist  or Ensemble 
□ Pop  Performances per semester:______ Circle One: Soloist  or Ensemble 
□ R&B  Performances per semester:______ Circle One: Soloist  or Ensemble 
□ Other: _____  Performances per semester:______ Circle One: Soloist  or Ensemble 
□ Other: _____ Performances per semester:______ Circle One: Soloist  or Ensemble 

 

6. Do you participate in any other activities that involve extensive speaking?  Yes  No 

a. If so, please check off the activities in which you are involved and list the 

amount of time per week spend engaged in each activity. 

□ Cheerleading     Hours per week:______ 
□ Student teaching/Classroom teaching  Hours per week:______ 
□ Public speaking (debates, speeches, sermons)  Hours per week: _____ 
□ Spoken Theater (rehearsal and performance) Hours per week:______ 
□ Other:_____________________________ Hours per week:______ 
□ Other:_____________________________ Hours per week:______ 

 

III. Listening Habits 

 

1. How many hours per week do you spend listening to solo singing in a classical style? 

_________ 

2. When you are learning a new piece of music, do you listen to an example of that piece 

sung by a professional singer (Please circle one):  Never  Sometimes   Often   Always 

a. If you listen, how many different examples of that piece do you typically listen 

to? ____ 

b. If you listen, how many times per week do you typically listen to that piece?  __ 

c. If you listen, do you seek out listening examples recorded by professional 

classical singers?  Please circle one:  Always   Sometimes  Not Usually   Never 

3. Where do you get your classical singing listening samples (itunes, youtube, CML, CDs, 

etc.)? Please list all sources.   

_______________________________________________________________________ 
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4. Does your studio teacher or choral conductor assign specific listening examples as part 

of your applied music study?  __________ 

a. If so, approximately how many hours per week do the listening assignments 

require?_____ 

5. How many hours per week do you spend listening to solo singing of non-classical 

(popular, rock, folk, jazz, country, etc.) music? _________ 

6. How many hours per week do you spend listening to classical choral music? ________ 

7. How many hours per week do you spend listening to solo singing of musical theater 

music? ___ 

8. What types of music do the pre-set radio stations in your car 

play?________________________ 

________________________________________________________________________

______ 

9. Did any of your former teachers encourage listening to classical singing as a method for 

improving your performance skills (Please circle one)? Yes  No 

a. If yes, how many hours per week of listening did your teachers typically 

recommend?__ 

10. Do any of your current teachers encourage listening to classical singing as a method of 

improving your performance skills (Please circle one)?  Yes  No 

a. If so, how many hours per week do your teachers recommend listening to 

examples?  _________ 

11. Who are your three favorite non-classical singers? 

_______________________________________________________________________ 

12. Who are your three favorite musical theater 

singers?________________________________________________________________ 

13. Who are your three favorite classical 

singers?_________________________________________________________________ 

14. Please name as many professional classical singers as you can think of (especially ones 

who share your voice range): 

________________________________________________________________________ 

15. Which non-classical singers would you most like to sound like? 

________________________________________________________________________ 

16. Which classical singers would you most like to sound like? 

________________________________________________________________________ 

 

Thank you so much for taking the time to participate in this study! 
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Appendix B – Consent Form 

SOUTHWESTERN UNIVERSITY INFORMED CONSENT STATEMENT 
RESEARCH STUDY- THE INFLUENCE OF LISTENING BEHAVIORS ON SUNG VOICE PRODUCTION 

Dana Zenobi, MM 
INFORMATION  
 

You are invited to participate in a research study about the effects of auditory bombardment 
(listening to a sound model) on singing voice production. This study is being conducted by 
Southwestern University Part-Time Instructor of Voice Dana Zenobi, MM 
(zenobid@southwestern.edu, 512-507-6137) as part of a doctoral treatise in voice pedagogy at 
The University of Texas at Austin.  
 

Your participation will involve filling out a written survey (which will take about 15-20 minutes), 
and attending a 10-minute recording session in which you will be asked to listen to two short (3-
5 second) audio samples and sing them back. You may also be asked to spend a minimum of 10 
minutes per day listening to an mp3 audio file for a one-week period prior to the recording 
session. Thus, your total time commitment will be between 30 minutes and 2 hours in total.  
 

Your participation in this study is entirely voluntary. You may decline to answer any question on 
the survey, and you may decline to participate in the recording session at any time without 
penalty. There is no cost for participation, nor will you benefit from participating.  
 

All personal information in the study records will be kept confidential. Identification numbers 
associated with your name and contact information will be kept by Professor Zenobi during the 
data collection phase for tracking and scheduling purposes only. This information will be 
stripped from the final dataset. Individual responses to survey questions and data collected 
during the recording session may be described in research reports; however, all possible 
precautions will be taken so that readers of the report will be unable to link you to this study. By 
signing the informed consent statement, you agree to participate in this study.  
 

CONTACT  
 

If you have any questions at any time about the study or the procedures you may contact:  
Ms. Linda Southwick - Chair IRB Committee -  Biology Department - Fondren Jones Science 
Building, Room 214 512-863-1260 - southwic@southwestern.edu  
 
CONSENT  
 

I am 18 years old or older. I have read this form and received a copy of it. I have had all my 
questions answered to my satisfaction. I agree to take part in this study.  
 

Respondent’s Signature______________________________________  Date ________________ 
Printed Name: __________________________________________  
Investigator’s Signature _____________________________________ Date _________________ 

mailto:southwic@southwestern.edu
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Glossary 

Auditory Bombardment - A speech therapy remediation technique introduced by 

Barbara Hodson and Elaine Paden in the early 1980s.  It involves repeated exposure to 

aural modeling of targeted sounds (phoneme groups). 

 

Between Subjects Analysis - A comparison of data between two groups of research 

subjects performing the same task. 

 

Diphthong - A syllable containing two or more contiguous vowel sounds. 

 

Focused (Auditory) Stimulation - A term often used interchangeably with auditory 

bombardment to describe speech remediation through the use of repeated exposure to 

aural models.  The term was first introduced by Marc Fey in 1986. 

 

Formant - A frequency range of increased resonance created by the shape of the vocal 

tract. Formants can be adjusted by changing the shape of the vocal tract using the lips, 

tongue, soft palate, and jaw.  The first two formants (F1 and F2) affect the intelligibility 

of vowel sounds.  The upper three formants (F3, F4, and F5) are related to the voice’s 

ability to carry over an orchestra. 

 

Frequency - The number of times a sound wave completes a complete cycle of 

compression and rarefaction per second.  Also referred to as cycles per second (cps). 

 

Fundamental Frequency (F0) - The lowest frequency component of any sung or played 

tone, often perceived as the pitch. 

 

Frequency Component - Every sung or played tone includes both a fundamental 

frequency and a series of overtones.  Each individual frequency contained within a single 

tone is referred to as a frequency component. 

 

Harmonic - Any frequency component that is a whole-number multiple of the 

fundamental frequency. 

 

International Phonetic Alphabet - A system of notation in which each symbol 

represents a single phoneme.  For example, the words “see” in English and “sì” in Italian 

are both transcribed as [si] in IPA.  IPA is used by singers to establish standards for sung 

lyric diction across various languages. 
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Legato - From the Italian word meaning “connected,” legato refers to the smooth and 

seamless articulation of a musical phrase.  In Western lyric singing style, legato is 

achieved through long, sustained vowel sounds and precisely articulated consonants, a 

consistent balance of overtones, and consistent use of vibrato throughout a musical 

phrase. 

 

Overtone - A term used to refer to both the fundamental (F0) and the harmonics (whole 

number multiples of F0) above F0.   

 

Partial - Any frequency component above the fundamental frequency, including whole 

number multiples (harmonics/overtones) and non-whole number multiples of F0. 

 

Phoneme - The smallest unit of speech that is perceived as a distinct sound different 

from surrounding utterances; usually a single consonant or single vowel sound. 

 

Power - A relative measure of the loudness (sound pressure level) of a sung tone, 

measured in decibels (dB). 

 

Spectrogram - A visual display of the frequency components of a sung tone, usually 

displaying frequency on the x axis, time on the y axis, and using a color scale to indicate 

power. 

 

Within Subjects Analysis - A comparison of the data generated by the same group of 

research subjects performing a task at two different points in time (usually before and 

after some type of experimental treatment or activity). 
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