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Abstract
 
The collision threshold pressure (CTP), i.e. the smallest amount of subglottal 
pressure needed for vocal fold collision, has been explored as a possible 
complement or alternative to the now commonly used phonation threshold 
pressure (PTP), i.e. the smallest amount of subglottal pressure needed to 
initiate and sustain vocal fold oscillation. In addition, the effects of vocal warm-
up (Paper 1) and vocal loading (Paper 2) on the CTP and the PTP have been 
investigated. Results confirm previous findings that PTP increases with an 
increase in fundamental frequency (F0) of phonation and this is true also for 
CTP, which on average is about 4 cm H2O higher than the PTP. Statistically 
significant increases of the CTP and PTP after vocal loading were confirmed 
and after the vocal warm-up, the threshold pressures were generally lowered 
although these results were significant only for the females. The vocal loading 
effect was minor for the two singer subjects who participated in the experiment 
of Paper 2. 
 In Paper 3, the now commonly used audio spectral tilt (AST) is 
measured on the vowels of a large database (5277 sentences) containing speech 
of one male Swedish actor. Moreover, the new measure electroglottographic 
spectral tilt (EST) is calculated from the derivatives of the electroglottographic 
signals (DEGG) of the same database. Both AST and EST were checked for 
vowel dependency and the results show that while AST is vowel dependent, 
EST is not. 
 Paper 4 reports the findings from a perception experiment on Swedish 
accents performed on 47 Swedish native speakers from the three main parts of 
Sweden. Speech consisting of one sentence chosen for its prosodically 
interesting properties and spoken by 72 speakers was played in headphones. 
The subjects would then try to locate the origin of every speaker on a map of 
Sweden. Results showed for example that the accents of the capital of Sweden 
(Stockholm), Gotland and southern Sweden were the ones placed correctly to 
the highest degree. 
 
 



Sammanfattning
 
Kollisionströskeltrycket (Collision Threshold Pressure – CTP), som är det 
lägsta subglottiska tryck som krävs för stämbandskollision, har undersöks som 
ett möjligt komplement till eller en möjlig ersättare för det vedertagna måttet 
fonationströskeltrycket (Phonation Threshold Pressure – PTP), som är det 
lägsta subglottiska tryck som krävs för att sätta igång och hålla igång 
stämbandsvibrationer. Även effekterna av röstuppvärmning (Paper 1) och 
röstbelastning (Paper 2) på CTP och PTP har undersökts. Resultaten bekräftar 
den tidigare upptäckten att PTP ökar med stigande grundtonsfrekvens och 
detta har visat sig vara sant även för CTP, vilket i genomsnitt är 4 cm H2O 
högre än PTP. Statistiskt signifikanta ökningar av CTP och PTP efter 
röstbelastning bekräftades och tröskeltrycken sänktes i allmänhet något efter 
röstuppvärmning, även om de senare resultaten var signifikanta endast för de 
kvinnliga försökspersonerna. Effekten av röstbelastning var obetydlig för de 
två sångare som medverkade i Paper 2-experimentet. 
 I Paper 3 mättes den gängse spektrallutningen för audio (AST) för 
vokalerna i en stor databas (5277 meningar) innehållande tal av en svensk 
skådespelare. Dessutom beräknades det nya måttet spektrallutning för 
elektroglottografi (EST) från derivatan av varje elektroglottografisk signal 
(DEGG) i samma databas. Både AST och EST undersöktes för vokalberoende 
och resultaten visar att medan AST är vokalberoende, så är EST inte det. 
 Paper 4 rapporterar resultaten från ett perceptionsexperiment av svenska 
dialekter utförda på 47 försökspersoner från Götaland, Svealand och Norrland 
med svenska som modersmål. Tal bestående av en mening vald för sina 
prosodiskt intressanta egenskaper och sagd av 72 talare spelades upp i hörlurar. 
Försökspersonerna fick i uppgift att försöka identifiera talarens ursprung och 
markera det på en karta över Sverige. Resultaten visar bland annat att 
dialekterna i Stockholm, Gotland och södra Sverige blir igenkända i högst 
utsträckning. 
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4. Introduction: 
Basic Anatomy of the Human Voice 
 
The human voice is the most complex sound generator among the living 
creatures on earth, at least to our current knowledge. It is fundamentally 
important for our ability to communicate and an essential part of our 
personality. Regardless of this, the organs used by humans to create sounds are 
thought to have been originally shaped for the single purpose of upkeeping 
vital functions like breathing, swallowing and chewing. Some opposition to this 
theory is mentioned in section 4.2. First of all, however, concepts and organs 
used in and for voice production will be explained. 
 

4.1 The Respiratory Tract 
 
The voice-related organs can be divided into three parts: (1) the lungs and trachea 
(windpipe), which serve as suppliers of lung pressure and airflow, (2) the larynx, 
in which the actual sounds are produced and (3) the vocal cavities, functioning as 
a resonator system. All of these organs aimed for voice production are located 
in the upper part of the human body. They will all be mentioned here: the 
respiratory tract (lungs, bronchi, trachea (windpipe), pharynx, oral cavity, nasal cavity) 
and, which will be talked about more in detail in section 4.2, the larynx and its 
vocal folds. The upper respiratory tract is called the vocal tract and here the sounds 
are formed. However, the ‘whole body’ approach is normally emphasized in 
voice training and therapy, in particular since it has been found to be of 
pedagogical value (e.g. Titze, 1994). 
 The lungs are of a sponge-like texture made up of millions of tiny air 
sacs (alveoli) which hang inside of the pleura inside the rib cage. Each air sac is 
connected to the other with small ducts (bronchioli). The broncholi are in turn 
unified to the windpipe, trachea, as seen in Figure 1. 
 Due to Pascal’s principle, which says that a change in the pressure is 
transmitted undiminished to every portion of an enclosed fluid at rest (Halliday 
and Resnick, 2008), a single pressure can be defined for all the alveoli: the 
alveolar pressure (Hixon, 1987). Although more than one pressure can be 
associated with the entire lung system, for example pleural and thoracic 
pressure, alveolar pressure can be used as a synonym to lung pressure (Titze, 
1994). In any case, the alveolar or lung pressure is usually measured during 
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inhalation or exhalation, i.e. not in the pleura itself, which makes the distinction 
between the two concepts less clear. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 1: Schematic picture of the speech production system. 
 
 
Figure 2 shows another schematic picture of the speech production system. 
The epiglottis, shown in both Figure 1 & 2, is a cartilage that folds over the 
larynx as soon as we swallow, so that the food or drink takes the right way 
through the bottom of the pharynx and the esophagus (food pipe), see Figure 1, 
to the stomach instead of making us cough or suffocate. The tongue consists of 
several muscles which all connect from the hyoid bone, a horseshoe-shaped 
structure that connects to the thyroid cartilage and consequently the whole 
larynx. The hyoid bone also partly protects the upper larynx and the lower 
pharynx from external violence to the neck. The soft palate (also called velum) 
is the ceiling of the pharynx and serves as a valve to the nasal cavity. The hard 
palate is the continuation forward of the soft palate. The two main resonance 
areas are the oral and nasal cavities, which are the air-filled spaces in the mouth 
and the nose, respectively. Supporting the various muscles, cartilages and 
ligaments whose function is to open or close the airway, the cricoid cartilage, a 
ring of cartilage, is placed around the trachea. 
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4.2 The Vocal Folds and Voice Production 
 
The vocal folds are two mucous membrane-covered muscles, which are located 
in the larynx, starting from the inner side of the thyroid cartilage and running 
horizontally backwards, each connecting to an arytenoid cartilage. Between the 
vocal folds there is a slit called the glottis. The false folds, or the ventricular or 
 
 

 
Figure 2. Schematic picture of the speech production system (adapted from Sundberg, 2007). 
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vestibular folds, are two other mucous membrane-covered muscles placed a 
couple of millimeters above the vocal folds, separated by a small gap named the 
laryngeal ventricle. In one type of dysphonia called ventricular phonation (e.g. 
Freud, 1962) the ventricular folds are vibrating, which creates a buzzing sound 
we associate with for example the jazz singer and musician Louis Armstrong. 

The vocal folds can move at high speed thanks to their elasticity, which 
in this case is due to their having a soft-tissue layered structure as seen in Figure 
3. On the top we have the epithelium, a thin skin about 0.05-0.10 mm thick 
(Hirano, 1977) which needs to be moist, and therefore encloses another type of 
tissue which is softer and more fluidlike. Secondly, we have the lamina propria, 
which can be divided into three layers: superficial, intermediate and deep. All of 
these three tissue layers are nonmuscular and consist of different proportions 
and directions of elastin and/or collagen fibers (Titze, 1994). Elastin fibers are 
made of a special kind of protein structure which allows them to be stretched. 
Collagen fibers, on the other hand, are of a protein structure that makes them 
almost inextensible – just what the substance collagen used in setting lotions 
does to hair while it is put in curlers. The superficial layer of the lamina propria 
consists mainly of elastin fibers surrounded by tissue fluid and it is 
approximately 0.5 mm thick in the middle of the vocal fold (Hirano, Kurita & 
Nakashima, 1981). The intermediate layer is also made up mainly of elastin 
fibers (shown as filled dots in Figure 3), but they are more uniformly oriented 
in the anterior-posterior (longitudinal) direction. There are also some collagen 
fibers. The deep layer is made up primarily of collagen fibers (shown as unfilled 
dots in Figure 3). The fibers in the deep layer also run parallel along the 
anterior-posterior direction. The intermediate and deep layers of the lamina 
propria together are about 1 to 2 mm thick (Hirano, Kurita & Nakashima, 
1981). 
 There are several different ways to group the vocal fold layers, one being 
the two-layered vocal fold model (Smith, 1954 & 1957) which divides the vocal 
fold layers into the subgroups cover and body. The term cover describes the 
combination of epithelium, superficial, and intermediate layers of the lamina 
propria. The body is equivalent to the deep layer of the lamina propria and the 
thyroarytenoid muscle, the latter being the major part of the vocal fold and 
approximately 7 to 8 mm thick. Since the body is made up of collagen fibers 
mainly and the cover, on the other hand, consists of elastin fibers to the most 
degree, we obtain two groups of layers with different mechanical and elastic 
properties. This enhances vocal fold vibrations (e.g. Hertegård, 1994). In view 
of this structural complexity, some researchers disagree with the theory of the 
speech production system having been aimed for the upkeep of vital functions 
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only. Instead, they argue that the soft-tissue layers of the vocal folds may have 
been adapted for phonation in an evolutionary sense, thus complementing the 
life support function of the same structures (Pressman, 1942 & Negus, 1962 & 
Hast, 1983). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: The frontal section through the right vocal fold (adapted from Titze, 1994). 
 
Vocal fold vibrations are imaged and documented in the clinic by a widespread 
technique called stroboscopy (Schönhärl, 1960 & Kitzing, 1985). A still image 
of a pair of vocal folds obtained by this method is shown in Figure 4. 
 When the vocal folds open, through the action of the arytenoid 
cartilages pulling apart the vocal folds, we have a movement called abduction. 
The opposite movement, when the arytenoid cartilages move together the 
vocal folds and close the glottis, is called adduction (as in the words add or 
addition). The arytenoid cartilages can move very rapidly. For example, in order 
to produce the standard tuning tone A (A4) with the frequency of 440 Hertz, as 
in singing or shouting, the vocal folds must open and close 440 times per 
second. Small vocal folds can move faster and hence produce higher 
frequencies than large vocal folds. The average vocal fold length is 9-13 mm for 
women and 15-20 mm for men, which is the main reason why males speak at a 
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frequency of around 100 Hz and females at around 200 Hz (e.g. Sundberg, 
2007). 
 
 

 
Figure 4: Still image of healthy vocal folds (the two white straps forming the letter V turned 
upside-down) from a stroboscope examination. Glottis is open. Female subject, soprano, age 
group 25-30 years. 
 
After this overview of the structure of the speech production system, we are 
now in a position to discuss the actual creation of sounds. The first step in 
producing speech is to phonate, i.e. to bring the vocal folds into vibration. For 
this to happen, subglottal pressure is needed, which is created by an over-
pressure in the lungs, see section 6.3. Vocal fold vibrations, or back-and-forth 
movements which are repeated, are preferably called vocal fold oscillation. Unlike 
what was believed only a century ago, vocal fold oscillation is created in an 
entirely mechanic way. This belief, now universally accepted, is called the 
myoelastic-aerodynamic theory of vocal fold vibration (Berg, 1958). Most of 
the vocal fold is muscle and the words myo (which is Greek for muscle) and 
elastic are referring to this fact. When the vocal folds are closed, the subglottal 
pressure is built up under the glottis, forcing the glottis to open. The flow 
energy conservation law makes it possible for the vocal folds to be sucked 
together again by a negative pressure called the Bernoulli pressure, under the 
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prerequisites that the glottis is narrow enough, the airflow is high enough and 
that the glottal wall (the medial surface of the vocal fold) is soft enough to yield. 
This cycle is performed continuously during phonation (e.g. Titze, 1994). 
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5. Objective/Purpose 
 
The main purpose with this licentiate thesis is to present and study the new 
concept collision threshold pressure (CTP). Another purpose is to make a first 
investigation about the electroglottographic spectral tilt (EST). 
 CTP is explored as a possible alternative or a complement to the now 
commonly used phonation threshold pressure (PTP). The results of PTP 
measurements face difficulties like unreliability. Another problem with PTP is 
that it concerns very low subglottal pressure levels which are difficult for some 
subjects to produce. Research on and with the two threshold pressures CTP 
and PTP can be used primarily in the medical field, for example in 
investigations on voice disorders and malfunctions. 
 Electroglottographic (EGG) signals are commonly used instead of audio 
signals for fundamental frequency determination due to the fact that the 
estimations from EGG have shown a higher reliability than those from audio. 
As for the EST, an investigation is made on its vowel dependence as a first step 
in gaining knowledge about whether the EST could be used with or instead of 
the audio spectral tilt (AST), which is an important parameter in voice synthesis.
 In addition, a dialect test experiment is included in this licentiate thesis as 
an example of a practical speech technology application for the testing of 
perception of Swedish dialects among Swedish native speakers from all of the 
three main regions in Sweden. 
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6. Theoretical Framework 
 
The concepts and units considered especially important for the understanding 
of the forthcoming chapters and appended papers are presented and explained 
in this chapter. This set-up is meant to be a complement, not an alternative to 
the appended papers, which is the reason it might seem incomplete. Short 
references to the places in this licentiate thesis at which the specific word is to 
be found are included, except for the sections which discuss fundamental 
acoustic concepts relevant for all of the appended papers. 
 

6.1 Frequency 
 
Frequency is defined as the number of cycles or vibrations in a given unit of 
time, usually a second. Hence, the frequency f and the time period T are related 
by 
 

     
T

f 1      (Eq. 1) 

 
as it is often described in a scientific context. 
 

6.2 Two Concepts: Decibel (dB) and Sound Pressure Level (SPL) 
 
Decibel (dB) is a unit used for comparison. In this field of research, it is 
commonly applied as the value of the sound pressure level (SPL), which is 
defined as the logarithm of the ratio of P (the RMS of the sound pressure of 
the speech signal) relative to a reference value, usually the human hearing 
threshold Pref=20 Pa (  means 10 -6) (e.g. Liljencrants & Granqvist, 2009 & 
Halliday & Resnick, 2008). The equation for this is 
 
    SPL = 20 . log (P / Pref )   (Eq. 2) 
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6.3 Subglottal Pressure 
 
The subglottal pressure is defined as the lung pressure minus the atmospheric 
pressure. It is equal to the pressure under (sub is Latin for ‘below’) the glottis - 
the space between the vocal folds, as mentioned in section 4.2. A certain 
amount of subglottal pressure is essential in order for the vocal folds to vibrate 
(e.g. Sundberg, 2007). The subglottal pressure has been found to vary with e.g. 
fundamental frequency (F0) of phonation, see section 6.4, and vocal loudness, 
see section 6.6. Subglottal pressure is a central concept in the understanding of 
the phonation threshold pressure and collision threshold pressure, see sections 
6.11 and 6.12, respectively. 
 Strictly speaking, it is the transglottal pressure, i.e. the pressure drop 
across the glottis, that drives the vocal fold vibrations, but the effect of 
additional constrictions will not be discussed here. 
 

6.4 Two Concepts: Fundamental Frequency (F0) of Phonation, 
and Pitch
 
The fundamental frequency, a central concept in music acoustics, is usually 
defined as the repetition frequency of a periodic waveform. In other words, the 
fundamental is the lowest note in a harmonic series of frequencies that are 
multiples of its frequency. The fundamental frequency is measured in hertz 
(Hz) which is the same as cycles per second (cps). In voice research, the term 
fundamental frequency (F0) of phonation is often used in order to be more 
specific. When producing voiced sounds with a certain F0, their fundamental 
frequency will be the same as the frequency at which the vocal folds are 
vibrating (e.g. Matthews, 2007). 
  The other concept, pitch, which also is essential for the understanding of 
this work, stands for the perceived tonal height of a sound. Pitch is measured in 
Mel and often erroneously used as a synonym of fundamental frequency. 
 

6.5 Formants 
 
The term formant is used in section 6.6, in Paper 3 and is needed for a more 
thorough understanding of several voice characteristics. Just like the tube form 
of a brass or wind instrument, the shape of the vocal tract determines at which 
frequencies produced by the voice source there will be resonances. The vocal 
tract resonances determine which vowel that is produced and make an 
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important contribution to the identity of voiced consonants, for example /z/ 
or /m/. A resonance of the vocal tract is called a formant. Each vowel type has 
its own set of formant frequencies. Although an in principle unlimited number 
of formants is produced in the vocal tract for every voiced sound, usually only 
the first four or five formants are of interest. For each vowel, four formants are 
typically visible on a spectrogram, as seen in Figure 5 and 6, which have been 
made in the program WaveSurfer (Sjölander et al., 2000). 
 Let us now first discuss formants for normal speech. The first formant 
(F1) located where the red line is placed in Figure 5, ranges between 600 and 
1300 Hz for the vowel / / (the leftmost vowel in Figure 5) depending on the 
gender and age of the speaker, but also with speaker differences. The lowest 
frequency in that range – 600 Hz – is common for adult males, whereas the 
highest frequency – 1300 Hz – normally occurs for children, who have much 
smaller vocal tracts (e.g. Engstrand, 2004). The second formant (F2) is marked 
with a green line in Figure 5. Small frequency differences between the first and 
the second formant mean that the lower vocal tract (i.e. the pharynx) is 
narrowed, as in the vowels / / or / /. When the front half of the vocal tract 
(i.e. the mouth) is narrowed, as in the vowels /e/ or /i/, the first formant is 
lowered and the second formant raised, resulting in a larger distance in 
frequency between the first and the second formant. These differences in F1 
and F2 between the vowels / / and /e/ are visible in Figure 5. The first 
formants are located at around 780 Hz for the vowel / / and 490 Hz for the 
vowel /e/. 
 The differences between normal speech and classical singing can be seen 
also in a spectrogram. Figure 6 shows the same vowels as in Figure 5 – / / and 
/e/ – uttered by the same subject, but this time they are sung in a classical, 
operatic style instead of spoken. Sundberg (1977) found that sopranos tend to 
place the first formant at the same or almost the same frequency as the 
fundamental frequency (F0) of phonation. The motive for this is to increase the 
vocal loudness, although consideration also needs to be taken to smoothness 
and tone quality when training a voice (Sundberg et al., 1991a). 
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Figure 5. The vowel / / (leftmost side), a pause, and the vowel /e/ (rightmost side) on a 
spectrogram with four formants marked with horizontal lines. The first formant (F1) is 
located where the red line is placed, the second formant (F2) at the green line, and so on. 
Speaker (female, age group 25-30) spoke in a normal manner, with a frequency around 200 
Hz. The first formants of the vowels / / and /e/ are located at around 780 Hz and 490 
Hz, respectively. 
 
 
In Figure 6, the red line is placed where the first formants are found. The 
leftmost vowel / / and the rightmost vowel /e/ both have their respective 
first formant at around 465 Hz, which is close to the sung tone of 440 Hz (A4). 
The reader is kindly asked to compare this to the resulting first formants in 
Figure 5. In Figure 6, the first formants and also the other formants (F2, F3 
and F4) of the sung vowels are placed at similar positions in comparison to 
each other, which is the reason why vowels sung in foreign languages often are 
easier to render idiomatically than spoken vowels; there are simply more vowel 
varieties to choose from – and hence pronounce incorrectly – in speech. 
 

12



 

 
Figure 6. The vowel / / (leftmost side), a pause, and the vowel /e/ (rightmost side) on a 
spectrogram with four formants marked with horizontal lines. The first formant (F1) is 
located where the red line is placed, the second formant (F2) at the green line, and so on. 
Subject (female, mezzo-soprano, age group 25-30) sang in a classical style, with a frequency 
of 440 Hz (the tone A4). The first formants of the vowels / / and /e/ are both located at 
around 465 Hz. 
 

6.6 Loudness 
 
Loudness is the psychoacoustical term for how strong a sound is perceived to 
be, typically by the human ear. The unit for loudness is sone. When referring to 
the loudness of the voice, the term ‘vocal loudness’ is often used. This concept 
is applied in all papers except for Paper 4. 
 Several studies have shown that singers raise their subglottal pressure to 
increase vocal loudness (e.g. Rubin et al., 1967). This is true also for speakers, 
who generally raise their fundamental frequency (F0) together with the vocal 
loudness. A study made by Gramming et al. (1988) suggested that the mean F0 
in fluent speech increases about 0.4 semitone per dB increase of the equivalent 
sound level. Nevertheless, in normal conversational speech, subglottal pressure 
is considered a constant by many phoneticians (for a review, see Ohala, 1990). 
For singers, however, the F0 and the vocal loudness have been found to be 
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separate parameters, mostly independent of each other (e.g. Sundberg et al., 
1991b). This could be exemplified by the fact that some singers are able to sing 
high notes pianissimo, i.e. very softly. 
 Vocal loudness is affected not only by the subglottal pressure. Also the 
glottal airflow, thus the voice source, has been found to be relevant in that the 
slope of the trailing end of the airflow pulses determine the SPL of vowels 
(Fant et al., 1985 & Gauffin and Sundberg, 1989). This steepness can be 
increased in the following three ways: 

 
 A. increasing the amplitude of the pulses 
 B. increasing the length of the closed phase 
 or 
 C. increasing the tilting of the pulses 
 

The two former changes (A and B) arise as a consequence of increases of 
subglottal pressure, while the latter (C) depends on the relation between the F0 
and the first formant, which is mentioned as a factor for vocal loudness in 
section 6.5 as well. In addition, some regulation of loudness is possible by 
glottal adduction, in that it affects the amplitudes of the sound pulses and also 
the duration of the closed phase (Sundberg et al., 1991b). 

There are several loudness calculation algorithms. A commonly used 
standard is the ITU-R BS. 1770 suggested by the International 
Telecommunication Union. The ITU-R BS. 1770 has been found reliable for 
use on audio programmes of typical broadcast content, but is not suitable on, 
for example, pure tones (ITU-R 2006). The former trait is the reason why it has 
been used in Paper 3. 
 

6.7 On the difference between SPL and Vocal Loudness 
 
Although the mistake is common in the literature, the sound pressure level 
should not be taken as synonymous with the vocal loudness. One clear 
indication of the differences between the two concepts is their respective 
relation to distance variations. For vocal loudness, it is generally easy to 
distinguish between soft and loud phonation, regardless of the distance. SPL, 
on the other hand, varies with distance. In addition, SPL is primarily dependent 
on the amplitudes of comparatively few spectrum partials close to the first 
formant (Gramming and Sundberg, 1988). In speech synthesis, the vocal 
loudness cannot be raised by making the speech sound louder; a higher sound 
pressure level will only sound as though the voice sound is closer distance-wise 

14



 

than it was before. Instead, the audio spectral tilt, see section 6.13, should be 
made less steep in order to obtain an increase in vocal loudness. 
 

6.8 Vocal Warm-Up 
 
In Paper 1, vocal warm-up is used as a tool for comparison. The concept ‘vocal 
warm-up’ means that the singer sings scales or other exercises to facilitate the 
voice to function ultimately in the whole register, in much the same way as a 
sprinter warms up before running a marathon, in order to run better and to 
avoid injury. For many singers, vocal warm-up is an important procedure 
before using the voice in a rehearsing or performance situation. Both 
professional (e.g. Fleming, 2005 & Nilsson, 1995) and amateur singers report 
having this habit. It is believed that vocal warm-up increases the blood flow in 
the muscular parts of the voice organ, thereby making the vocal folds more 
elastic and easier to move. 
 

6.9 Vocal Loading 
 
In Paper 2, vocal loading is used as a tool for comparison in the same way as 
vocal warm-up is applied in Paper 1. When the vocal folds are adducted with 
great force, the voice often sounds pressed and over time becomes tired. 
Exercises aiming at fatiguing the voice, i.e. focusing on voice loading or vocal 
loading, exist in large variation within the field of voice research. The subject is 
typically asked to perform a certain scale or vowel sequence with a minimum 
sound pressure level. This task is generally performed without pauses, except 
for breathing, for a certain amount of time. In these types of exercises, the two 
main parts of vocal loading are taken into account: time and intensity. 
 However, time and intensity are not the only causes for vocal loading 
and fatigue. Another factor has been found to be dryness, which can be caused 
not only by dry and/or dusty air, but also by smoking, certain types of 
medication, drinking too much caffeine or alcohol and not drinking enough 
water (Verdolini et al., 1998). In addition, poor room acoustics, loud 
background noise, psycho-emotional stress, lack of vocal training and bad 
working posture are among the more frequent causes of vocal fatigue and, in 
the long run, injury (for a review, see e.g. Lehto, 2007). Teachers are 
overrepresented among people seeking help for voice problems and disorders 
(Fritzell, 1996; Titze et al., 1997; Morton & Watson, 1998). Another profession 
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category that has a relatively large representation among voice patients is 
aerobic instructors (Long et al., 1998). 
 In Paper 2, a loading procedure suggested by co-author Pabst is used. 
The vocal loading consists of phonating the vowel sequence /a,e,i,o,u/ at a 
sound pressure level of at least 80 dB during twenty minutes, facilitated by a 
sound level meter which the subject holds in her hand at a distance of 0.3 m 
from her mouth. Recordings of, for example, subglottal pressure are then made 
immediately after the loading. 
 

6.10 Electroglottography 
 
Electroglottography (EGG) is an indirect method for registering laryngeal 
behavior, fundamentally important in all of the appended papers except Paper 
4. EGG was invented by Fabre in 1956 (1957) and since then, several 
comparative studies have been performed using stroboscopic photography, 
videostroboscopy, high-speed cinematography, photoglottography, measure-
ments of subglottal pressure and inverse filtering, which all confirm that the 
EGG signal is related to the vocal fold contact area (for a review, see Henrich 
et. al., 2004). This fact has made EGG a popular, noninvasive tool for clinical 
and research purposes. 
 The electroglottograph measures changes in electrical resistance between 
two electrodes placed on opposite sides of the larynx. Crucial here is the skin 
contact with the electrodes, which is maximized using contact gel. An 
alternating electric current, a few mA, is sent between the electrodes. If the 
current can pass, such that the amplitude on the resulting electroglottogram is 
higher, the vocal folds are closed. When the vocal folds are open, this 
amplitude is lower. The electroglottogram shows the impedance variations as a 
function of time. Due to the fact that these variations are comparatively small, 
typically only 1-2 per cent of the total measured impedance (Baken, 1992) and 
that the throat impedance varies considerably with natural larynx movements 
and skin contact, high-pass filtering is performed on the obtained EGG signal 
in order to eliminate low-frequency noise. Electroglottographs generally have a 
built-in automatic gain control in order to maintain an appropriate signal level 
throughout the recording session. It should be noted that the high-pass filtering 
and gain control techniques may cause phase and amplitude distortion, which 
in turn could influence the EGG waveform. As a result, EGG cannot be an 
absolute measure of the vocal fold contact area (Scherer et. al., 1988). An 
example of the EGG waveform can be seen in Figure 7, see section 7.2. 
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 Another popular use of EGG is for fundamental frequency 
determination. Several studies have shown that the EGG signal, due to its 
waveform being simpler than the corresponding audio signal waveform, is a 
more robust alternative than audio for estimations of the fundamental 
frequency (e.g. Vieira et. al., 1996).  
 

6.11 Phonation Threshold Pressure 
 
The smallest amount of lung pressure required to initiate and sustain vocal fold 
oscillation is called the phonation threshold pressure, used in Paper 1 and 
Paper 2. This term was introduced by Ingo Titze (1988), who firstly called it 
oscillation threshold pressure. He derived an equation describing how the 
phonation threshold pressure (hence PTP) varied with F0 (Eq. 3) (1992 & 
1994). 
 
 PTP = a + b*(F0 / MF0 )2      (Eq. 3) 
 
 
where MF0 is the mean F0 in Hz for conversational speech. In his attempts to 
match measured data, in kPa, Titze used the a = 0.14 and b = 0.06, MF0=190 
Hz for females and MF0=120 Hz for males. 
 The PTP has been found to vary depending on vocal fold stiffness and 
to rise during vocal fatigue. Research has also been carried out to test the 
influence of e.g. water, different types of drugs and dry air, see further the 
introduction of Paper 1. 
 

6.12 Collision Threshold Pressure 
 
The term collision threshold pressure has been proposed by Enflo and 
Sundberg (Paper 1). It is defined as the smallest amount of subglottal pressure 
required to initiate vocal fold collision. Hence, it always results in larger 
pressure values than the PTP. On average, the CTP for a given F0 and speaker 
is 3-5 cm H2O higher than for the PTP. 
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6.13 Audio Spectral Tilt 
 
Audio spectral tilt (AST), used in Paper 3, is the current author’s name for 
spectral tilt, which otherwise could be confused with the new concept 
electroglottographic spectral tilt. The common denominator between all 
existing definitions of AST, or audio spectral slope, is that they concern the 
slope of a spectrum. In other words, AST is a ‘measure of how the amplitudes 
of successive components decrease with increasing harmonic number’ (Titze, 
1994). It is usually expressed in dB/octave. Since voice quality or voice timbre 
is related to the frequency content, it is also related to the AST. A brassy or a 
loud voice has been confirmed to have a larger amount of high frequencies, 
hence a less steep AST. On the other hand, a fluty or a breathy voice quality or 
a quieter voice has been shown to have few high frequencies and consequently 
a steeper AST (Fant & Lin, 1988, Karlsson, 1988 & 1992, Titze, 1994 & 
Hanson, 1997). Normal vocal quality has an AST of around -12 dB/octave 
(Titze, 1994). 
 

6.14 Electroglottographic Spectral Tilt 
 
The definition for electroglottographic spectral tilt (EST) is similar to the one 
for audio spectral tilt (see section 6.13), in that is concerns the slope of a 
spectrum. EST differs from the AST in that it is not calculated from the audio 
signal. Instead, it is derived from the electroglottographic signal or the 
derivative of that signal (DEGG). See further Paper 3. 
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7. Methods

7.1 Measurement of Subglottal Pressure 
 
In school, many of us have measured our own lung pressure by blowing into a 
u-tube manometer half-filled with water. The difference in height between the 
two water columns gives a value of the lung pressure in centimeters of water, 
where 1 cm H2O = 0.1 kPa. Water is used for small pressures. For larger 
pressures, such as the atmospheric pressure at sea level, heavy fluids such as 
mercury are used instead (e.g. 760 mm Hg = 1 atmosphere). 
 Unfortunately and obviously, the measurement of subglottal pressure 
during speech cannot be done in the same simple way as above. Several 
measurement methods exist, of which most are invasive. Therefore they cannot 
be used on a larger scale, as few subjects are willing to participate in those 
experiments - not least singers who earn their living from their voices. One of 
the most common invasive methods is to insert a fine needle into the trachea 
by passing it through the pretracheal wall and connecting it to a pressure 
transducer (method 1). Some singers have in fact been measured in this way, 
for example in the study by Rubin et al. (1967). Another invasive method 
(method 2) is to pass a small transducer through the nose and then the glottis 
and place it directly in the trachea. One variant of this method is to pass a small 
catheter through the glottis with the open end of the catheter in the trachea and 
the other end of the catheter coupled to a transducer outside the subject. In an 
additional method, the subject could swallow a small inflatable balloon into the 
esophagus (method 3) with the balloon connected by a catheter to a transducer. 
Simultaneous recordings of the lung volume are required since the balloon 
itself will record intrathoracic pressure (Bouhuys et al., 1966). None of these 
methods are utilized on a routine basis. 
 What is now commonly used clinically and within research is a non-
invasive method suggested by Holmberg (1980) and Smitheran & Hixon (1981). 
This method is based on the fact that the pressure below the glottis is the same 
as the pressure above the glottis during the closure period of voiceless stops 
(e.g. Shipp, 1973). All through this period, the glottis is open and the oral cavity 
is closed. This means that measurements of oral pressure during this voiceless 
stop phase (for example the labial voiceless stop /p/) are estimates of 
subglottal pressure as well. 
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 The non-invasive method described above was validated experimentally 
shortly afterwards with a male subject who did twenty repetitions of the speech 
material (Löfqvist et al., 1982). Two methods were used to obtain the subglottal 
pressure values: the invasive method 2 and the non-invasive method explained 
above. The mean difference between the two sets of measurements was 0.85 
mm of water, with a standard deviation of 3.73 mm of water. No statistically 
significant differences were found between the two methods. Hence, a 
reasonable conclusion is that the non-invasive method is preferable. 
 

7.2 Measurement of Phonation Threshold Pressure and Collision 
Threshold Pressure 
 

Time [1 s / division]

1 2 3 4 65 7 98 10 11

In order to obtain measures on the CTP and the PTP, measurements of 
subglottal pressure and information about the movements of the vocal folds 
are needed. The subglottal pressure values are often obtained by the non-
invasive method suggested in the 7.1 section, with the subject repeating the 
syllable [pa:] with gradually decreasing vocal loudness and continuing until 
voicing ceases, see the third signal (Psub) from above in Figure 7. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: A /pa:/-sequence with pressure peaks during the voiceless stops. Audio, EGG 
and oral pressure (Psub) have been recorded. The CTP is calculated as the mean value 
between pressure peaks 8 and 9, and the PTP as the mean value between pressure peaks 10 
and 11. 
 
 
 



 

In addition to the oral pressure and the audio, EGG signals are also recorded, 
see the middle signal in Figure 7. The amplitude of the EGG signal provides 
the necessary information of when the vocal folds are open and when they are 
closed, since a sudden decrease in EGG amplitude is seen where the vocal 
folds lose contact with each other. In Figure 7, this sudden change of EGG 
amplitude is found between pressure peak 8 and 9. The CTP is then accepted 
as lying right between these two pressure values. In the same way, the PTP is 
calculated as the average for the pressure peaks 10 and 11. 
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8. Summary and Results of 
Appended Papers 

Paper 1.  Enflo, L., & Sundberg, J. (2009). Vocal fold collision threshold 
pressure: An alternative to phonation threshold pressure?. Logopedics Phoniatrics 
Vocology, 34(4), 210-217. 
 
The phonation threshold pressure (PTP), which is frequently used in voice 
research for describing vocal fold properties, is often difficult to measure since 
many subjects find it hard to produce extremely soft phonation. Also, the data 
is often quite scattered. As a possible alternative, this investigation analyses the 
lowest pressure initiating vocal fold collision (CTP), which occurs at higher 
pressure values and hence should be easier to produce for the subjects. 
Microphone, electroglottograph (EGG) and oral pressure signals were recorded, 
before and after vocal warm-up, in 15 amateur singers, repeating the syllable 
/pa:/ at several F0s with gradually decreasing vocal loudness. Subglottal 
pressure was estimated from oral pressure during the p-occlusion, using the 
amplitudes of the audio and the EGG as criteria for PTP and CTP. The 
coefficient of variation, i.e. the ratio between the standard deviation and the 
average, was significantly (repeated measures ANOVA test, p 0.01) lower for 
CTP than for PTP for all subjects pooled. Both CTP and PTP tended to be 
higher before than after the warm-up, especially for the female singers for 
which the decrease after warm-up was statistically significant (repeated 
measures ANOVA test, p 0.05) for all F0 values pooled. On the whole, the 
CTP for both female and male subjects were about 4 cm H2O higher than the 
PTP. The results support the conclusion that CTP is a promising parameter in 
investigations of vocal fold characteristics. 
 
Paper 2. Enflo, L., Sundberg, J., & Pabst, F. (2009). Collision Threshold 
Pressure Before and After Vocal Loading. In Proceedings of Interspeech 2009. 
Brighton, United Kingdom. 
 
The phonation threshold pressure (PTP) has been found to increase during 
vocal fatigue. In the present study we compare PTP and collision threshold 
pressure (CTP) before and after vocal loading in two singer and five non-singer 
voices. The subjects repeated the vowel sequence /a,e,i,o,u/ at an SPL of at 
least 80 dB at 0.3 m for 20 minutes. Two recordings per subject were made; 
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one before and one after the loading, while they produced a diminuendo 
repeating the syllable /pa/. Oral pressure during the /p/ occlusion was used as 
a measure of subglottal pressure. Both CTP and PTP increased significantly 
after the vocal loading. However, only small increases were seen in the singer 
subjects and they were also the only participants who did not feel vocal fatigue 
after the loading task. 
 
Paper 3. Enflo, L. (2010). Vowel Dependence for Electroglottography and 
Audio Spectral Tilt. In Proceedings of Fonetik 2010 : 35-39. Lund University, 
Sweden. 
 
The spectral tilt has been calculated for the vowels from audio signals and from 
the derivative of electroglottographic signals (DEGG) in a Swedish one-
speaker corpus of 5277 sentences. Vowel dependence has been found for the 
audio spectral tilt but not for the DEGG spectral tilt, which unexpectedly also 
gets steeper as the sound pressure level increases. The DEGG spectral tilt 
values had an average standard deviation of 1.3 dB/octave and the 
corresponding standard deviation value for the audio spectral tilt was 2 
dB/octave. 
 
Paper 4. Beskow, J., Bruce, G., Enflo, L., Granström, B., & Schötz, S.  
(alphabetical order) (2008). Recognizing and Modelling Regional Varieties of 
Swedish. In Proceedings of Interspeech 2008. Brisbane, Australia. 
 
Summary of the Enflo dialect test part of the paper (see further section 11, 
‘Testing Perception of Swedish Accents’): 
A method for determining the ability of Swedish accent identification among 
native Swedish listeners has been examined by means of a pilot test with 47 
subjects (23 female, 24 male). The experiment comprised an accent-test part, a 
geography test and a questionnaire, so as to provide information about the 
background of the listeners, who were divided into three groups: Norrland, 
Svealand and Götaland, depending on where the first 18 years had been spent. 
In the accent test, recordings of identical utterances from 72 speakers were 
played in random order and placed on a map of Sweden. Results show that 
listeners are better at locating accents spoken in their own area in Sweden. 
Götaland listeners had an overall better performance. Other factors for accent 
location ability are the listeners’ knowledge level in the language field, number 
of years spent abroad and the speaker’s age and gender. 
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9. Discussion 
 
In Paper 1, the threshold pressure needed for vocal fold collision (CTP) has 
been investigated; for the first time, to the author’s knowledge. The main 
question was whether the CTP could be used as an alternative or a complement 
to the now commonly used phonation threshold pressure (PTP). Therefore it is 
relevant to make comparisons between the CTP and the PTP and see whether 
 
 1. CTP can be determined more accurately than PTP 
 2. CTP is easier to produce for the subjects than PTP 
 3. the risk for nasal airflow is lower for the CTP than the PTP 
 4. limitations exist for CTP which cannot be found for PTP 
 5. CTP gives the same kind of information than PTP 
 and to see 
 6. what the differences are between the CTP and PTP. 
 
As for the first question, the coefficient of variation for all subjects pooled was 
found to be statistically lower for CTP than PTP. This is not surprising given 
that the PTP concerns tiny pressure values for which even a small error have a 
large impact. Question number two is answered by that several subjects failed 
to reach the phonation threshold for many F0s. Most of the subjects also 
voluntarily reported having difficulties to produce the syllable /pa:/ when no 
phonation resulted. This problem did not occur for the CTP since the vocal 
loudness is higher. As an answer to question number three, it can be argued 
that the risk for nasal leakage is smaller for the CTP, since higher pressures 
produced with a nasal leakage cause audible noise. Fischer et al. (1997) 
observed that nasal leakage was more likely to occur during very soft phonation 
and Verdolini-Marston and collaborators (1990) saw that subjects attempting to 
phonate as softly as possible were sometimes unable to produce flat and 
consistent oral pressure peaks. In Paper 1, instructions to the subjects to sing 
the /pa:/-sequence legato helped for acquiring flat pressure peaks. Question 
four touches the problem with the CTP being impossible to measure when no 
vocal fold contact occurs. This happens in dysfunctional voices, some falsetto 
voices and sometimes in the upper part of female singer’s pitch ranges. In 
question five, it can be argued that both CTP and PTP should give information 
on the motility of the vocal folds. After manipulation of the a and b quotients, 
Titze’s PTP equation (Eq.3) turned out to be useful for approximating the 
averaged PTP and CTP values before and after warm-up. For the male subjects, 
b was the same for CTP and PTP in both cases. In addition, b was almost 
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identical with the value given by Titze. Thus, the males’ PTP values before and 
after warm-up differed from their PTP equivalents only by the quotient a. This 
means that the CTP and PTP depended in a similar way of F0 but CTP showed 
higher values. For the females, b varied between 0.4 (PTP after warmup) and 
0.8 (CTP after warmup). The latter value depended on the data observed at 
high F0, but not all of our subjects were able to produce these high F0 values 
resulting in a low number of observations. As for the last question, many 
similarities can be claimed for the CTP and the PTP in that they both concern 
subglottal pressures, glottal adduction and the movements of the vocal folds to 
an equal degree. To sum it up in numbers, the CTP for both female and male 
subjects were about 4 cm H2O higher than the PTP. The answers to all of these 
questions support the conclusion that CTP is a promising alternative to PTP. 

The effects of vocal warm-up and vocal loading on the CTP and PTP 
have been explored in Paper 1 and 2, respectively. Elliot and collaborators 
(1995) measured PTP before and after vocal warm-up in a group of 7 female 
and 3 male amateur singers. They found an effect of vocal warm-up on the 
PTP only in some subjects. In the investigation in Paper 1 an intersubject 
variability was found too, but on average across subjects and F0 a vocal warm-
up effect was observed on PTP and CTP for both female and male subjects. In 
Paper 2, the main finding was that CTP increased significantly after vocal 
loading. For the two trained subjects, the effect was minimal, and these subjects 
did not experience any vocal fatigue after the vocal loading. It can be argued 
that the singers possibly use the vocal loudness increase technique described in 
section 6.5 also when performing vocal loading tasks, which is supported by 
the fact that none of the two singers felt vocally tired after the loading 
procedure. On average, the increase of subglottal pressure was similar for CTP 
and PTP after the loading. This supports the assumption that CTP reflects 
similar vocal fold characteristics as the PTP. 
 In the future, it would be worthwhile to test CTP in other applications, 
e.g., in a clinical setting with patients before and after therapy. 
  In Paper 3, previous findings are confirmed of vowel dependence in 
parameters related to audio spectral tilt. The results also support the conclusion 
that the audio spectral tilt, due to its variability, is insufficient for correct vowel 
identification. When thinking of the source-filter-theory introduced by Fant 
(1960), it is not surprising that the EGG spectral tilt has no vowel dependence; 
a vowel is determined by formants which are formed in the vocal tract (the 
filter) whereas the EGG and the DEGG are related to the source only. This 
conclusion can, however, be blinded by the fact that we only used one speaker 
and to problems in EGG measurements, which, although they can be 
significant, we know nothing about in this case. When using EGG spectral tilt 
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in speech synthesis applications, it is useful to know that vowel dependence is 
likely to be of little importance. Hence, all sorts of recorded speech, both 
spontaneous and read, where the vowel distribution is likely to be skewed, can 
be used without further sorting for EGG spectral tilt. 

 In the investigation in Paper 3, the sound pressure levels cannot be 
reconfirmed as being decreased with a steeper audio spectral tilt, also when 
looking at each vowel separately. This could possibly be explained by a low 
variability in sound pressure level for the speaker. The EGG spectral tilt, on the 
other hand, shows an unexpected decrease with a lowered sound pressure level. 
Further research on the use and nature of the EGG spectral tilt would be 
valuable, especially since it seems to be a comparatively stable parameter. 

 The discussion part of Paper 4 is added to section 11. 
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10. Conclusions 
 
In Papers 1 & 2, it is shown that the collision threshold pressure (CTP), as well 
as the phonation threshold pressure (PTP), is often higher before than after 
vocal warm-up and significantly higher after than before vocal loading. CTP 
concerns larger values on the subglottal pressure than PTP and calculations on 
the coefficient of variation indicates that the CTP is more reproducible than 
the results from PTP measurements. However, due to the occasional lack of 
vocal fold contact in male falsetto singing and some higher notes in females, 
CTP cannot be used over the entire F0 range. Hence, CTP could be used as a 
complement to PTP for medical purposes. 
 
Paper 3 shows that the electroglottographic spectral tilt (EST) is not vowel 
dependant, as opposed to the audio spectral tilt (AST). 
 
Paper 4 suggests a method for testing the ability among Swedish native 
speakers to place dialectal speakers correctly on a map of Sweden. The results 
confirm that the South Swedish, Stockholm and Gotland accents are the easiest 
to recognize, whilst people in general are better at placing their own dialect 
correctly. 
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11. Addition to Paper 4: Testing 
Perception of Swedish Dialects 
 

11.1 Introduction 

The regional varieties of Swedish have been classified several times. The 
acceptance for segmental and prosodic deviations from the standard versions 
of Swedish has grown; at the same time, many dialects are gradually declining 
(e.g. Elert, 2000 & Bruce, 2010). Youths are speaking in a less dialect specific 
way, which is indicated by a number of Swedish databases. These are at least 
partly containing regional speech and have been put together over the past 
decade, e.g. SweDia 2000 (Engstrand et al., 1997) and SpeechDat (Elenius, 
1999). 
 The terms accent and dialect both refer to linguistic variation of a language 
and can be used ambiguously. In this paper, accent is used as defined in Crystal 
(Crystal, 2003) – ‘The cumulative auditory effect of those features of 
pronunciation which identify where a person is from regionally and socially. The 
linguistic literature emphasizes that the term refers to pronunciation only, is thus 
distinct from dialect, which refers to grammar and vocabulary as well.’ 
 In this work, a new method has been investigated that could be of help 
in finding out 1) how well Swedish subjects can identify the geographical origin 
of other Swedish native speakers and 2) which factors that are important for 
how well this task can be performed. Previous studies (e.g. Ohala, 1981) have 
shown that prosodic cues alone are sufficient for perceptual accent 
classification. Other investigations, also using filtered speech material devoid of 
segmental cues, have added the conclusion that the importance of prosody 
varies between languages. Gooskens and van Bezooijen (2002) found that 
prosody is a more important factor in English than in Dutch for accent 
identification. Gooskens (2005) also investigated fifteen Norwegian accents and 
showed that the importance of prosody is greater in Norwegian than in Dutch 
when placing accents. She also found that indigenous listeners generally 
perform better when identifying accents than exogenous listeners. Given the 
similarities between the two languages Swedish and Norwegian (e.g. Dahl, 
2007) it is likely that prosody plays a greater role for accent identification in 
Swedish as well. Another accent identification test with four varieties of Swiss 
German (Leemann et al., 2008) found that the listeners were less likely to 
recognize the prosody of their own accent. 
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 Cunningham-Andersson (1996) made an experiment in which listeners were 
given a map of Sweden with the six places where the speakers originate marked 
on it: Malmö, Gothenburg, Uppsala, Umeå, Falun or Gotland. The listeners 
were also given an answer sheet for each speaker with the six place names on 
and they were instructed to circle the name of the place the speaker came from. 
Cunningham-Andersson found that native listeners generally perform better 
than non-native listeners. Nonetheless, the most accurate non-native listeners 
performed as well as the least accurate native listeners. The length of time the 
non-native listeners had lived in Sweden was significantly correlated to their 
proficiency in the identification of dialects, and this correlation was even 
stronger than their linguistic proficiency in Swedish. The Malmö accent seemed 
to be the easiest to place correctly, closely followed by the Gotland accent. 
Umeå and Falun seemed to be much more difficult to identify accurately. 
 In order to find out the factors for accent recognition, this perception 
experiment was put together, where listeners were asked to recognize the 
geographical location of accentual speech stimuli from eighteen dialect groups 
by clicking on a map of Sweden. 

11.1.1 The SpeechDat database  

In this experiment, the main source for analysis was the Swedish speech 
database SpeechDat (Elenius, 1999). SpeechDat contains telephone-transmitted 
speech from 5000 speakers, registered by age, gender, current location and self-
labelled dialect type, according to Elert’s suggested Swedish dialect groups 
(Elert, 1994). The database has previously been used for research on Swedish 
dialects, such as finding methods for improving automatic speech recognition 
by using hierarchical clustering and the Bhattacharyya distance (Salvi, 2003 & 
2005). 
 

11.1.2 Elert’s dialect groups 

As previously mentioned, several classifications of Swedish dialects exist. The 
dialect categorization used in this study (Elert, 1994) contains twenty dialect 
groups: eighteen in Sweden, one in Finland and one for non-native speakers of 
Swedish. As seen in Figure 1, the number of dialect groups in Sweden is higher 
in the southern part. This is partly due to the fact that this area currently and 
also historically has had a greater number of residents, whereas the northern 
part of Sweden includes large uninhabited areas. Another reason is that some 
districts in the southern part of Sweden belonged to Denmark for several 
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hundred years and became integrated with the kingdom of Sweden as late as in 
1658 (e.g. Gustafsson, 2008). Sweden of today is often divided into three major 
regions and they are as seen in Figure 1: Norrland (groups 1-4), Svealand 
(groups 5-6 and 8-10) and Götaland (groups 7 and 11-18). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Map of Sweden and the Swedish-speaking parts of Finland. Numbers referring to 
Elert’s dialect groups: Norrland 1-4, Svealand 5-6 + 8-10, Götaland 7 + 11-18, Finland 
19 and Swedish for non-native speakers 20. The island of Öland is a part of group number 
12 (Northern part) and 15 (Southern part). 
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11.2 Experiment 

11.2.1 Speech material

In the Swedish SpeechDat database, two sentences read by all speakers were 
added to the speech material for their prosodically interesting properties; 
especially accent 1, accent 2 and words of different length and structure. One 
of the two sentences was used in this experiment: Mobiltelefonen är nittiotalets stora 
�uga, både bland företagare och privatpersoner. ‘The mobile phone is the big hit of the 
nineties both among business people and private persons.’ For this test, each of 
Elert’s eighteen dialect groups in Sweden were represented by four speakers, 
two female and two male, with an age span as wide as possible. The speakers 
were chosen with the help of two dialect experts, see Acknowledgements. 
Elert’s dialect group number nineteen had to be eliminated from analysis 
because of the apparent lack of regional accent. This is possibly due to the fact 
that the prosodically interesting sentences in the SpeechDat database were 
collected from telephone calls made in Sweden and that the Finland Swedish 
persons living in Sweden in many cases had altered their accent to become 
more similar to the Swedish spoken in Sweden. The twentieth dialect group 
(non-native speakers) was excluded in this study of native accents. 

11.2.2 Subjects 

47 listeners participated in the experiment, 23 female and 24 male, with an 
average age of 32 and 31 years, respectively. The gender distribution was as 
seen in table 1. All of them spoke Swedish as their first language and a majority 
of them were university students. The subjects were placed in three groups 
depending on where the main part of the childhood and adolescence (0-18 
years) had been spent. Seventeen listeners were raised in the northern part 
(Norrland) whereas eighteen subjects grew up in the central part (Svealand). 
Twelve listeners were raised in the southern part (Götaland) of Sweden. 
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Table 1. Number of subjects for each of the three major areas in Sweden, 
grouped by where the majority of the first 18 years had been spent. 
 

Part of Sweden Females Males
Norrland 11 6
Svealand 7 11
Götaland 5 7

 
 

11.2.3 Experimental setup 

The test sessions were carried out in Umeå (Norrland), Stockholm (Svealand) 
and Lund (Götaland). A custom test application was used for the first two parts 
of the experiment, comprising an accent-test part and a geography test. Lastly, a 
questionnaire was completed. In the accent test, the chosen SpeechDat 
sentences were played in random order over headphones and could be repeated 
as many times as desired before the listener answered by clicking on a map of 
Sweden, which was a blank version of the maps seen in Figure 2 and Figure 3. 
The geography test included eighteen Swedish towns presented one by one in 
written form, which were placed on the map in the same manner as for the 
accent test. These towns are the most populated in each of Elert’s dialect group 
areas. Last of all, a questionnaire was filled out by all listeners, so as to provide 
information about e.g. age, gender, dialectal and musical background, number 
of spoken languages and years spent abroad. 
 

11.3 Results 

11.3.1 Norrland, Svealand and Götaland comparisons 

Subjects vary very much in their ability to locate speakers. In Figure 2, results 
for three listeners are displayed on the Swedish map. These three subjects were 
chosen as typical representatives of Norrland, Svealand and Götaland. Red dots 
mark the correct dialect locations and green dots the answers provided by the 
subjects. Figure 3 displays the results from the geography test in the same way. 
The three listener examples were males aged 27 (subject 1 from Norrland) and 
25 (subject 2 from Svealand and subject 3 from Götaland). Subject 1 from 
Norrland was born and raised in Umeå with one parent from Norrland and the 
other parent from Götaland. Subject 2 from Svealand was born and raised in 
Stockholm with both parents from Stockholm and had, according to his own 
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information, been exposed to regional accents only to a small extent. Subject 3 
from Götaland was born and raised in Jönköping by parents from the same 
area. 
 

    

Figure 2. Dialect test results for listener no. 1 from Norrland (left), listener no. 2 from 
Svealand (middle) and listener no. 3 from Götaland (right). Red dots for correct locations are 
connected by lines with green dots for answers given by listener. 
 
 
The average errors in accent placement were computed as an arbitrary unit 
distance on the map, due to the fact that distances on a two-dimensional map 
vary depending on latitude and longitude. This arbitrary unit corresponds to an 
average equivalent distance of three kilometres per unit. Figure 4 shows the 
mean average error distance for the three major regions of Sweden. Both 
listeners and speakers are divided into Norrland, Svealand and Götaland groups. 
A one-way ANOVA test showed that Götaland listeners were better than 
Svealand listeners in locating dialects (females p<0.002, males p<0.02). For 
Norrland listeners neither of the compared results with Svealand or Götaland 
listeners was significant. 
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Figure 3. Geography test results for listener no. 1 from Norrland (left), listener no. 2 from 
Svealand (middle) and listener no. 3 from Götaland (right). Red dots for correct locations are 
connected by lines with green dots for answers given by listener. 
 

Figure 4. Norrland, Götaland and Svealand listeners’ average dialect location errors for 
eakers from the three main dialect groups (arbitrary unit). sp
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The average distance between given and correct answer increased with average 

me before answer and could hence be considered as a measurement of 
security. Figure 5 shows the average time before answer per speaker group, 
ith dialect groups 7 (Gotland) and 16-18 (south Sweden) as the easiest to 
istinguish.  These groups, together with dialect group 8 (Stockholm-Uppsala 
rea) also show the best results for the average distance between given and 
orrect answer, see Figure 6. This is accordant with the results in Cunningham-
ndersson’s study (1996), where the Malmö dialect (dialect group 18) and then 
otland dialect (dialect group 7) seemed to be the easiest to place correctly. As 

een in Figure 6, dialect groups 1-3 and 6 were harder to identify accurately 
an other speaker groups. This is also coherent with Cunningham-Andersson’s 

tudy, since she found that Umeå (dialect group 3) and Falun (dialect group 6) 
eemed to be much more difficult to place accurately. 
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Figure 6. Average distance between given and correct answer per speaker group. 

 
The results from the geography test confirmed no significant differences 
between the three major parts of Sweden, see table 2. Although the Norrland 
accents (Elert dialect groups 1-4) were challenging to place correctly, the cities 
from the same area were not the most difficult to point out on the Swedish 
map. 
 
Table 2. Results from the geography test as the average distance 
between given and correct answer. Most populated city for each of 
Elert’s dialect groups in Sweden, starting with the city that was the most 
difficult to place correctly. Lastly, average result for listeners from 
Götaland, Svealand and Norrland, respectively. 

Geography Test 

 

Dialect 
group 

Town to 
be located 

Average 
distance 
(arbitrary unit) 

12 Västervik 59.4 
13 Borås 43.8 
5 Mora 41.7 
10 Karlstad 38.5 
2 Luleå 36.5 
9 Örebro 34.8 
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3 Umeå 34.4 
1 Kiruna 32.2 
17 Kristianstad 31.1 
6 Västerås 30.4 
11 Linköping 26.9 
4 Gävle 26.3 
16 Helsingborg 22.5 
15 Jönköping 21.0 
14 Göteborg 19.7 
18 Malmö 10.6 
7 Visby 9.05 
8 Stockholm 8.34 
Results   
Götaland  26.6 
Svealand 27.4 
Norrland  33.2 

11.3.2 Fac s for dia entific  ability 

As shown a e in Fig te re better at locating accents spoken 
in their own area in S  c dicts the results of Leemann et al. 
(2008), but only proso es d in that study. Other factors for 
accent loca  ability a the ber of spoken languages in 
addition to Swedish, as ft graph in Figure 7, but the results are not 
significant. other te e so not significant, was that results 
deteriorate with an increasing number of years spent abroad, as shown in the 
graph to th ht in F nde  age of the listener did not seem to 
affect the r t, but th  and a the speaker were important factors. 
Female speakers were ier han male for all listeners 
pooled (on ay ANO 0. ith an average dialect location error 
of 84 for female speakers and 88 for male speakers. As seen in Figure 8, 
middle-aged re easier to y and place correctly, which a one-
way ANOVA test confirmed significant (p<0.01). The poorer results for 
speakers ag ossibly due t gh number of Norrland speakers in 
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Figure 7. Average distance between given and correct answer for all listeners depending on 
number of spoken languages in addition to Swedish (left) and on number of years spent 
outside of Sweden (right). 
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Figure 8. Age of speaker: impact on average distance between given and correct answer. 
Results for all listeners pooled. 
 

11.4 Discussion 

Data suggests that Norrland and Svealand listeners are less able to locate 
accents, except for their own varieties of Swedish. It is not unreasonable that it 
is easier to identify and locate accents that surround you. This is however, as 
previously mentioned, contradicting the results of Leemann et al. (2008), where 
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the opposite was found for four Swiss German accents. One reason for this 
diversity could be the absence of semantic cues in the speech used in the study 
by Leemann et al. The high error values for Norrland for all listener groups is 
possibly because of long distances between towns in the northern part of 
Sweden, but also in part because of the Svealand and Götaland listeners’ lesser 
degree of exposure to these accents, in media and elsewhere. The Götaland 
listeners were almost as good at locating Svealand speakers as Svealand listeners 
(Figure 4), perhaps due to the great exposure to these accents in media. Contact 
with and ability to speak other languages than Swedish might have given better 
results thanks to an overall higher interest level in the language field among bi- 
or multi-lingual subjects. On the other hand, results imply that the listeners’ 
performance declines for persons who have spent many years abroad. One 
possible reason is the lack of exposure to Swedish. Older speakers often talk in 
a more dialectal style than younger speakers (e.g. Elert, 2000), which is a 
reasonable cause for the speaker age dependence in the degree of accent 
identification ability. Other factors for accent identification capacity such as 

1.5 Conclusions 

listener’s degree of musicality were considered, but could not be shown with 
the data collected in this study. 

1

Swedish native speakers vary greatly in their ability for accent identification. 
Götaland listeners generally produced better results, but both Norrland and 
Svealand listeners were more proficient in placing their own respective accents 
correctly. Other factors important for the ability to locate accents accurately 
seem to be the overall knowledge in languages, speaker’s age and gender and 
also possibly the listener’s number of years spent abroad.
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ORIGINAL ARTICLE

Vocal fold collision threshold pressure: An alternative to phonation 
threshold pressure?

LAURA ENFLO & JOHAN SUNDBERG

Department of Speech, Music and Hearing, School of Computer Science and Communication, KTH (Royal Institute of 
Technology) SE-100 44 Stockholm, Sweden

Abstract
Phonation threshold pressure (PTP), frequently used for characterizing vocal fold properties, is often diffi cult to measure. 
This investigation analyses the lowest pressure initiating vocal fold collision (CTP). Microphone, electroglottograph (EGG), 
and oral pressure signals were recorded, before and after vocal warm-up, in 15 amateur singers, repeating the syllable /pa:/ 
at several fundamental frequencies with gradually decreasing vocal loudness. Subglottal pressure was estimated from oral 
pressure during the p-occlusion, using the audio and the EGG amplitudes as criteria for PTP and CTP. The coeffi cient of 
variation was mostly lower for CTP than for PTP. Both CTP and PTP tended to be higher before than after the warm-up. 
The results support the conclusion that CTP is a promising parameter in investigations of vocal fold characteristics.

Key Words: Electroglottography, fundamental frequency, phonation threshold, singing, vocal fold contact, vocal warm-up

Introduction

Subglottal pressure (Psub) is one of the basic param-
eters for control of phonation. It is typically varied 
with the fundamental frequency (F0) of phonation 
(1,2). Titze (3,4) derived an equation describing how 
the minimal lung pressure required for initiating and 
sustaining vocal fold oscillation varied with F0. For 
this pressure Titze launched the term phonation 
threshold pressure (PTP). He described its variation 
with F0 with the following equation: 

PTP = a + b × (F0 / MF0)2  (Eq. 1)

where MF0 is the mean F0 in Hz for conversa-
tional speech. In his attempts to match measured 
data, in kPa, Titze used a = 0.14 and b = 0.06, MF0 
= 190 Hz for females and MF0 = 120 Hz for 
males. 

Several investigations have been devoted to PTP. 
Experimental support for Titze’s equation was 
recently established from a mechanical replica of the 
vocal folds (5). Garrel and associates (6) could pre-
dict the dependence on F0 from results gained from 
a vocal fold vibration model based on the so-called 
relaxation oscillation principle. In addition, the model 

could explain why PTP varies depending on vocal 
fold stiffness. Zhang and co-workers (7) developed a 
body-cover vocal fold model and examined how the 
body-cover stiffness ratio affected the PTP. They 
found that PTP fi rst increased and then reached a 
plateau. Solomon and co-workers (8) measured PTP 
in untrained female and male voices. They found that 
the values of the a and b quotients varied between 
individuals, a fi nding which may refl ect differences 
in several glottal parameters, e.g. degree of glottal 
adduction. Chan and Titze (9) tested a linear small-
amplitude oscillation theory by means of a physical 
model of the larynx. They observed that PTP 
decreased with inertive vocal tract impedance and 
increased with viscous shear modulus or dynamic 
viscosity of the vocal fold cover.

As vocal fold stiffness seems relevant, it is not 
surprising that PTP has been found to rise during 
vocal fatigue (10–12). PTP has also been used in 
attempts to document effects of laryngeal lubricants 
including different kinds of medication and water 
(10,13–15). Roy and co-workers (15) observed a 
lowering of PTP during 20 minutes after applying 
Mannitol, an agent that stimulates osmotic water fl ux 
to the luminal airway surface. No other substances, 
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Method

Experiment

Six females (AF, EF1, EF2, JF, LF1 and LF2) and 
nine males (BM, EM, FM, JM1 JM2, LM, MM,OM 
and PM) were recruited as subjects. All of them were 
amateur singers with considerable experience of 
choir singing. Their task was to repeat the syllable /
pa:/ in a decrescendo, starting at medium loudness 
and continuing until voicing ceased, with a syllable 
rate of two per second, approximately. The subjects 
were instructed to constantly sing the syllable 
sequence legato, i.e. without silent intervals between 
the syllables. According to our experience this instruc-
tion typically results in fl at pressure peaks, which 
accurately refl ect Psub. Further they were asked to 
pronounce clear /p/ consonants and to avoid chang-
ing them to /b/ consonants. The subjects repeated 
this exercise on all F0s of an F major triad that fi tted 
into their comfortable pitch range. These frequencies 
were presented to the subjects, one by one, on a 
custom-made singing synthesizer program (Madde 
(22)). At each frequency the /pa:/-sequence was 
repeated three to six times.

The subjects were recorded in sitting position in 
a sound-treated booth. Two recording sessions were 
made, one before and one after vocal warm-up. This 
was true for all subjects except two, who, due to 
extensive daily singing activities, already felt them-
selves warmed up at the recording session. The 
remaining subjects warmed up their voices according 
to their own habitual procedures, without instruc-
tions from the experimenter.

Three signals were recorded: audio, oral pressure, 
and EGG (see Figure 1). The audio was picked up 
at 30 cm distance by a condenser microphone (B&K 
4003), with a power supply (B&K 2812), set to 0 dB 
and amplifi ed by a mixer, DSP Audio Interface Box 
(Nyvalla DSP). Oral pressure was recorded by means 
of a pressure transducer (Gaeltec Ltd, 7b), which the 
subject held in the corner of the mouth. This signal 
was monitored on an oscilloscope inspected by the 
experimenter. If non-fl at peaks appeared the subject 
was reminded of the legato singing requirement. The 
EGG was recorded with a two-channel electroglot-
tograph (Glottal Enterprises, EG 2), using the vocal 
fold contact area output and a low-frequency limit 
of 40 Hz. This signal was monitored on an oscillo-
scope. Contact gel was applied to improve the EGG 
signal quality. Each of these three signals was recorded 
on a separate track of a computer by means of the 
Soundswell Signal WorkstationTM software (Core 
4.0, Hitech Development AB, Sweden).

Calibration was carried out for sound pressure 
level (SPL) and pressure. The audio signal was cali-
brated by recording a synthesized vowel sound, the 

including water, were found to affect the PTP in that 
study. 

A lowered PTP can be assumed to refl ect greater 
vocal fold motility, which is a clinically relevant 
property; for a given degree of vocal loudness, high 
motility must be associated with a need for less pho-
natory effort. Solomon and associates (8) observed 
that the minimum PTP occurred at the subject’s 
most comfortable pitch. Motel and collaborators 
(16) studied the effects of vocal warm-up in sopra-
nos and found that PTP increased at high but not 
at low and comfortable F0. McHenry and associates 
(17), however, observed that after warm-up the PTP 
was signifi cantly lowered in females, but not in 
males. 

Many singers, both professionals and amateurs, 
prefer to warm up their voices before singing (see e.g. 
Fleming (18)). Warm-up can be assumed to affect 
the vocal fold properties. Elliot and collaborators 
(19) used PTP in an attempt to document phonatory 
effects of singers’ vocal warm-up. In some of their 
subjects they found signifi cant PTP changes after 
warm-up, but the results varied considerably both 
within and between subjects. Therefore, no defi nitive 
answer was found to the question if vocal warm-up 
really lowers the PTP. 

Determining PTP is often associated with prob-
lems. First, it is generally diffi cult to accurately mea-
sure low Psub values; an accuracy of measurements 
amounting to 1 cm H2O represents a 50% error of 
a 2 cm H2O PTP. Another complication is that sev-
eral individuals fi nd it diffi cult to phonate at their 
lowest possible sound level. Also, PTP obviously 
increases if glottal adduction is increased (20). As a 
consequence, the analysis is mostly time-consuming, 
and the data are highly variable (21).

At extremely low subglottal pressures, the vocal 
folds vibrate, but with an amplitude so small that the 
folds never collide. If subglottal pressure is increased, 
however, vocal fold collision normally occurs. Like 
PTP, the minimal pressure required to initiate vocal 
fold collision, henceforth the collision threshold pres-
sure (CTP), can be assumed to refl ect vocal fold 
motility. CTP is easy to identify by means of an elec-
troglottograph (EGG). During vocal fold contact, 
the EGG signal reaches a high amplitude. Conversely, 
the EGG amplitude is low when the vocal folds fail 
to make contact. Further it can be hypothesized that 
CTP is easier to measure than PTP, since CTP 
occurs at higher pressures. 

The purpose of the present exploratory investiga-
tion was 1) to test the potential of the CTP measure 
by analysing how it was affected by vocal warm-up 
in a group of female and male singer subjects, and 
2) to compare the coeffi cient of variation of CTP and 
PTP. 
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212 L. Enfl o & J. Sundberg

SPL of which was measured at the recording micro-
phone by means of a sound level recorder (Ono-
Sokki). This SPL value was announced on the 
recording. The pressure signal was calibrated by 
immersing the pressure transducer at a carefully 
measured depth in a glass cylinder fi lled with water 
and then by holding it in free air. Also this depth was 
announced on the recording.

Analysis

The analysis was performed using the Soundswell 
Signal Workstation. As the oral pressure signal picked 
up some of the oral sound, it was low-pass fi ltered at 
50 Hz. The EGG channel was processed in two steps. 
First, low-frequency noise was eliminated by a 90-Hz 
high-pass fi lter. Then, the EGG signal was full-wave 
rectifi ed, i.e. the negative parts of the input waveform 

Figure 1. Experimental set-up used in the recordings.

Figure 2. Example of the recordings analysed showing the microphone, the high-pass fi ltered and rectifi ed EGG and the oral pressure 
signals (top, middle, and bottom curves). The sudden drop in the EGG signal amplitude after pressure peak 8 marks the loss of vocal fold 
contact. The CTP was calculated as the mean value of pressure peaks 8 and 9, and the PTP as the mean value of pressure peaks number
10 and 11, since the latter peak was not followed by phonation as shown by the audio signal.
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were converted to positive parts and added to the 
originally positive segments. This facilitated ampli-
tude comparisons. Figure 2 shows an example of the 
signals obtained. The oral pressure during the occlu-
sion for the consonant /p/ was accepted as an approx-
imation of Psub (see e.g. (23,24)).

For each subject, CTP was determined in at least 
three sequences for each F0. The CTP value was 
identifi ed with the aid of the EGG signal. As absence 
of vocal fold contact produces a great reduction of 
the EGG signal amplitude, such amplitude reduc-
tions were mostly easy to identify in the recording. 
The subglottal pressures appearing immediately 
before and after a sudden decrease of the EGG 
amplitude were regarded as lying just above and just 
below the CTP, respectively. Then, for each sequence, 
the average was calculated of these two pressure val-
ues. This average was accepted as the CTP. Finally, 
the average of these CTP estimates was calculated 
for each F0. 

PTP values were determined for each F0 in a 
similar way. The subglottal pressures appearing 
immediately before and after the cessation of phona-
tion were regarded as lying just above and just below 
the PTP, respectively. For each sequence, the average 
was then calculated of these two pressure values. At 
least three PTP values for each F0 were collected for 
subjects AF, LF1, MM, and JM2 and averaged. The 

remaining subjects produced fewer useful PTP val-
ues, thus preventing reliable PTP measurement.

CTP and PTP measurements were carried out 
both before and after warm-up except for the two 
singers who did not do any warm-up exercises, as 
explained above. The F0 values were expressed in the 
logarithmic semitone unit, using the frequency of C2 
(65.41 Hz) as the reference. This facilitated com-
parisons between male and female subjects.

Results

A straightforward way to measure reproducibility of 
CTP and PTP would be to compare values collected 
on different occasions. However, an informative 
comparison would require that the voice remained 
constant through all measuring occasions. This con-
dition is rarely met by the human voice. A more reli-
able reproducibility measure would be to compare 
repeated attempts to measure these threshold pres-
sures during a single recording session. This was 
made for subjects LF1 and JM2. The results are 
shown in Figure 3. 

Subject LF1 showed greater variability of her 
CTP data than subject JM2, particularly before 
warm-up. However, the percentage differences were 
more similar. For both these subjects, the mean dis-
crepancy was close to 10% of the average.

Figure 3. Repeated measurements of CTP for LF1 and JM2 (left and right panels, respectively). Panels a and b refer to recordings made 
before vocal warm-up, and panels c and d show results obtained from the same subjects after warm-up.
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To compare the reproducibility of PTP and CTP, 
the coeffi cient of variation, i.e. the ratio between the 
standard deviation and the average, was computed 
for subjects AF, LF1, MM, and JM2 (see Figure 4). 
Although the CTP values for two of subject JM2’s 
F0 had to be discarded for technical reasons, a 
repeated measures ANOVA test showed that the 
coeffi cient of variation was signifi cantly (P ≤ 0.01) 
lower for CTP than for PTP for all subjects pooled. 
These observations support the assumption that the 
CTP can be measured with a degree of accuracy that 
is better than the accuracy for PTP. 

Figure 5 shows the averaged CTP and PTP for 
the female and male singers. According to a repeated 
measures ANOVA test, the warm-up effect for all F0 
values pooled was statistically signifi cant (P ≤ 0.05) 
for the female subjects both for CTP and PTP. How-
ever, for the males, neither the CTP nor the PTP 
difference was signifi cant (P = 0.06 and P = 0.51, 
respectively).

Attempts were made to approximate the PTP 
and CTP values before and after warm-up by iter-
ating on the a and b quotients in Titze’s equation 
(Eq. 1). The criterion was a minimum of the sum 
of the squared differences between each pair of 
observed and calculated values. Table I lists the 
quotients a and b that produced the smallest sum 
of squared differences. This sum varied consider-
ably between the different cases. High values were 
strongly dependent on single extreme values. The 
values for the male subjects were generally quite 
low. The curves thus obtained are shown in the 
same Figure 5.

For the female subjects, the PTP measured before 
warm-up fell quite close to the curve calculated by 
means of Titze’s equation (Eq. 1)F. After warm-up 
the a quotient was lower and the b quotient some-
what higher for CTP (see Table I). The a quotients 
used for approximating CTP before and after 

Figure 4. Ratio between the standard deviation and the mean as function of F0 for the CTP and for PTP values (triangles and diamonds, 
respectively) in two female and two male subjects (upper and lower panels, respectively).
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warm-up were substantially higher than for PTP, 
while the b quotients differed less.

For the male subjects, both the PTP and the CTP 
could be approximated rather accurately by b quo-
tients of 0.5 (see Table I and Figure 5). The a quo-
tients, on the other hand, tended to be slightly lower 
after than before warm-up for both PTP and CTP. 
By and large, the CTP for both female and male sub-
jects were about 4 cm H2O higher than the PTP. 

Discussion and conclusions

To our knowledge this is the fi rst appearance in the 
literature of an attempt to analyse the CTP in the 
human voice. Hence it is relevant to compare this 
threshold with the commonly used PTP. 

One important aspect is to what extent CTP is 
easier to determine than PTP. Repeated attempts to 
determine both these thresholds showed that the 

coeffi cient of variation tended to be smaller for CTP 
than for PTP. 

Another aspect is the diffi culty of data acquisi-
tion. Both CTP and PTP are affected by glottal 
adduction, so in this respect there is no difference 
between the two. However, the experimental task 
needed to determine CTP appeared to be easier than 
that needed for measuring PTP. Most of our subjects 
found it diffi cult to continue producing the test 
syllable /pa/ also when no phonation resulted. This 
diffi culty does not occur in measuring CTP. 

Verdolini-Marston and collaborators found that 
subjects are sometimes unable to produce fl at, con-
sistent oral pressure peaks during /pæ/ syllable strings 
when they attempt to phonate as softly as possible
(21). Fisher and Swank (23) observed nasal air-fl ow 
when their subjects were phonating as softly as pos-
sible. If extremely soft phonation can be avoided, 
such as in measurement of CTP, the risk of this 
source of error should be smaller. The tendency to 
nasalization might also vary between subjects. Almost 
invariably our subjects produced fl at and consistent 
pressure peaks, unlikely to occur if the velo-pharyn-
geal port is open. For achieving this result it was 
helpful to recommend the subjects to sing the /pa/ 
sequence legato.

A limitation of the CTP measure is that it cannot 
be measured when there is a lack of vocal fold con-
tact. This typically is the case in hypofunctional 
voices and in falsetto register phonation. Also, vocal 
fold contact is sometimes missing in the upper part 
of female singers’ pitch ranges. 

An important aspect is to what extent the CTP 
provides the same information as PTP. From a phys-
iological point of view, both PTP and CTP should 

Figure 5. CTP and PTP values (fi lled and open symbols, respectively), averaged across female and male subjects (left and right panels) 
before and after warm-up (WU, triangles versus circles, respectively). The bars show 1 standard deviation. The dotted and solid curves 
show approximations of the data before and after warm-up, derived by modifying the a and b quotients in Titze’s equation (Eq. 1).

Table I. The quotients a and b of Titze’s equation (Eq. 1) PTP = 
a + b × (F0 / MF0)2, when used for optimal fi t of the data observed 
before and after warm-up (Bef and Aft, respectively). The sum of 
the squared differences between the observed values and the values 
obtained with the equation are listed in the Sum diff columns.

Females Males

a b Sum diff a b Sum diff

Titze 0.14 0.6 0.14 0.6

PTP Bef 0.14 0.6 30.10 1.0 0.5 0.65

PTP Aft 0.16 0.4 0.85 0.5 0.5 1.82

CTP Bef 4.8 0.7 8.68 4.5 0.5 2.14

CTP Aft 4.4 0.8 4.44 4.1 0.5 0.88
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216 L. Enfl o & J. Sundberg

reveal the motility of the vocal folds, i.e. their 
mechanical characteristics, as was mentioned before. 
After manipulation of the a and b quotients, Titze’s 
PTP equation (Eq. 1) turned out to be useful for 
approximating the averaged PTP and CTP values 
before and after warm-up. For the male subjects, b
was the same for CTP and PTP in both cases. In 
addition, b was almost identical with the value given 
by Titze. Thus, the males’ PTP values before and 
after warm-up differed from their PTP equivalents 
only by the quotient a. This means that the CTP and 
PTP depended in a similar way on F0 but CTP 
showed higher values. For the females, b varied 
between 0.4 (PTP after warm-up) and 0.8 (CTP 
after warm-up). The latter value depended on the 
data observed at high F0, but not all of our subjects 
were able to produce these high F0 values resulting 
in a low number of observations. 

The quotient a was similar in the female and male 
CTP values and dropped slightly after warm-up. 
Elliot and collaborators (19) measured PTP before 
and after vocal warm-up in a group of seven female 
and three male amateur singers. As mentioned, they 
found an effect of vocal warm-up on the PTP only 
in some subjects. In the present investigation we 
found inter-subject variability too, but on average 
across subjects and F0 a vocal warm-up effect was 
observed on PTP and CTP at least for the female 
subjects. 

The statistical analysis revealed a signifi cant effect 
of warm-up on both PTP and CTP for the female 
subjects only. The curve approximations of the data 
points shown in Figure 5, on the other hand, suggest 
a clear effect also on the male PTP and CTP. How-
ever, a close examination of the male subjects’ data 
points at the various F0 values in the graph shows 
that the mean CTP and the mean PTP increased at 
some F0 and decreased at other F0 after the 
warm-up. 

The CTP seems a promising alternative or com-
plement to the PTP in the sense that the coeffi cient 
of variation tended to be lower than for the PTP. 
Also, the task of phonating at phonation threshold 
seems more diffi cult for subjects than the task of 
phonating at the collision threshold. The information 
represented by the CTP would correspond to that 
represented by the PTP. In the future, it would be 
worthwhile to test CTP in other applications, e.g. in 
a clinical setting with patients before and after ther-
apy, and before and after vocal loading.
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Abstract
The phonation threshold pressure (PTP) has been found to 
increase during vocal fatigue. In the present study we compare 
PTP and collision threshold pressure (CTP) before and after 
vocal loading in singer and non-singer voices. Seven subjects 
repeated the vowel sequence /a,e,i,o,u/ at an SPL of at least 80 
dB @ 0.3 m for 20 min. Before and after this loading the 
subjects’ voices were recorded while they produced a 
diminuendo repeating the syllable /pa/. Oral pressure during 
the /p/ occlusion was used as a measure of subglottal pressure. 
Both CTP and PTP increased significantly after the vocal 
loading.

Index Terms: collision threshold pressure, phonation 
threshold pressure, vocal fatigue, vocal loading. 

1. Introduction
Subglottal pressure, henceforth Psub, is one of the basic 
parameters for control of phonation. It typically varies with 
fundamental frequency of phonation F0 (1, 2). Titze (3) 
derived an equation describing how the minimal Psub required 
for producing vocal fold oscillation varied with F0. The 
variation with F0 of this phonation threshold pressure (PTP) 
can be approximated as: 

 PTP = a + b*(F0 / MF0 )2 (1)

where PTP is measured in cm H2O and MF0 is the mean F0 
for conversational speech (190 Hz for females and 120 Hz for 
males). The constant a = 0.14 and the factor b = 0.06.
 Titze’s equation has been used in several studies. 
Experimental support was recently established from a 
mechanical replica of the vocal folds (4). Garrell and 
associates (5) predicted the dependence on F0 from a vocal 
fold vibration model based on the so-called relaxation 
oscillation principle. In addition, their model could explain 
why PTP varies depending on vocal fold stiffness. Zhang and 
co-workers (6) developed a body-cover vocal fold model and 
examined how the body-cover stiffness ratio affected the PTP. 
They found that PTP first increased and then reached a 
plateau. Solomon and co-workers (7) measured PTP in 
untrained female and male voices. They found that the values 
of the constant and the factor coefficient varied between 
individuals, a finding which may reflect differences in e.g., 
degree of glottal adduction. Chan and Titze (8) tested a linear 
small-amplitude oscillation theory by means of a physical 
model. They observed that PTP decreased with inertive vocal 
tract impedance and increased with viscous shear modulus or 
dynamic viscosity of the vocal fold cover. 
 The above results show that vocal fold stiffness is a 
factor of relevance to PTP. Hence, it is not surprising that PTP 
tends to rise during vocal fatigue (9, 10, 11). Solomon and 
associates (7) observed that the minimum PTP occurred at the 

subject’s most comfortable pitch. Motel and collaborators (12) 
studied the effects of vocal warm-up in sopranos and found 
that PTP increased at high, but not for low and comfortable 
F0. McHenry and associates, however, (13) observed that after 
warm-up the PTP was significantly lowered in females, but 
not in males. A lowered PTP should reflect greater vocal fold 
stiffness, which is a clinically relevant property; high motility 
must be associated with a need for less phonatory effort for a 
given degree of vocal loudness. 
    Determining PTP is often associated with problems. 
One reason is the difficulty of accurately measuring low 
values; an accuracy of measurements amounting to 1 cm H2O
represents a 50% error of a 2 cm H2O PTP. Another 
complication is that several individuals find it difficult to 
produce their very softest possible sound. As a consequence, 
the analysis is mostly time-consuming and the data are often 
quite scattered (14).
 At very low subglottal pressures, i.e. in very soft 
phonation, the vocal folds vibrate, but with an amplitude so 
small that the folds never collide. If subglottal pressure is 
increased, however, vocal fold collision normally occurs. Like 
PTP, the minimal pressure required to initiate vocal fold 
collision, henceforth the collision threshold pressure (CTP),
can be assumed to reflect vocal fold motility.  
 CTP should be easy to identify by means of an 
electroglottograph (EGG). During vocal fold contact, the EGG 
signal can pass from one fold to the other, such that the EGG 
amplitude is high. Conversely, the amplitude is low when the 
vocal folds fail to make contact. In a previous study we 
measured PTP and CTP in a group of singers before and after 
vocal warm-up. The results showed that both PTP and CTP 
tended to drop after the warm-up, particularly for the male 
voices (15). The purpose of the present study was to explore 
the potential of the CTP measure in female and male subjects 
before and after vocal loading.

2. Method

2.1. Experiment
Seven subjects, two female (F) and five male (M), were 
recruited as subjects. One female and one male were amateur 
singers, one of the males had some vocal training while the 
remaining subjects all lacked vocal training. Their task was to 
repeat the syllable [pa:] with gradually decreasing vocal 
loudness and continuing until voicing ceased, avoiding 
emphasis of the consonant /p/. The oral pressure during the 
occlusion for the consonant /p/ was accepted as an 
approximation of Psub. The subjects repeated this task three to 
six times on all pitches of an F major triad that fitted into their 
pitch range. These pitches were presented to the subjects, one 
by one, on a synthesizer. The subjects were recorded in sitting 
position in a sound treated booth. 



 Two recording sessions were made, one before and 
one after vocal loading. The vocal loading consisted of 
phonating the vowel sequence /a,e,i,o,u/ at an SPL of at least 
80 dB @ 0.3 m during 20 min, a procedure previously used by 
co-author FP. All subjects except the two singers reported 
clear symptoms of vocal fatigue after the vocal loading. 
 Audio, oral pressure and EGG signals were 
recorded, see Figure 1. The audio was picked up at 30 cm 
distance by a condenser microphone (B&K 4003), with a 
power supply (B&K 2812), set to 0 dB and amplified by a 
mixer, DSP Audio Interface Box from (Nyvalla DSP). Oral 
pressure was recorded by means of a pressure transducer 
(Gaeltec Ltd, 7b) which the subject held in the corner of the 
mouth. The EGG was recorded with a two-channel 
electroglottograph (Glottal Enterprises EG 2), using the vocal 
fold contact area (VFCA) output and a low frequency limit of 
40 Hz. This signal was monitored on an oscilloscope. Contact 
gel was applied to improve the skin contact. Each of these 
three signals was recorded on a separate track of a computer 
by means of the Soundswell Signal WorkstationTM software 
(Core 4.0, Hitech Development AB, Sweden). 

Figure 1: Experimental setup used in the recordings.

The audio signal was calibrated by recording a synthesized 
vowel sound, the sound pressure level (SPL) of which was 
determined by means of a sound level recorder (OnoSokki) 
held next to the recording microphone. This SPL value was 
announced on the recording. The pressure signal was 
calibrated by recording it while the transducer was (1) held in 
free air and (2) immersed at a carefully measured depth in a 
glass cylinder filled with water. Also, this depth was 
announced on the recording. 

2.2. Analysis 
The analysis was performed using the Soundswell Signal 
WorkstationTM (Soundswell CoreTM 4.0, Hitech Development 
AB, Sweden). As the oral pressure transducer picked up some 
of the oral sound, this signal was LP filtered at 50 Hz.
 The EGG signal was processed in two steps. First, 
noise was eliminated by a 90 Hz HP filter. Then, the signal 
was full-wave rectified, thus facilitating amplitude 
comparisons. Figure 2 shows an example of the signals 
obtained.

Figure 2: Example of the recordings analyzed showing the 
audio, the HP filtered and rectified EGG and the oral 
pressure signals (top, middle and bottom curves). The 
loss of vocal fold contact, reflected as a sudden drop in 
the EGG signal amplitude, is marked by the frame in 
the EGG and pressure signals.

The CTP value was identified with the aid of the EGG signal. 
As absence of vocal fold contact produces a great reduction of 
the EGG signal amplitude, such amplitude reductions were 
easy to identify in the recording. The subglottal pressures 
appearing immediately before and after a steep decrease of the 
EGG amplitude were regarded as lying just above and just 
below the CTP, respectively. Then, for each sequence, the 
average was calculated of these two pressure values. This 
average was accepted as the CTP. For each subject, CTP was 
determined in at least three sequences for each pitch and the 
average of these estimates was calculated. The same method 
was applied for determining the PTP.   

3. Results
Some untrained subjects had difficulties with producing a 
great variation of F0. Both thresholds tended to increase with 
F0, as expected, and both were mostly higher after the 
loading. Figure 3 shows PTP and CTP before and after vocal 
loading for one of the untrained male subjects. The variation 
with F0 was less evident and less systematic for some 
subjects.
 Table 1 lists the mean and SD across F0 of the after-
to-before ratio for the subjects. The F0 range was slightly 
narrower than one and a half octave for the male subjects and 
two octaves for the trained female but only 8 semitones for the 
untrained female. The CTP varied between 1.32 and 1.06 for 
the male subjects. The corresponding variation of PTP was 
1.74 and 0.98. The means across subjects were similar for 
CTP and PTP. Vocal loading causes an increase for both CTP 
and PTP. This increase was statistically significant (paired 
samples t-test, p<0.001). Interestingly, the two trained 
subjects, who reported minor effects of the loading, showed 
small ratios for both CTP and PTP. 
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Figure 3: PTP (circles) and CTP (triangles) values in cm H20
for one of the untrained male subjects. The graph 
shows threshold pressures before (dashed lines) and 
after (filled lines) vocal loading. Semitones relative C2 
are used as seen on the x-axis.  

Table 1. F0 range in semitones (Range), and mean after-to-
before ratio and SD across F0 for the CTP and PTP 
for the male and female subjects. Letters U and T refer 
to untrained and trained voices, respectively. 

4. Discussion
To our knowledge this is the first attempt to analyze the CTP 
in untrained voices. Hence, it is relevant to compare this 
threshold with the as yet commonly used PTP.  
 First, CTP appears to be a more reliable measure 
than PTP. In our previous investigation of the thresholds in 
singer subjects, repeated measurements showed that the ratio 
between the SD and the average tended to be smaller for the 
CTP than for the PTP (15). Thus, in this respect, the CTP is a 
more reliable measure. 
 Second, the CTP seems easier to measure than the 
PTP. Most of our subjects found it difficult to continue 
reducing vocal loudness until phonation ceased. When 
determining the CTP, it is enough that the vocal loudness is 
reduced to extremely soft phonation. This may be particularly 
advantageous when dealing with untrained voices, e.g. in a 
clinical setting.  

A relevant aspect is to what extent the CTP provides 
the same information as PTP. Both should reflect the motility 

of the vocal folds, i.e., an important mechanical characteristic, 
as mentioned before. In our previous study with singer 
subjects we found that manipulating the constant a and the 
factor b in Titze’s PTP equation yielded rather good 
approximations of the average CTP before and after warm-up 
(Eq. 1). Unfortunately, however, the untrained subjects in the 
present experiment showed an irregular variation with F0, so 
approximating their CTP curves with modified versions of 
Titze’s equation did not seem meaningful.
 A limitation of the CTP is that, obviously, it cannot 
be measured when the vocal folds fail to collide. This often 
happens in some dysphonic voices, in the upper part of the 
female voice range, and in male falsetto phonation.
 The main finding of the present investigation was 
that CTP increased significantly after vocal loading. For the 
two trained subjects, the effect was minimal, and these 
subjects did not experience any vocal fatigue after the vocal 
loading. On average, the increase was similar for CTP and 
PTP. This supports the assumption that CTP reflects similar 
vocal fold characteristics as the PTP. 
 Our results suggest that the CTP may be used as a 
valuable alternative or complementation to the PTP, 
particularly in cases where it is difficult to determine the PTP 
accurately.  

5. Conclusions
The CTP seems a promising alternative or complement to the 
PTP. The task of phonating at phonation threshold pressure 
seems more difficult for subjects than the task of phonating at 
the collision threshold. The information represented by the 
CTP would correspond to that represented by the PTP. In the 
future, it would be worthwhile to test CTP in other 
applications, e.g., in a clinical setting with patients before and 
after therapy. 

6. Acknowledgements 
The kind cooperation of the subjects is gratefully 
acknowledged.

Range CTP PTP
Males st Mean SD Mean SD
MAG U 17 1.32 0.10 1.13 0.32
MES U 17 1.06 0.04 1.02 0.11
MDE U 12 1.20 0.17 1.74 0.09
MSG U 16 1.24 0.15 1.13 0.05
MJS T 15 1.07 0.13 0.98 0.03
Mean 1.18 0.12 1.20 0.12

Females 
FAH U 8 1.49 0.14 1.62 0.07
FLE T 24 1.08 0.13 1.06 0.15
Mean 1.29 0.13 1.34 0.11
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Abstract 
The spectral tilt has been calculated for the vowels from audio signals and from the 
derivative of electroglottography (EGG) signals in a Swedish one-speaker corpus 
of 5277 sentences. Vowel dependence has been found for the audio spectral tilt but 
not for the EGG spectral tilt, which also gets steeper as the sound pressure level 
increases. The EGG spectral tilt values had an average standard deviation of 1.3 
dB/octave and the corresponding standard deviation value for the audio spectral 
tilt was 2 dB/octave. 

Introduction
Spectral tilt, or spectral slope, is an important 
parameter in voice synthesis and voice 
perception. One way of defining it is ‘the least 
squares linear fit to the harmonic peaks in the 
spectrum of the glottal waveform calculated 
from an audio speech signal’. A less steep 
spectral tilt corresponds to a louder voice and 
when loudness decreases, the spectral slope has 
been confirmed to increase (Fant and Lin, 1988 
& Hanson, 1997). Spectral tilt has also been 
linked to different voice qualities. For example, 
steeper spectral tilt values have been found for 
female voices perceived as breathy by speech 
therapists (Karlsson, 1988 & 1992). In 
automatic detection of prominence (emphasis) in 
speech, on the other hand, the spectral tilt 
parameter has been found to be a weak indicator 
(Al Moubayed et. al., 2010). 

The spectral tilt is, in consequence, 
dependent on the placement of formant peaks. 
Formants are known to provide the necessary 
acoustic information for vowel identification. 
For each vowel type, however, the formant 
frequencies have a high variability across 
speakers and phonetic contexts (e.g. Hillenbrand 
et. al., 1995). Independent manipulations of the 
formant frequency and spectral tilt parameters 
have been carried out in a more recent 
experiment. Each of the parameters had on their 
own a strong impact on the perception of vowel 
quality. Nevertheless, the perceptual effect of 
changes in spectral tilt was lessened in stimuli in 
which formant frequencies, as in natural-
sounding speech, changed over time. Therefore, 
spectral tilt might be of little relevance to the 

process of identifying vowels correctly (Kiefte 
and Kluender, 2005). 

Electroglottography, henceforth EGG, is a 
widely used technique for the assessment of 
vocal-fold contact during phonation (e.g. 
Orlikoff, 1998). An electroglottograph is 
provided with two electrode plates, which are 
placed on each side of the larynx. The idea with 
EGG is to send an electrical current from one 
electrode to the other and record the amplitude 
of this signal. When the vocal folds are closed, 
the signal can pass, such that the current is 
higher, and when the glottis is open, the current 
is lower. Several studies have shown that EGG 
is a more robust technique than audio for 
fundamental frequency (f0) determination 
thanks to its simpler waveform (e.g. Vieira et. 
al., 1996). 

Many research projects have aimed to 
acquire information about the glottal voice 
source. A widely popular model is the Fant 
theory of a separated voice source and filter 
(Fant, 1960). In Fant’s model, the source can be 
modeled with the derivative of the glottal flow 
volume velocity. Before glottal source 
parameters can be obtained from the audio 
speech signal, however, vocal tract resonances 
need to be removed with the help of inverse 
filtering (Miller,  1959 & Rothenberg, 1973). 
Although the inverse filtering procedure can be 
done digitally, it often needs time-consuming 
modifications afterwards which make it harder 
to obtain the amount of data needed for a 
satisfactory statistical evaluation. Therefore, a 
considerable amount of research has been 
carried out on how to use the speech spectrum 
instead of time-domain estimations. One 



discovery has been that H1*-A3* (the amplitude 
of the third formant relative to that of the first 
harmonic) is correlated with the source spectral 
tilt, except when the first harmonic is weak 
(Hanson, 1997). A recent study has shown that 
H1*-A3* is vowel dependent (Iseli et. al., 2007). 

Although the EGG signal is not a measure of 
glottal flow, it can give information about the 
glottal voice source without the use of the audio 
signal, which according to Fant’s theory is 
strongly influenced by the linear filter that can 
be modeled from the vocal tract. In brief, audio 
spectral tilt is determined by both the source and 
the filter, whereas the EGG spectral tilt is 
affected only by the source. If EGG spectral tilt 
shall be used in speech synthesis and analysis in 
the future, it would be valuable to know whether 
it is vowel dependent or not. Since vowel 
identities are mainly determined by the shape of 
the vocal tract, it is likely that the EGG has no 
impact on this matter. However, since the result 
in the study by Iseli et. al. (2007) is 
contradictory to this idea, it is worth while to 
make an investigation. 

MF Corpus 
The MF corpus consists of 5277 sentences from 
newspaper texts and literature read by a 
professional male Swedish actor and was 
recorded in 2002 in a studio. The sampling 
frequency of the data is 16 kHz. Each audio 
signal has a corresponding signal with the EGG 
derivative. 

Annotation was made with Sjölander’s 
speech aligner (Sjölander, 2003). Occasional 
problems in the annotation of unusual words or 
names resulted in exclusion of some sentences, 
so that the speech material in this study added 
up to 5114 sentences in total. From this set of 
data all vowels with duration of at least 31 ms 
were picked (i.e. 500 data points), with the 
consequence that less than 7 % of all the vowels 
were discarded for the purpose of obtaining 
more reliable data. The average duration of a 
vowel was 117 ms. 

The following vowels are represented in the 
corpus: [a, :, e, e:, , i:, u, u:, , :, , y:, , 
o:, , :, æ, æ:, ø, ø:, œ, œ: ]. The total 
number of picked vowels was 35990 from the 
EGG files and 36585 from the audio files, with 
the distribution between vowel types as seen in 
Table 1. 

Table 1. Number of picked vowels from the MF 
corpus, sorted in order of frequency when 
calculating the EGG spectral tilt (EGG ST).  
Number of vowels picked for calculating the 
audio spectral tilt (Audio ST) are also included. 

Vowel EGG ST Audio ST 
a 3866 3945 

3269 3346 
2634 2665 
2633 2749 

e 2616 2693 
: 2594 2649 

e: 2490 2514 
o: 2148 2066 
i: 2003 2059 

: 1628 1631 
u: 1593 1554 
u 1436 1448 

1374 1401 
æ 1038 1089 
ø: 886 911 
œ 836 827 

678 698 
y: 597 594 

: 541 555 
œ: 443 473 
ø 376 394 
æ: 311 324 
Total 35990 36585 

Parameters
For each of the vowels, the respective sound 
pressure level, loudness, duration, audio spectral 
tilt and EGG spectral tilt were calculated. A 
more thorough description of these features 
follows below: 

Sound pressure level: the logarithmic value of 
the sound pressure of the speech signal relative 
to the human hearing threshold pref=20e-6 Pa 
(Timoney et. al., 2004). 
Loudness was calculated according to the 
standard ITU-R BS 1770-1 (ITU Original) 
(ITU-R, 2006 & Nygren, 2009).  
Duration: The start time was subtracted from the 
end time for each respective vowel and the 
results were displayed in seconds. 
Audio spectral tilt and EGG spectral tilt: The 
spectral tilt values were obtained in a similar 
way for audio and for EGG. Three methods 



were tried out and evaluated on the EGG files. 
The best method was then chosen for both audio 
and EGG spectral tilt calculations. In the first 
method investigated, all separate spectrum peaks 
were found (using the findpeaks function by 
O’Haver, 1995) and a linear line which best 
fitted the data was calculated in a least-squares 
sense. The slope of the line provided the spectral 
tilt value. For the second method explored, the 
calculations were made in the same way, but 
with a cut-off frequency threshold corre-
sponding to 6000 Hz on a logarithmic scale, in 
order to erase the impact of the peaks in the 
frequency range above the threshold, which was 
thought to be a source of error. Although the 
median values from both of these two methods 
showed stability (with standard deviations of 
0.13 versus 0.15, respectively), the standard 
deviation of the average values was 40% higher 
for the first method in comparison to that of the 
second method. In addition, the average values 
differed greatly from the median values (on 
average 3.8 dB/octave) in the first method. In 
the second method, this difference was only 0.4 
dB/octave on average. In the third method the 
calculations were made in the same way as for 
the first two methods, but with a cut-off 
frequency threshold corresponding to 3000 Hz 
on a log scale. In addition, spectral tilt data 
suffering from one of the three following 
problems were elimited from the analysis: 1) 
measured point was singular, 2) value was 
measured on too high frequencies, at least 
corresponding to 200 Hz, which is about twice 
as high as the average frequency for the 
speaker’s voice, 3) signal was noisy in the 
middle frequency range, resulting in positive 
values. 10 % of the data had to be discarded due 
to these three problems. 

The average value per vowel had a standard 
deviation of 10.5 dB/octave in the second 
method. For the third method, the corresponding 
standard deviation was 1.3 dB/octave. 
Consequently, the third method was used in this 
experiment. 

Analysis
All of the parameters mentioned above were 
implemented in and the analysis was performed 
with Matlab 7.3.0 (release 2006b). The 
calculations were made on the 500 middle data 
points of each vowel, except for the vowel 
duration parameter. Statistical analysis was 
carried out in SPSS. 

Results
The sound pressure level is 77 dB ± 3.4 dB for 
the audio spectral tilt values (Figure 1). 

Sound Pressure Level as a Function of Audio Spectral Tilt
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Figure 1. Sound pressure level as a function of 
audio spectral tilt. 

For the EGG spectral tilt, there is a noticeable 
decrease of the sound pressure level as the 
spectral slope is decreased (Figure 2). 

Sound Pressure Level as a Function of EGG Spectral Tilt
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Figure 2. Sound pressure level as a function of 
EGG spectral tilt. 

Statistically significant differences for the audio 
spectral tilt values were found between most 
vowels. The median values (Figure 3) have the 
same values on standard deviations as the 
average audio spectral tilt (Figure 4); 2 
dB/octave. 



Median Value for Audio Spectral Tilt for All Vowels, with Average Standard 
Deviations
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Figure 3. Median values for audio spectral tilt 
for all vowels, with the average standard 
deviations. 

Average Value for Audio Spectral Tilt for All Vowels, with Average 
Standard Deviations

:
e

e:
i:

u
u:

: y:

o:

: æ æ: ø ø:

œ œ:

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

Vowels

Au
di

o 
S

pe
ct

ra
l T

ilt
 [d

B/
oc

ta
ve

]

Figure 4. Average values for audio spectral tilt 
for all vowels, with the average standard 
deviations. 

For EGG spectral tilt, the differences between 
the vowels are not significant and the small 
existing variations are shown in the graph with 
the median values (Figure 5). The average EGG 
spectral tilt values show a similar pattern (Figure 
6).

Median Value for EGG Spectral Tilt for All Vowels, with Standard 
Deviations
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Figure 5. Median values for EGG spectral tilt 
for all vowels, with the average standard 
deviations. 

Average Value for EGG Spectral Tilt for All Vowels, with Standard 
Deviations
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Figure 6. Average values for EGG spectral tilt 
for all vowels, with the average standard 
deviations. 

The average loudness (Figure 7) and sound 
pressure level (Figure 8) for each vowel 
corresponded to each other, with /  / and / œ:/
reaching the highest values. 

Loudness (ITU Original) per Vowel
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Figure 7. Average values for the ITU Original 
loudness for all vowels with the average 
standard deviations. 

Sound Pressure Level Average per Vowel
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Figure 8. Average values for the sound pressure 
levels for all vowels with the average standard 
deviations. 

Discussion 
This study confirms previous findings of vowel 
dependence in parameters related to audio 
spectral tilt and also supports the conclusion that 
this feature, due to its variability, is insufficient 
for correct vowel identification. In the light of 



the source-filter-theory introduced by Fant 
(1960), it is not surprising that the EGG spectral 
tilt has no vowel dependence; a vowel is 
determined by formants which are formed in the 
vocal tract (the filter) whereas the EGG is 
related to the source only. This conclusion can, 
however, be blinded by the fact that we only 
used one speaker and to problems in EGG 
measurements, which, although they can be 
significant, we know nothing about in this case. 
When using EGG spectral tilt in speech 
synthesis applications, it is useful to know that 
vowel dependence is likely to be of little 
importance. Hence, all sorts of recorded speech, 
both spontaneous and read, where the vowel 
distribution is likely to be skewed, can be used 
without further sorting for EGG spectral tilt. 

In this investigation, the sound pressure 
levels cannot be reconfirmed as being decreased 
with a steeper audio spectral tilt, also when 
looking at each vowel separately. This could 
possibly be explained by a low variability in 
sound pressure level for the speaker. The EGG 
spectral tilt, on the other hand, shows a decrease 
with a lowered sound pressure level. 

Further research on the use and nature of the 
EGG spectral tilt would be valuable, especially 
since it seems to be a comparatively stable 
parameter. 

Conclusions 
The EGG spectral tilt parameter does not vary 
significantly with vowel type and the values 
typically get steeper as the sound pressure level 
increases. The audio spectral tilt values are 
vowel dependent. 
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Jonas Beskow2 , Gösta Bruce1 , Laura Enflo2 , Björn Granström2 , Susanne Schötz1 (alphabetical order)
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Abstract

Our recent work within the research project SIMULEKT (Sim-
ulating Intonational Varieties of Swedish) includes two ap-
proaches. The first involves a pilot perception test, used for
detecting tendencies in human clustering of Swedish dialects.
30 Swedish listeners were asked to identify the geographical
origin of Swedish native speakers by clicking on a map of Swe-
den. Results indicate for example that listeners from the south
of Sweden are better at recognizing some major Swedish di-
alects than listeners from the central part of Sweden, which in-
cludes the capital area. The second approach concerns a method
for modelling intonation using the newly developed SWING
(SWedish INtonation Generator) tool, where annotated speech
samples are resynthesized with rule based intonation and audio-
visually analysed with regards to the major intonational vari-
eties of Swedish. We consider both approaches important in
our aim to test and further develop the Swedish prosody model.
Index Terms: perception (of Swedish) dialects, prosody mod-
elling, analysis tool, resynthesis

1. Introduction
Our object of study in the research project SIMULEKT (Simu-
lating Intonational Varieties of Swedish) [1] is the prosodic vari-
ation characteristic of different regions of the Swedish-speaking
area, shown in Figure 1. The seven regions correspond to our
present dialect classification scheme. In our work, the Swedish
prosody model [2, 3, 4] and different forms of speech synthe-
sis play prominent roles. Our main sources for analysis are
the two Swedish speech databases SpeechDat [6] and SweDia
2000 [5]. SpeechDat contains speech recorded over the tele-
phone from 5000 speakers, registered by age, gender, current
location and self-labeled dialect type, according to Elert’s sug-
gested Swedish dialect groups [7] that is a more fine-grained
classification with 18 regions in Sweden. The research project
SweDia 2000 collected a word list, an elicited prosody mate-
rial, and extensive spontaneous monologues from 12 speakers
(younger and elderly men and women) each from more than
100 different places in Sweden and Swedish-speaking parts of
Finland, selected for dialectal speech.

1.1. The Swedish prosody model

The main parameters for the Swedish prosody model [2, 3, 4]
are for word prosody 1) word accent timing, i.e. timing charac-
teristics of pitch gestures of word accents (accent I/accent II)
relative to a stressed syllable, and 2) pitch patterns of com-
pounds, and for utterance prosody 3) intonational prominence
levels (focal/non-focal accentuation), and 4) patterns of con-
catenation between pitch gestures of prominent words.

Figure 1: Approximate geographical distribution of the seven
main regional varieties of Swedish.

1.2. Outline of the paper

This paper exemplifies two recent approaches involving recog-
nition and modelling of Swedish regional varieties. The first
involves a perception experiment where listeners were asked to
recognize the geographical location of dialectal speech stimuli
by clicking on a map of Sweden, while the second concerns the
development of an analysis tool for testing and further develop-
ing our prosody model using rule-based intonation resynthesis.

2. Testing perception of Swedish dialects
2.1. Background

Prosody, vowels and some consonant allophones are likely to be
important when trying to decide from where a person originates.
The aim of this work is to develop a method which could be of
help in finding out how well Swedish subjects can identify the
geographical origin of other Swedish native speakers. By de-
termining the dialect identification ability of Swedish listeners,
a foundation could be made for further research involving di-
alectal clusters of speech. In order to evaluate the importance
of the factors stated above for dialect recognition, a pilot test
was put together using recordings of identical utterances from
72 speakers.

2.2. Speech material

In the Swedish SpeechDat database, two sentences read by all
speakers were added for their prosodically interesting proper-
ties. One of them was used in this experiment: Mobiltelefonen
är nittiotalets stora fluga, både bland företagare och privatper-
soner. ‘The mobile phone is the big hit of the nineties both
among business people and private persons.’



For this test, each of Elert’s 18 dialect groups in Sweden were
represented by four speakers, two female and two male, with an
age span as wide as possible.

2.3. Subjects

30 subjects participated in the experiment, 12 female and 18
male, with an average age of 32 and 33 years, respectively. Sub-
jects were placed in two groups depending on where the ma-
jority of the childhood and adolescence (0-18 years) had been
spent. Seven females and eleven males grew up in the central
part (Svealand, Svea on the map in Figure 1) whereas five fe-
male and seven male subjects were raised in the southern part
(Götaland, Göta and South on the map in Figure 1) of Sweden.

2.4. Experiment

The test was made with the scripting language Tcl/Tk and car-
ried out in Stockholm (Svealand) and Lund (Götaland). The
experiment comprised a dialect-test part, a geography test and
a questionnaire. In the dialect test, the SpeechDat stimuli were
played in random order over headphones and could be repeated
as many times as desired before answering by clicking on a map
of Sweden. The geography test included 18 Swedish towns pre-
sented one by one in written form, which were placed on the
map in the same manner as for the dialect test. These towns are
the most populated in each of Elert’s dialect group areas. Lastly,
a questionnaire was filled out by all subjects, so as to provide
information about e.g. age, gender and dialectal background.

2.5. Results

Subjects vary very much in their ability to locate speakers. In
Figure 2, results for two listeners are displayed on the Swedish
map. Dark-red dots mark the correct dialect locations and light-
green dots the answers provided by the subjects. Figure 3 dis-
plays the results from the geography test in the same way. The
two subjects were chosen as typical representatives of Svealand
and Götaland. Both were males aged 25, but with different
backgrounds. Subject 1 from Svealand was born and raised in
Stockholm with parents from Stockholm and had been exposed
to regional accents to a small extent. Subject 2 from Götaland
was born and raised in Jönköping by parents from the same area.

Figure 2: Dialect test results for listener 1 from Svealand (left)
and listener 2 from Götaland (right). Dark-red dots for cor-
rect locations are connected by lines with light-green dots for
answers given by subject.

Figure 3: Geography test results for listener 1 from Svealand
(left) and listener 2 from Götaland (right). Dark-red dots for
correct locations are connected by lines with light-green dots
for answers given by subject.

Speakers in the test vary considerably as to how consistently
they are identified. An example is displayed in Figure 4, which
shows where all subjects have placed speaker no. 1, a 51-year-
old female from Täby, Svealand and speaker no. 2, a 55-year-
old female from Kiruna, Norrland.

The average errors in dialect placement were computed as
an arbitrary unit distance on the map. Table 1 shows this mean
for four different Elert dialect areas (4 speakers in each area).
The subjects are divided into Svealand and Götaland listeners.

Table 1: Götaland and Svealand listeners’ average dialect lo-
cation errors for speakers from four dialect areas.

Elert Region Svealand Götaland
18 Skåne, far south 54 40
14 Göteborg area, south west 94 58
8 Stockholm, capital area 35 40
1 Norrland, far north 330 279

Figure 4: Dialect test results for speaker 1 from Svealand (left)
and speaker 2 from Norrland (right). Dark-red dot for correct
location is connected by lines with light-green dots for answers
given by all subjects.



2.6. Discussion and future work

Our data suggests that Svealand listeners are less able to locate
dialects, except their own. It is not unreasonable that it is eas-
ier to identify and locate dialects closer to you. The Götaland
listeners were also good at locating Svealand speakers, possi-
bly due to the great exposure to these dialects in media. The
high error values for the northern-most part of Norrland is pos-
sibly because of long distances between towns in the northern
part of Sweden, but also in part because of the subjects’ less
exposure to these accents. These are only some examples of
results of the dialect location test. Further analysis of the data
is planned in the near future, particularly using full statistical
analysis. A possible extension is to use segmentally neutralized
stimuli, to focus on the prosodic features of Swedish regional
varieties. We also wish to use listener clustering as a tool in
deciding which factors play the most important roles for distin-
guishing the different Swedish dialect types, which might lead
to modified dialect taxonomy.

3. The SWING intonation analysis tool
SWING (SWedish INtonation Generator) is a new tool for anal-
ysis and modelling of Swedish intonation by resynthesis. The
tool was developed in order to facilitate analysis of intonational
varieties, particularly related to the Swedish prosody model.

3.1. Background

An important part of our project work is auditive and acous-
tic analysis of dialectal speech samples available from our two
extensive speech databases described in Section 1. This work
includes collecting empirical evidence of prosodic patterns for
the intonational varieties of Swedish described in the Swedish
prosody model, as well as identifying intonational patterns not
yet included in the model. To facilitate our work with testing
and further developing the model, we needed a tool for generat-
ing rule-based intonation.

3.2. Design

SWING consists of several parts joined by the speech analysis
software Praat [8], which also serves as the graphical interface.
Annotated speech samples and rules for generating intonation
are used as input to the tool. The tool generates and plays resyn-
thesis – with rule-based and speaker-normalised intonation – of
the input speech sample. Additional features include visual dis-
play of the output on the screen, and options for printing var-
ious kinds of information to the Praat console (Info window),
e.g. rule names and values, or the time and F0 of generated pitch
points. Figure 5 shows a schematic view of the tool design.

INPUT OUTPUT

Annotated speech sample

Rule file Text (optional)

Resynthesis (rule-based 
intonation) + visual display

SWING
tool

rule name: iniTiniF0midTmidF0finTfinF0

#focal acc1       

pa1f -30 L 60 H  H 

pa1f_next 20 L    L 

#focal acc2       

pa2f 0 L 30 H 95 L 

pa2f_next 0 L 50 H+ 0 H 

 

Figure 5: Schematic overview of the SWING tool.

3.2.1. Speech material

The speech samples to be used with the tool are first manually
annotated. Stressed syllables are labeled prosodically and the
corresponding vowels are transcribed orthographically. Table 2
shows the prosodic labels used in the current version of the tool,
while Figure 6 displays an example utterance with prosodic an-
notation: De’ på kvällarna som vi sänder ‘It’s in the evenings
that we are transmitting’.

Table 2: Labels used for prosodic annotation of the speech sam-
ples to be analysed by the tool.

Label Description
pa1 primary stressed (non-focal) accent 1
pa2 primary stressed (non-focal) accent 2
pa1f focal focal accent 1
pa2f focal focal accent 2

Figure 6: Example of an annotated input speech sample.

3.2.2. Rules

The Swedish prosody model is implemented as a set of rule files
– one for each regional variety in the model – with timing and
F0 values for critical points in the rules. These files are simply
text files with a number of columns, where the first contains
the rule names, and the following columns contain three pairs
of values, corresponding to the timing and F0 of equally many
critical pitch points of the rules. The three points are called ini
(initial), mid (medial), and fin (final). They contain values for
the timing (T) and F0 (F0). Timing is expressed as a percentage
into the stressed syllable, starting from the onset of the stressed
vowel. If no value is explicitly stated in the rule, the point is
aligned with the beginning of the stressed vowel. Three values
are used for F0: L (low), H (high) and H+ (extra high, used
in focal accents). The mid pitch point is optional; unless it is
needed by a rule, its values can be left blanc. Existing rules are
easy to adjust, and new rules can be added. Table 3 shows an
example of the rules for South Swedish. Several rules contain a
second part, which is used for the pitch contour of the following
(unstressed) interval (segment) in the annotated input speech
sample. This extra part has ‘ next’ attached to its rule name.
Examples of such rules are pa1f and pa2f in Table 3.

3.3. The SWING tool procedure

Analysis with the SWING tool is fairly straightforward. The user
selects one input speech sample and one rule file to be used
with the tool, and which (if any) information about the analysis
(rules, pitch points, debugging information) to be printed to the
console. A Praat script generates resynthesis of the input speech
sample with a rule based output pitch contour. Generation of the
output pitch contour is based on 1) the pitch range of the input
speech sample, which is used for speaker normalisation, 2) the








