Lesson 9: Measuring and Modeling Speech Production
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The vibrations of the vocal folds are the source of speech. The buzzing produced these vibrations is passed through the vocal tract, which serves as a resonant filter, damping certain frequencies and intensifying others.

·  The result is the characteristic sound we identify as speech.
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· The opening between the vocal folds can vary from wide (completely open) to completely closed.

· Given sufficient airflow, the vocal folds vibrate if they are close together but not closed. → voicing 
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· In a cycle of vocal fold vibration, the lower parts of the vocal folds are blown apart first. As the lower parts move apart, they pull the upper parts along with them. When the upper parts separate, air flows through the glottal opening. Pressure between the lower folds drops, causing the lower sections to move towards one another.

·  When they get close, the Bernoulli effect sucks them together quickly. The upper sections are pulled along. Thus, the pressure fluctuations resulting from laryngeal vibration are not perfectly sinusoidal.

· clip
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· So, the glottal waveform is a harmonically rich signal with energy in the whole frequency range important for speech. It is the source of all the acoustic energy needed for all the different (voiced) speech sounds. 
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· Acoustic speech output in humans and many nonhuman species is commonly considered to result from a combination of a source of sound energy (e.g. the larynx) modulated by a transfer (filter) function determined by the shape of the supralaryngeal vocal tract. 
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· This combination results in a shaped spectrum with broadband energy peaks. This model is often referred to as the "source-filter theory of speech production" and stems from the experiments of Johannes Müller (1848).

·  In which a functional theory of phonation was tested by blowing air through larynges excised from human cadavers. "Müller ... noticed that the sound that came directly from the larynx differed from the sounds of human speech. 
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· Speech like quality could be achieved only when he placed over the vibrating cords a tube whose length was roughly equal to the length of the airways that normally intervene between the larynx and a person’s lips. 

· The sound then resembled the vowel [uh], the first vowel in the word about ..." (from Lieberman, 1984). In this model the source of acoustic energy is at the larynx – the supralaryngeal vocal tract serves as a variable acoustic filter whose shape determines the phonetic quality of the sound (Fant, 1960).
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· When the larynx serves as a source of sound energy, voiced sounds are produced by a repeating sequence of events. 

· First, the vocal cords are brought together (adduction), temporarily blocking the flow of air from the lungs and leading to increased subglottal pressure. 

· When the subglottal pressure becomes greater than the resistance offered by the vocal folds, they open again. 
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· The folds then close rapidly due to a combination of factors, including their elasticity, laryngeal muscle tension, and the Bernoulli effect. 

· If the process is maintained by a steady supply of pressurized air, the vocal cords will continue to open and close in a quasiperiodic fashion. 

As they open and close, puffs of air flow through the glottal opening.
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· The frequency of these pulses determines the fundamental frequency (FØ) of the laryngeal source and contributes to the perceived pitch of the produced sound. 

· An example of the spectrum of the result of such glottal air flow is plotted in the next Figure. 

· Note that there is energy at the fundamental frequency (FØ = 100 Hz) and at the harmonics of the fundamental, and that the amplitude of the harmonics falls off gradually. 
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· The bottom left panel shows the comparable case for a fundamental frequency of 200 Hz. The rate at which the vocal folds open and close during phonation can be varied in a number of ways and is determined by the tension of the laryngeal muscles and the air pressure generated by the lungs.
The source-filter model of speech production
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· The supralaryngeal vocal tract, consisting of both the oral and nasal airways, can serve as a time-varying acoustic filter that suppresses the passage of sound energy at certain frequencies while allowing its passage at other frequencies. 

· Formants are those frequencies at which local energy maxima are sustained by the supralaryngeal vocal tract and are determined, in part, by the overall shape, length and volume of the vocal tract. 
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· The vocal tract (or actually, air in the vocal tract) has certain resonances. We call these formants. Thus the vocal tract is a complex filter, and the formants are peaks in the vocal tract’s filter function.

· The filter function depends on the particular configuration of the vocal tract.

· Different vocal tract configurations yield different filters. Note that the filter determines what component frequencies characterize a particular complex sound. 
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· Different fundamental frequencies (pitches) change the harmonic spacing (and thus the resolution of the spectrum), but the shape of the spectrum is constant.

· The frequencies of the source and the frequencies of the filter are independent. 
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· Men, on average, have a larynx which is about 40% taller and longer (measured along the axis of the vocal folds) than women.

·  But this does not explain all of the difference between male and female Fo. But there is a size difference inside the larynx which explains the full difference. 

Voice fundamental frequency (F0) as a
function of talker age and sex.
Lee, Potamianos & Narayanan JASA 1999
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· Lungs: apply pressure to generate

   air stream (power supply)

·  Larynx: air forced through the

glottis, a small opening between the

vocal folds (sound source)

·  Vocal tract: pharynx, oral and

nasal cavities serve as complex

resonators (filter

[image: image5] 
Lesson 9: Measuring and Modeling Speech Production

· The detailed shape of the filter (transfer) function is determined by the entire vocal tract serving as an acoustically resonant system combined with losses including those due to radiation at the lips.

·  The formant frequencies, corresponding to the peaks in the function, represent the center points of the main bands of energy that are passed by a particular shape of the vocal tract.

·  In this idealized case they are 500, 1500 and 2500 Hz with bandwidths of 60 to 100 Hz, and are the same regardless of the fundamental frequency (i.e., they are the same in both the top and bottom center panels).
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The source spectrum represents the spectrum of typical glottal air flow with a fundamental frequency of 100 Hz. The filter, or transfer, function is for an idealized neutral vowel, with formant frequencies at approximately 500 Hz, 1500 Hz and 2500 Hz. 

  The output energy spectrum shows the spectrum that would result if the filter function shown here was excited by the source spectrum shown at the left. 
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· The spectrum of the glottal air flow, which has energy at the fundamental frequency (100 Hz) and at the harmonics (200 Hz, 300 Hz, etc.), is plotted at the top left of Figure .

· The amplitude of the harmonics, decreases by approximately 12dB per octave for normal speech. Octave is a doubling of the frequency.

· We can hear a range of a little over 10 octaves. Each doubling of the frequency is one octave. Thus, within the range of speech, 125 Hz to 250 Hz is one octave, 250 to 500 is a second octave, 500 to 1000 is the third, and so on, until the limit of six octaves is reached at 8000 Hz. 
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· Within the range of what we can hear, 16Hz to 32 is one octave, 32 to 64 is the second, and so on, up to the upper limit of 20,000. 


· At the top right of the figure is shown the spectrum that results from filtering the laryngeal source spectrum at the top left with the idealized filter function shown in the center of the figure. Note that the laryngeal source has been "shaped" by the filter function.
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· Energy is present at all harmonics of the fundamental frequency of the glottal source, but the amplitudes of individual harmonics are determined by both the source amplitudes and the filter function. 

· The bottom half of Figure shows the effect of using a different source function, while retaining the same filter function. In this case, the fundamental frequency of the glottal source is 200 Hz, with harmonics at integer multiples of the fundamental (400 Hz, 600 Hz, etc.)

·  The spectrum that results from combining this glottal source with the filter function for an idealized vowel has the same overall pattern as that shown above it. However, there are differences in the details. 
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· Note, for example, that the lowest formant for this vowel has a center frequency of 500 Hz. A glottal source with a fundamental of 100 Hz will have a harmonic at this frequency. 

· A source with a fundamental of 200 Hz will have harmonics at 400 and 600 Hz, as shown at the bottom right of Figure. Since the overall shapes are the same, these details do not change the perceived vowel quality. 

· However, the top example would be perceived to have lower pitch because of its lower fundamental frequency.

·    

· The source-filter model of speech production

· Lesson 9: Measuring and Modeling Speech Production

· The flexibility of the human vocal tract, in which the articulators can easily adjust to form a variety of shapes, results in the potential to produce a wide range of sounds. 

· For example, the particular vowel quality of a sound is determined mainly by the shape of the supralaryngeal vocal tract, and is reflected in the filter function. 
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· Lesson 9: Measuring and Modeling Speech Production

· Three different vocal tract shapes are shown corresponding, from top to bottom, to the vowels "ah" (/a/), "ee" (/i/), and "oo" (/u/). 

· Note that although all three vowels have the same fundamental frequency, their spectra differ according to the filter characteristics of the different vocal tract shapes. 
Source-Filter Theory
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Source-Filter Theory
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Assume that a signal with the amplitude spectrum show at the left
is modified by a filter with the frequency response curve show in
the middle. Show what the output spectrum would look like.





· Formants

· Filter properties:

· The vocal tract resonances (called formants) produce peaks in the spectrum envelope.

·  Formants are labelled F1, F2, F3, ... in order of frequency.

· The formant center frequencies can be found by searching for peaks in the spectrum envelope.

· The lowest 3 formants (F1-F3) play an important role in the perception of vowels and consonants 
· How are vowels formed?
· As we phonate, our vocal folds produce a complex sound spectrum, made up of a wide range of frequencies and overtones. 

· As this spectrum travels through the various differently-sized areas in the vocal tract, some of these frequencies will resonate more than others, depending on the sizes of the resonant areas in the tract. 

· Larger spaces in the vocal tract will resonate at lower frequencies, while smaller spaces resonate at higher frequencies. The two largest spaces in the vocal tract, the throat and mouth, therefore, produce the two lowest resonant frequencies, or formants. 

· These formants are designated as F1 (the throat/pharynx) and F2 (the mouth). In singing or speaking, it is these two lowest formants that are controlled by shaping the resonant areas with lip and tongue movements to produce vowels. 

· Which formant frequencies result in which vowels?
The following vowel chart, adapted from the work of G.E. Peterson and H.L. Barney in 1952, shows the frequency regions for F1 and F2 which result in the 10 English vowels: 


[image: image11]
· Spectrogram

· A sound spectrogram is a visual representation of an acoustic signal. 

· A spectrogram is built from a sequence of spectral snapshots by stacking them together in time and by compressing the amplitude axis into a 'contour map‘ drawn in a grey scale. 

· The final graph has time along the horizontal axis, frequency along the vertical axis, and the amplitude of the signal at any given time and frequency is shown as a grey level. Conventionally, black is used to signal the most energy, while white is used to signal the least.

· Spectrogram reading: English vowels

· - vowels have quite a bit of energy concentrated in formants

· - first two formants (F1 & F2) are mostly sufficient to distinguish vowel quality

· A spectrogram of the words heed, hid, head, had, hod, hawed, hood, who’d as spoken by a female speaker of American English. The locations of the first three formants are shown be arrows. (from Ladefoged, 2001) 

Spectrogram


[image: image12]
· Spectrogram

· There are two main kinds of voice analysis performed by the spectrograph, broadband (with a bandwidth of 300-500 Hz) and narrowband (with a bandwidth of 45-50 Hz). 

· Broadband spectrograms, when used for normal speech with a fundamental frequency of around 100-200 Hz, will pick up energy from several harmonics at once and add them together. 

· The frequencies and relative strengths of the first two formants (F1 and F2) are visible as dark, rather blurry concentrations of energy. 
Broadband Spectrogram
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· Spectrogram

· The narrowband spectrogram has different strengths; it is able to pick out each individual harmonic, unlike the broadband spectrogram, but the formant structure of the sound is not rendered as clearly as with a broadband analysis. 

· Note the dark horizontal stripes, representing each harmonic, in the graph below. Also note that the large clusters of formant energy which we saw in the broadband spectrogram are not present: 
Narrowband Spectrogram

· 
[image: image14]
PAGE  
11

[image: image1][image: image15.jpg]Second formant frequency, Fz (Hz)

4000 7

§

§

E

400 800 1200

First formant frequency, 1 (Hz)



[image: image16.wmf][image: image17.wmf][image: image18.jpg]


[image: image19.jpg]Tima wavetorm and broadband spectrogram of 1630 .

M’*

F




[image: image20.emf][image: image21.png]e N N S
/\ spuech signal

-
d\ll.ihdulﬂhldl\ﬂ e ™ cxcitation



[image: image22.png]AH

EE

00

S,

!

ENERGY

il

FREQUENCY (HERTZ)



[image: image23.png]NASALCAVITY

SUPRA- PALATE
LARYNGEAL i oRaLcavy
VOCAL TRACT -
EriaLoTf
Larviix

TRACHEA

SUBGLOTTAL
SYSTEM

DIAPHRAGM



[image: image24.emf][image: image25.png]FE = 100 Hz

N

FE = 200 Hz

NN

SOURCE SPECTRUM

Frequency (He)
FILTER FUNCTION

OUTPUT ENERGY
SPECTRUM



[image: image26.emf]