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Quick Review: Formants

We call the lowest resonant band (that isn’t the fundamental frequency)
created by the trachea F1, and the lowest resonant band created by the oral
cavity F2.

r ridge

oral cavity F2: the most prominent band in the mouth

The exact frequency of F2 will change
based on the shape of the oral cavity

body

R F1: the most prominent band in the trachea

The exact frequency of F1 will change
based on the shape of the trachea

s D | FO: the frequency created by the vocal folds
esopnagus ‘\ _— II‘
larynx {vocal cords) 1 'I]




The Problem of Speech Perception
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Can we find a set of acoustic properties that
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Quick Review: Amplitude and FO don't
seem to matter for speech perception

Of the list of properties of sound, it seems that only the Formants (the two

lowest resonance bands created by the vocal tract) seem to affect speech
perception

1. -Amphitude{fwhich—-weperceiveastoudness) This just changes loudness

2. Frequency (which we perceive as pitch)

a—Fundamental-frequeney— This just changes pitch

bHarmentes————— This can’t be changed alone

G:- Resonance Bands) We call these formants

We can see that resonance is the crucial property with a simple experiment:

1. Create resonant bodies of different shapes (thus different resonance bands)

2. Ask yourself if the different shapes lead to the perception of different speech
sounds




A demonstration that resonance
directly influences speech perception

(" ece )

j . F2: oral cavity

L F1: trachea

duck call

http://www.exploratorium.edu
exhibits/vocal vowels/
vocal vowels.html
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Measuring formants

We can visualize the formants of speech with a type of graph called a
spectrogram:

A spectrogram plots A ee
on the y-axis (VP
6000 Hz i
And indicates increases |l
in the energy (what 2| |
we've been calling 4000 Hz g~ ‘
‘prominence’) with dark 31 "“‘M“W'J
shading. o S
2000 Hz * |~

The dark shaded lines

represent frequencies 0H e
that have lots of energy. z

Notice that each dark band occurs at a range of frequencies -- this is why we
call them frequency bands.

The two lowest frequency bands are F1 and F2, which we can highlight in red.




A strong claim that we should test

Can we find a set of acoustic properties that
each sound in our language?

Possible Answer:  Each speech sound can be uniquely defined by the first
two formants (F1 and F2).
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Prediction 1: Only F1 and F2 matter

If all speech sounds can be defined using F1 and F2, then the prediction is that
all we really need to perceive speech is F1 and F2.

In other words, all of the other information in the auditory signal is irrelevant
to speech perception. We can test this by subtracting everything but F1 and F2
from a sentence and asking whether we can still perceive it.

First, let’s listen to each of the formants alone:

1. F1 of a complete sentence

2. F2 of a complete sentence

Notice that F1 and F2 in isolation don’t really sound like speech. Instead, they
sound like a series of changing tones

3. F3 of a complete sentence
Notice that F3 doesn’t really change much at all

OK, before we combine them together, what do you think the sentence is?




Testing the prediction

Now listen to F1, F2 (and F3) played together:

“A bird in the hand is worth two in the bush”

Speech that is reduced to formants is sometimes called sine-wave speech
because it can be created by synthesizing the simple sine-waves of each of
formants.

The fact that sine-wave speech is intelligible is can be taken as evidence that
the formants (F1, F2, F3) are critical for speech perception.

The converse fact is also true: if you take away the formants, the remaining
sound is nothing at all like speech!

http://hctv.humnet.ucla.edu/departments/linguistics/VowelsandConsonants/

vowels/chapter7/abirdinthehand.html
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Let’s make our definition more specific
SO we can test more predictions

The acoustic definition of speech sounds (F1 and F2) does not require a single
definition for every speech sound.

For example, the sound = (as in “had”) could be the same for all speakers, or it
could vary a bit:

Option 1: all speakers have
the same definition for a

Option 2: speakers have
different definitions for a

11



F1 (in Hz)
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F1 (in Hz)

900 800 700 600 500 400

1000

Speakers have different definitions

Option 2: speakers have
different definitions for a
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The fact is that when we
measure the formants for a
single vowel from multiple
speakers, there is quite a
bit of variation that
generally follows gender
and age lines.

adult males

adult females

young males

young females
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F1 (in Hz)
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We don’t want two definitions
for one vowel!

500 400
|

Remember that our goal is to find a single ] S
definition for each vowel based on its acoustic
properties.

700 600

N

F1 (in Hz)

Before we abandon F1 and F2 as our definition,
let’s see if we can find a way to fix this problem.

1000 900

T T T 1
3000 2500 2000 1500
F2 (in HZ)

To do this we need to know a bit more about what the auditory cortex can do...
so that we know what types of solutions are at our disposal.

So now I am going to tell you about an interesting ability of the auditory cortex
that may suggest a way to solve the gender/age problem above.
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Restoration of the Missing Fundamental

Recall that vibrating objects have a and an associated
set of harmonics that are integer multiples of the fundamental frequency:

200 Hz We call a tone that contains multiple frequencies a
complex tone, and a tone that contains a single
1st 400 Hz frequency a simple tone.
2nd 600 Hz
In the case of complex tones that have a harmonic
3rd 800 Hz : !
structure, we perceive the pitch of the tone as
4th 1000 Hz being equal to the pitch of the
5th 1200 Hz '

We perceive the harmonics as overtones, which give the tone a richer sound.

'Now let’s ask ourselves why we treat the fundamental differently than the E
'harmonlcs (i.e., we perceive the pitch of the complex tone as equal to the .
Ifundamental and not equal to the harmonics)? :




Restoration of the Missing Fundamental

200z 166dB This hypothesis makes an interesting
- prediction:
st 400 Hz——56db—
2nd 600 Hz 25 dB If the crucial property is amplitude,
then taking away the fundamental
3rd 800 Hz 12 dB should change the pitch of the tone:
4th 1000 Hz 6 dB the pitch should now be the frequency

of the 1st harmonic!
5th 1200 Hz 3 dB

Similarly, if we take away both the FO and the 1st Harmonic, the pitch should
be based on the 2nd Harmonic.

Here is a schematic of this test: each successive
complex tone has the lowest frequency
removed.
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Restoration of the Missing Fundamental

Surprisingly, removing the lowest tone in these complexes does not change the
pitch that we perceive. How can this be?

The answer seems to be that the brain
restores the missing fundamental from a
complex tone if that tone appears to have
harmonic structure.

If this is just an illusion, it isn’t very helpful.

But if the auditory cortex can actually reconstruct the fundamental from the
harmonics, then it tells us something about the abilities of the auditory cortex:

1. The auditory cortex may be able to perform calculations on the incoming
signal in order to create new information that is not transparently available in
the signal (i.e.,

2. The auditory cortex may be able to do some sort of mathematical factoring
(or perhaps division) to figure out the common denominator in the tone
complexes

18



Magnetoencephalography
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Magnetoencephalography

Brain magnetic fields recorded
fully non-invasively by arrays of

SQUID* detectors

[*Superconducting QUantum Interference Device]
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Magnetoencephalography

< Earth field

Urban noise

Contamination at lung

Heart QRS

Fetal heart
Muscle

Spontaneous signal
(a-wave)

Signal from retina
Evoked signal

Intrinsic noise of SQUID

EYE (retina) BRAIN (neurons)

Steady activity Spontaneous activity

Evoked activity—_ Evoked by sensory stimulation
LUNGS J_:‘ SPINAL COLUMN (neurons)

. . Evoked by sensory stimulation
Magnetic contamin:

HEART
LIVER (< Cardiogram (muscle)

Timing signals (His Purkinje system)
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FETUS Stimulus response
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Steady ionic current Under tension
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Magnetic Field Strength (in fT)
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It occurs approximately 100ms
after the onset of a sound.
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M100 latency (in ms)

Brain evidence for FO restoration

One interesting fact about the M100 is that its latency (the time at which it
occurs after the onset of a sound) changes based on the of the
sound.

Low frequencies have longer latencies (the M100 happens later)

Higher frequencies have shorter latencies (the M100 happens earlier)

 Jiiy
135 1 @
125 :: O
115 :: )
| | | | | | | | | | | |

100 600 Frequency in Hz 1200
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Brain evidence for FO restoration

Monahan et al. 2008 created complex tones with harmonic structure to test
whether the M100 latency responded to the missing fundamental.

The lowest frequency in each complex tone was 1200Hz.
The highest frequency in each complex tone was 2400Hz.
The middle frequencies in each complex tone led to different restored FOs.

Tone 1 Tone 2 Tone 3
Restored FO: 100 400 1200
“~not present}””
lowest F: 1200 1200 1200
middle F: 1300 1600 --
present
middle F: 2300 2000 --

highest F: 2400 2400 2400




Brain evidence for FO restoration

Tone 1 Tone 2 Tone 3
(Restored Fo: 100 600 1200 )
(lowest F: 1200 1200 1200 )
middle F: 1300 1800 -
_ present
middle F: 2300 1800 -
highest F: 2400 2400 2400

No restoration
hypothesis:

Restoration
hypothesis:

The lowest frequency in each complex tone was 1200Hz.
So if the M100 simply responds to the lowest frequency in
a complex tone, then the latency should never change.

If the M100 responds to the restored fundamental, then
each tone will have a different latency. Furthermore, the
latency will be similar to the latency for simple tones at

that the restored frequency.
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Brain evidence for FO restoration

We can schematize the three predictions like this:

M100 latency (in ms)

@ simple tones

—+} @ no restoration
135 — ‘
O (O restoration
125 - 6
115 +— @ O @O
— | — L L | N

100 600 Frequency in Hz 1200
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Brain evidence for FO restoration

And the winner is...... the restoration hypothesis
@ simple tones
‘» -
2 ® @ complex tones
é 135 — ‘
>~ —
O
-
9 125 4 '
©
= i
— 115 — @
= | | | | | | | | | | | |
| | | | | | | | | | | |
100 600 Frequency in Hz 1200
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What does this mean?

What we just saw is a
neuromagnetic response to
auditory processing (localized to
the auditory cortex)...

1 L L 1 1 )
0 100 200 300 400 500
Ti i

... that appears to be sensitive
L | . L L tor

In other words, a brain
response to a sound that isn’t
there!

This suggests that the auditory cortex can make use of
based on simple calculations such as (or
)
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Some trivia for you...

Telephones only transmit a narrow band of frequencies 300Hz-3400Hz:

Telephone companies originally did this to save money on wires... but now
they do this to save money on data transfer rates.

Recall what I said about the FO human voice: the male average is 130Hz, the
female average is 220Hz.

This means that telephones do not transmit the FO of our voices!

The reason that we can discriminate the gender of the people we are talking to
is because our brains can restore the fundamental from higher harmonics!
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F1 (in Hz)

Let’s use this new information to tackle
our vowel perception problem
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The problem is that there
appears to be two definitions
for one vowel: one for adult
males, and one for everybody
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How about we divide by F3?

The third formant (F3) has some interesting properties:
1. It doesn’t change from vowel to vowel (it is always the same)

2. It does change from person to person (gender, age, vocal tract length)

3. It doesn’t change that much with the FO of your voice

4. It it is present when you whisper

This means you can use F3 as a unique speaker identifier, and gauge how
much variation is due to the person, and how much is due to the vowels.

This led Monahan and Idsardi 2010 to propose standardizing vowels using
F3. In mathematical terms, this simply means dividing F1 by F3 and dividing
F2 by F3:

F1/F3 F2/F3

The idea is that this will eliminate a large portion of the difference in formants
between people with different FOs, but without relying on FO (which varies
more than F3 when you speak)
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F1 (in Hz)
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Here are the raw formant values for &

Option 2: speakers have
different definitions for a
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F1 (in Hz)
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F1/F3
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Here are the F1/F3 and F2/F3
values for &

&
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F2/F3

I I
0.80 0.75 0.70 0.

65

Using F1/F3 and F2/F3
eliminates this variation,
leading to a single cluster
that could serve as a single
category.

adult males

L
. adult females
L

young males

young females
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values for &
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Using F1/F3 and F2/F3
eliminates this variation,
leading to a single cluster
that could serve as a single
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F1/F3
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There is still some variation,
but only one cluster!

TN

7

Our theory so far allows for variation,
but predicts one definition for each
vowel. F3 standardization allows
us to achieve this, so that’s good!

adult males
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young males

young females
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Recap for the day
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Can we find a set of acoustic properties that
each sound in our language?
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Possible Answer:

Prediction 1:

Prediction 2:

Recap for the day

Can we find a set of acoustic properties that
each sound in our language?

Each speech sound can be uniquely defined by the first
two formants (F1 and F2).

Only F1 and F2 should be necessary for perception.

In fact, F3 is also necessary.

We should be able to observe a single definition for each
vowel despite variation in the FO of speakers (male/
female, adult/child).

We achieved this using F3 normalization (diving F1 and F2
by F3), based on insights into auditory processing
provided by the restoration of missing fundamentals!
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