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Acoustics of Speech and Hearing

Week 2-9

Hearing 2: Frequency Analysis in the 
Inner Ear

Hearing Lectures

1. Loudness
• of sinusoids mainly

• (see Web tutorial for more)

2. Pitch 
• of sinusoids mainly

• (see Web tutorial for more)

3. Timbre
• of complex sounds

Facts about Pitch

• Range of pitch
– Below 20Hz hear individual clicks
– Above 3000Hz sensation changes

• Pitch intervals
– Equal perceptual intervals more logarithmic than linear

• JND for pitch
– Can be as low as 0.25%
– NB: 1 semitone = 6%

• Problem of the Missing Fundamental
– Pitch not changed by 

absence of first harmonic
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Masking

• Essentially auditory masking is observation 
that one sound hides another

• Significance for us today is that when two 
sounds are played simultaneously, masking 
only occurs when the sounds are similar in 
frequency

• Implication is that the ear processes different 
frequency components of the sounds 
separately

Structure of Cochlea Structure of Cochlea
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Cochlea “Unrolled” Basilar Membrane

• The basilar membrane does not have a uniform width or 
uniform cross-section along its length.  

• It is about 32mm long and tapers from 0.5mm wide at the 
apex, to only 0.1mm wide at the base (this is the opposite of 
what you might think, it is wider at the tip of the spiral than it 
is at the bottom).  It also thicker and stiffer at the base than it is 
at the apex.  

• This variation in mechanical properties causes the base part to 
vibrate more for high-frequency sinusoids, and the apical part 
to vibrate more for low-frequency sinusoids.

Base Apex

Response to Sinewaves

• Basilar membrane 
vibration changes with 
frequency of sinusoid

Place coding

• Different regions of the Basilar Membrane prefer to vibrate at 
different frequencies

• The place of maximum vibration for a sinusoidal stimulus is 
thus an indication of the frequency of the sinusoid

• Distance in mm is logarithmically mapped to hertz (approx)

• Vibration is detected and converted to nerve impulses in the 
Organ of Corti which sits on the Basilar Membrane

Cochlea Cross-section Organ of Corti
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Organ of Corti Inner Hair Cell shearing

Excitation of Hair Cells

• As stereocilia are bent 
Potassium ions enter 
through trap doors and 
depolarise the cell

• When sufficient 
depolarisation has 
occurred the cell fires

• Note that depolarisation 
only occurs when cilia 
are bent in one direction

Excitation Patterns for Sinusoids

Distance from stapes

Excitation High freq Low freq
200Hz

Vibration
Amplitude

Excitation Pattern variation

• Sounds are perceivably different if excitation 
pattern is different by 1dB at some point 
(Zwicker)

Ex

Place

Ex

Place

Small change in frequency Small change in amplitude

Pitch: only half the story

• Place coding alone is not sufficient to explain 
pitch perception
– Our ability to discriminate pitch at low frequency 

is better than predicted by Zwicker’s model
– Remember the problem of the missing 

fundamental: pitch does not depend on presence of 
any single harmonic, not even first harmonic

– Complex tones with only unresolved high-
frequency harmonics also provide a sense of pitch 
(unresolved � harmonics fall into same filter)
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Firing is ‘Phase Locked’

There is another source of information available however.
Since bending of the stereocilia releases neurotransmitter,
the cells tend to fire when the cilia are in a bent position.
That is, they tend to fire in synchrony with the stimulus phase.

Place and Temporal Coding

• Both the place of maximum excitation and the 
temporal pattern of nerve firing provide information 
about stimulus frequency

Coding of Pitch of Sinusoids

• Place
– Variation in position of maximum of excitation 

pattern on Basilar Membrane

– Logarithmic frequency & amplitude coding

• Temporal
– Phase locking of nerve firing to stimulus 

waveform

– Limited to low-frequencies, up to about 3000Hz

Demonstration

• Cochlear Simulation
– Sinusoids:

• Place coding

• Temporal coding

– Complex tones
• With Fundamental 

(H1)

• Without Fundamental 
(H1)

Summary

• The ear processes different frequency regions 
of a sound signal separately

• For pitch of sinusoids there seem to be two 
coding mechanisms:
– Place coding, due to Basilar Membrane properties

– Temporal coding, due to phase locking of nerve 
firing

• Together these give good explanations for 
perception of pitch and loudness of sinusoids.

Timetable Today

• 09.00 Lecture (G10)

• 10.30 Tutorial Group A (G06) Paul

• 11.30 Tutorial Group B (G06) Paul

• 10.30 Tutorial Group C (Lab) Geoff

• 11.30 Tutorial Group D (Lab) Geoff

• 13.00 End-of-term Test (B02)

• 14.00 Finish


