
1

Computational Models of
Mammalian Hearing:

An “Auditory Image” Approach

Dick Lyon
For Tom Dean’s Cortex Class

Stanford, April 14, 2010

Frank
Netter and
his Ciba
paintings

Breschet 1836,
Testut 1897

August Seebeck 1841, 1844:  time-domain pitch
(from Schouten 1970 “The Residue Revisited”)

167 years of Fourier analysis model:
“Ohm’s acoustic law” 1843, & Helmholtz

• Sensitivity to spectrum, ignoring phase or
temporal structure

• Ohm and Helmholtz ignored the time-
domain pitch evidence from Seebeck’s
siren experiments

• This “frequency domain” approach
continues to confuse the field to this day

• FFT and linearity are similarly harmful

My favorite quote

“… dehydrated cats and the
application of Fourier analysis
to hearing problems became
more and more a handicap for
research in hearing.”

— Georg von Békésy
“Some Biophysical Experiments from Fifty
Years Ago”
Annual Review of Physiology
Vol. 36: 1-18 (1974)
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59 years of auditory
auto-correlogram:

Licklider 1951
“duplex theory”

unified the
frequency and

time views via 2D
“auditory image”

Slaney & Lyon 1993

Correlograms are movies;
this one is based on Roy Patterson’s

“Stabilized Auditory Image” (SAI)

Lloyd A. Jeffress 1948:  Binaural cross-correlator

Neural correlators and such
(diagram “borrowed” from Prof. Ian D. Forsythe of Leicester)

Stabilized Auditory Image – a very good way
to visualize sounds such as speech…
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Peripheral (Cochlea) Model

Example filterbank output for 40ms of a human vowel /a/

Time

High
Freq.

Low
Freq.

0 40ms

Strobed Temporal Integration:
Align to trigger points, like an oscilloscope sync does,
and average over time a bit.

Stabilized Auditory Image

Time Interval
0

Waveform Periodicity

-25ms 25ms
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Cochlea and Organ of Corti detail,
Gray’s Anatomy and Retzius 1884
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What does the cochlea tell the brain?
Geisler 1987 – waveforms, not just mag & phase of sinusoids

Jont Allen
on function:

Nelson Kiang 1965 –
cat auditory nerve shows

phase detail – as expected

Jim Flanagan 1962 filter
models of basilar membrane

order-3 “gamma-tone” filter

Bringing mathematical physics to cochlear modeling:
“The Cochlear Compromise,” Zweig, Lipes, & Pierce 1976

Solve by
“WKB method”
(Wentzel, Kramers,
and Brillouin)

PZFC stage frequency response:
pole pair makes a bump (variable via

pole Q),and zero pair makes a dip

dB



5

PZFC Cochlea Model

Pole–Zero Filter Cascade:  Cascade model of cochlear filtering
Two-pole,
two-zero
filter stages

Low-level versus adapted responses
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Response to sounds – no further
compressive (log) nonlinearity needed A Map of Auditory Filter

ModelsOZGF spans these two

Lyon 1997

PZFC

“All-Pole Models of
Auditory Filtering”
Diversity in Auditory
Mechanics, E. Lewis et
al. (eds.), World Scientific
Publishing, Singapore,
1997, pp. 205–211.

Lyon/Mead chips

Important nonlinearities
(linear filters are not enough)

1. Automatic (adaptive) Gain Control (AGC) via filter
parameter variation at all time scales

2. Half-wave detection nonlinearity (needed to unify all
types of pitch via autocorrelation)

3. Distortion, especially third-order compressive
nonlinearity in travelling wave or at filter outputs

4. Coincidence detection (AND gate, or multiplier) for
monaural and binaural correlation analysis

Afferent
and

efferent
auditory

pathways

(Stuart Rosen
et al.)
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Iso-frequency unit:  afferent and efferent innervation
of inner and outer hair cells in the cochlea

Geisler 1974 crossed olivo-cochlear bundle (COCB)
stimulation reduces gain from SPL to neural signals

Sharp Tuning Curves
from Unsharp Filters and

Adaptive (AGC) Nonlinearity

Why all this complicated stuff?
• Goal is for simple and effective

structures that preserve all
psychophysically relevant features of
sounds, including mixtures.

• Pole-zero cascade with coupled AGC
via variable pole Q is simple and
effective; for binaural, too.

• Follow by temporal periodicity
detection (autocorr or S.A.I.) and then
do CASA, streaming, or whatever…

4-part Machine Hearing System Structure

• Peripheral model (PZFC with HWR/AGC)
• “Auditory image” generation

– Patterson’s SAI variants or correlograms
– Binaural cross-correlogram
– Chromagram for melody
– …

• Feature extraction (cortical simple and complex…)
– High-dim sparse features
– Low-dim dense features
– “Key point” features,  multi-scale features, etc.

• Machine-learning back end trained for application


