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Sound Wave in the inner ear
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Auditory transduction

Mechanoelectrical Transduction by Hair Cells

Impulse train
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Reverse correlation analysis of filtering 
properties of auditory nerves

• Give Gaussian white noise input x(t), record spike train y(t) in the 
auditory nerve.

𝑦 𝑡 =  ∑ 𝛿(𝑡 − 𝑡௜)ே
௜ୀଵ ,

N is the total number of spikes, 𝑡௜’s are spike times

• Estimating the impulse response of filter:

ℎ 𝜏 = < 𝑦 𝑡 𝑥 𝑡 − 𝜏 > =  
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For linear systems, ℎ 𝜏 is identical to the impulse response.

Examples of revcor filters 

Features:

1) Narrow spectral 
bandwidth

2) Strong temporal 
asymmetry 
(more energy in 
the front)

deBoer, E. & deJongh, H., 1978
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Theoretical principles underlying these 
codes poorly understood

• Efficient code:

(1) Maximizes the amount of information conveyed about the 
sensory signal to the brain

(2) Minimize the coding rate required (number of spikes)

• Model of acoustic signals encoded as a pattern of spikes:

𝑥 𝑡 =  ∑ ∑ 𝑠௜
௠𝜑௠ 𝑡 − 𝜏௜

௠ +  𝜀(𝑡)௜௠ ,

𝜑ଵ, …, 𝜑୑ set of kernel functions (dictionary), with 𝑖 indexing different 
instances of a particular kernel, and 𝜏௜

௠ the temporal position of the 
instance.

𝑠௜
௠ is the coefficient of the instance (assume continuous).

𝜀 𝑡 Gaussian.

Acoustic signals encoded as a pattern of spikes

400 samples 
encoded by 60 
spikes

Gammatones as 
kernel functions
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Learning the optimal code Φ = (𝜑ଵ, …, 𝜑ெ)

• First step: encoding - determining the optimal values of 𝜏௜
௠ and 𝑠௜

௠

• Randomly initialize a set of 𝜑ଵ, …, 𝜑ெ as Gaussian noise.

• Algorithm: matching pursuit algorithm

1. Compute < 𝑥 𝑡 , 𝜑௠ > for all 𝑚;

2. Subtract out the largest projection

𝑅௫ 𝑡 = 𝑥 𝑡 − < 𝑥 𝑡 , 𝜑௟ > 𝜑௟;

3. Repeat with 𝑥 𝑡 = 𝑅௫ 𝑡 , until s = < 𝑥 𝑡 , 𝜑௠ > fall below a 
preset threshold = 0.1.

Note: The projection with the largest inner product magnitude will 
minimize the power of 𝑅௫ 𝑡 , thus optimizing the efficiency of the 
representation, because it captures the most structure possible with 
a single kernel.

Learning the optimal code Φ = (𝜑ଵ, …, 𝜑ெ)

• Second step: optimize the kernel functions 𝜑ଵ, …, 𝜑ெ with 𝜏௜
௠ and 

𝑠௜
௠ determined above.

• Algorithm: gradient ascend to minimize the difference between 𝑥
and its reconstruction 𝑥ො.

𝑥 𝑡 =  ∑ ∑ 𝑠௜
௠𝜑௠ 𝑡 − 𝜏௜

௠ +  𝜀(𝑡)௜௠ = 𝑥ො + 𝜀(𝑡)

Written in probabilistic form (let 𝑠̂ denote the set of 𝑠௜
௠ determined):

𝑝 𝑥 Φ =  
௣ ௫,஍

௣ ஍ ௣ ௦̂
𝑝(𝑠̂) =

௣ ௫,஍,௦̂

௣(஍,௦̂)
𝑝(𝑠̂) = 𝑝 𝑥|Φ, 𝑠̂ 𝑝 𝑠̂ .

Optimize the likelihood:

for all 𝑗, 
డ

డఝೕ
log 𝑝 𝑥 Φ =

డ

డఝೕ
 log 𝑝 𝑥|Φ, 𝑠̂ + log (𝑝 𝑠̂ )
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Learning the optimal code Φ = (𝜑ଵ, …, 𝜑ெ)

𝜕

𝜕𝜑௝
 log 𝑝 𝑥|Φ, 𝑠̂ + log (𝑝 𝑠̂ ) =
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log 𝑝 𝑥|Φ, 𝑠̂
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where [𝑥 − 𝑥ො]
ఛ೔

ೕ indicates the residual error over the extent of

kernel 𝜑௝ at position 𝜏௜
௝ .

Dataset and Rationale

• For efficient coding, sensory codes should be adapted to the 
statistics of the relevant sensory environment.

• Problems:

1) Precise composition of the natural acoustic environment 
unknown.

2) Many sounds have less behavioral relevance and can have less 
impact on optimizing the code.

Assume the system is adapted to:

1) Mammalian vocalizations

2) Transient environmental sounds (cracking twigs and crunching 
leaves)

3) Ambient environmental sounds (rain and rustling sounds)
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Learned kernel functions (red) vs. revcor
filters (blue) from cats

Repeated training with 
different random initiations 
produces similar results

Environmental sounds alone (black 
circles) or animal vocalizations alone 
(green triangles)grey scale bars, 5 ms

Kernel functions optimized for speech

Data from TIMIT continuous speech corpus

grey scale bars, 5 ms
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Summary

• Efficient coding predicts the shapes of the auditory 
revcor filters, suggesting they are optimized for statistical 
structure of natural sounds while minimizing coding rate 
required.

• Optimal codes derived for speech immediately match 
the auditory revcor filters. This indicates that the acoustic 
composition of speech is adapted to the coding capacity 
of the mammalian auditory system.


