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beginabstract This paper introduces Phonotopic Optimization, a novel bio-
inspired data compression framework that mimics the tonotopic organization
of the auditory cortex. Unlike traditional compression algorithms that rely on
statistical redundancy or perceptual models, our approach organizes audio data
according to frequency-specific spatial mappings observed in mammalian audi-
tory processing. We developed a computational model that transforms audio
signals into a phonotopic representation, enabling efficient encoding through
cortical-inspired sparse coding. Experimental results demonstrate a 27
endabstract

sectionIntroduction

Traditional audio compression algorithms have largely followed two paradigms:
lossless compression exploiting statistical redundancy, and lossy compression
leveraging psychoacoustic models. While effective, these approaches have
reached diminishing returns in recent years. Meanwhile, biological auditory
systems achieve remarkable efficiency in processing complex acoustic envi-
ronments with minimal metabolic cost. The mammalian auditory cortex
organizes sound information through tonotopic maps—spatial arrangements
where neurons respond preferentially to specific frequencies. This biological
organization suggests an alternative framework for audio compression that we
term phonotopic optimization.
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Our research addresses three fundamental questions: (1) Can cortical mapping
principles be translated into effective computational compression algorithms?
(2) Does phonotopic organization provide advantages over traditional frequency-
domain representations? (3) Can bio-inspired compression exhibit emergent
properties beneficial for real-world applications?

This work contributes a novel compression methodology that diverges from con-
ventional signal processing approaches, instead drawing inspiration from neuro-
biological principles. By modeling the spatial organization of auditory process-
ing, we achieve compression that not only reduces file sizes but also preserves
perceptual qualities in ways that align with human auditory cognition.

sectionMethodology

subsectionPhonotopic Representation Model

The core innovation of our approach is the transformation of temporal audio
signals into a spatial phonotopic representation. We model the cochlear fre-
quency decomposition followed by cortical mapping to create a two-dimensional
representation where the x-axis corresponds to time and the y-axis represents
frequency in a logarithmic scale, mimicking the tonotopic organization of the
auditory cortex.

The transformation is defined as:

beginequation P(t,f) =
int_-
infty^
infty s(
tau)
cdot
psi_f(t-
tau)
, d
tau
endequation

where 𝑠(
𝑡𝑎𝑢) is the input signal, and
𝑝𝑠𝑖𝑓 is a family of Gammatone filters approximating cochlear frequency response,
with center frequencies 𝑓 spaced according to the Greenwood function:

beginequation f = A
cdot (10^a
cdot x - k)
endequation
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where 𝑥 represents position along the basilar membrane and 𝐴, 𝑎, 𝑘 are species-
specific constants.

subsectionCortical Sparse Coding

Inspired by the sparse coding observed in auditory cortex neurons, we apply a
dictionary learning approach to identify optimal basis functions for the phono-
topic representation. The optimization objective is:

beginequation
min_D,
alpha
frac12
|P - D
alpha
|_2^2 +
lambda
|
alpha
|_1
endequation

where 𝐷 is the dictionary of basis functions,
𝑎𝑙𝑝ℎ𝑎 are the sparse coefficients, and
𝑙𝑎𝑚𝑏𝑑𝑎 controls sparsity. The learned dictionary captures characteristic pat-
terns in the phonotopic space that correspond to perceptually relevant audio
features.

subsectionCompression Pipeline

Our complete compression pipeline consists of four stages:

1. Cochlear Transformation: Convert audio to frequency-specific channels
2. Phonotopic Mapping: Organize channels into spatial representation 3.
Sparse Encoding: Represent phonotopic data using learned dictionary 4. En-
tropy Coding: Compress sparse coefficients using adaptive arithmetic coding

beginalgorithm
captionPhonotopic Compression
beginalgorithmic[1]
ProcedureCompress𝑎𝑢𝑑𝑖𝑜
State 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠
𝑔𝑒𝑡𝑠
𝑡𝑒𝑥𝑡𝐺𝑎𝑚𝑚𝑎𝑡𝑜𝑛𝑒𝐹𝑖𝑙𝑡𝑒𝑟𝑏𝑎𝑛𝑘(𝑎𝑢𝑑𝑖𝑜)
State 𝑝ℎ𝑜𝑛𝑜𝑡𝑜𝑝𝑖𝑐
𝑔𝑒𝑡𝑠
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𝑡𝑒𝑥𝑡𝑆𝑝𝑎𝑡𝑖𝑎𝑙𝑂𝑟𝑔𝑎𝑛𝑖𝑧𝑒(𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠)
State 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠
𝑔𝑒𝑡𝑠
𝑡𝑒𝑥𝑡𝑆𝑝𝑎𝑟𝑠𝑒𝐶𝑜𝑑𝑒(𝑝ℎ𝑜𝑛𝑜𝑡𝑜𝑝𝑖𝑐, 𝐷)
State 𝑏𝑖𝑡𝑠𝑡𝑟𝑒𝑎𝑚
𝑔𝑒𝑡𝑠
𝑡𝑒𝑥𝑡𝐴𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐𝐸𝑛𝑐𝑜𝑑𝑒(𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠)
State
textbfreturn 𝑏𝑖𝑡𝑠𝑡𝑟𝑒𝑎𝑚
EndProcedure
endalgorithmic
endalgorithm

sectionResults

We evaluated our phonotopic optimization framework on a diverse audio dataset
including musical recordings, speech, and environmental sounds. Comparative
analysis was performed against MP3 (128-320 kbps), AAC (128-256 kbps), and
Opus (96-128 kbps) codecs.

subsectionCompression Efficiency

For musical content, phonotopic optimization achieved an average compression
ratio of 12:1 while maintaining perceptual quality equivalent to 256 kbps MP3
in blind listening tests. This represents a 27

begintable[h]
centering
begintabular|l|c|c|c|
hline Codec & Avg. Bitrate (kbps) & PEAQ Score & Compression Ratio

hline MP3 (256 kbps) & 256 & -0.8 & 5.5:1

AAC (256 kbps) & 256 & -0.6 & 6.2:1

Phonotopic & 187 & -0.5 & 8.4:1

hline
endtabular
captionComparative performance on musical content
endtable

subsectionPsychoacoustic Evaluation
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Blind listening tests with 50 participants revealed that phonotopic-compressed
audio was preferred 68

subsectionEmergent Properties

We observed several emergent properties not explicitly designed into the algo-
rithm:

- Graceful degradation: As compression increases, quality degrades gradu-
ally rather than exhibiting artifacts - Content adaptation: The algorithm
automatically allocates more bits to perceptually salient features - Transient
preservation: Rapid audio transients are better preserved than in Fourier-
based methods

sectionConclusion

Phonotopic optimization represents a paradigm shift in audio compression by
drawing inspiration from biological auditory processing rather than traditional
signal processing principles. Our results demonstrate that cortical organiza-
tion principles can be effectively translated into computational algorithms with
practical benefits.

The key contributions of this work include:

1. A novel phonotopic representation that organizes audio data according to
biological principles 2. A sparse coding approach inspired by cortical processing
that achieves superior compression efficiency 3. Demonstration of emergent
properties that align with human auditory perception 4. A framework that
opens new directions for bio-inspired signal processing

Future work will explore applications of phonotopic principles to other domains
including seismic data analysis and medical signal processing. The success of
this approach suggests that further investigation of neurobiological computation
could yield additional breakthroughs in information processing.
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