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Line Gain : Each row of the

image is multiplied by a weight

𝑤𝑖 , followed by 𝐿1 norm

regularization.

This regularization drives the weights

𝑤𝑖 toward zero. The lower a weight is

relative to the others, the less its

associated primitive contributes to the

classification task.

Primitive Neural Networks (PNNs) embody an

ecological and scientifically grounded strategy,

by closely mimicking biological processes to

enable efficient, embedded artificial intelligence

systems.

Empirical results show that 4th-order band-pass

filters are required to achieve performance

comparable to FFT-based acquisition. An approach

using around a dozen filters is sufficient to match

human-level performance*, while enabling an

average power consumption as low as 150 µW in

'Always-On' mode.
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Primitive Extraction : Extraction of moments of

interest using a bank of band-pass filters combined

with peak detectors — analogous to the function of

inner hair cells.

- A spectrogram-like representation of the signal,

achieved with 50x less energy than a traditional

FFT (Figure B).

- The filter bank is optimized through end-to-end

CRNN training, emulating the evolutionary

specialization of the cochlea in different species,

thereby further reducing energy consumption
(Figure C)

The final filter selection is

performed through a new

neural network layer: the Line

Gain.

Conclusion : We have demonstrated that a mixed

analog-digital approach can achieve accuracy

comparable to state-of-the-art purely digital

methods (based on FFT followed by a CNN), while

consuming significantly less energy. This makes it

suitable for deployment on microcontrollers and

enables operation for several months on battery

power.

Designing sensors based on

Primitive Neural Networks: a

biomimetic architecture inspired

by the brain-ear system,

developed to autonomously and

continuously identify marine

mammals, with an energy

autonomy of up to one year.

No embedded ultra-low-power AI solution currently

exists in this field of acoustic recognition! 

The reason : The high-frequency digital processing

required to compute spectrograms (FFT) and execute neural 

networks (CNNs) is too energy-consuming. 

YET : living beings perform this kid of task

continuously without getting exhausted.

-> They operate in analog (less energy-consuming at high 

fréquency)!

Explanations :

In biology, the brain is not the only element

involved. Many organs, operting in an analog

manner (eyes, ears, etc.), process the most

important parts of the signal (selected through

natural selection) to extract moments of interest,

which are then transmitted to the brain if

necessary (we don’t analyze the noise).

💡The energy-intensive processing occurs at

low frequency, but the entire system remains

operational at high frequency.

This very principle led to the invention of CNNs

— and we’re taking it further: by extracting

essential primitives directly at the acquisition

stage, through a biomimetic process modeled on

natural selection!

The remaining filters are then

used to train the following

components:

- The Trigger block, which detects

when activation is necessary, 

- The CRNN block, which performs

final signal classification in ULP mode, 

- The Sensitivity Adaptator block, 

which enables self-adaptive attention 

to cope with environmental variability. 

Analog vs Digital Comparison of 
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* Performance may, of course, vary as a 

function of the number and complexity of 

the target classes. 

**Presence of species : 1/60 of the time; cost without microphone. 

An immersible construction and 

real-world testing of the entire 

system are desired by the LIS and 

IM2NP laboratories.

An upcoming PhD thesis will focus 

on the silicon implementation of the 

architecture, with the goal of 

reducing the energy cost of the 

filters and breaking the symbolic 

threshold of ultra-low power 

consumption (<100 µW).

Explanatory video


