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Why songbirds?

• Well-stablished animal model to study: 

mechanisms of vocal learning (not 
common in mammals).
Complex motor control.



First evidence of learning:
The existence of dialects



At the level of the individual bird



¿How do 
birds 

generate 
their 

songs?








The tension of the labia (k)
depends on the activity 

of muscle vS 

The pressure, depends on
The activity of respiratory

muscles

The biomechanics involved



Further simplifying the model

α: pressure  ;  β: tension

Normal form for the equations of the model



With simple paths in parameter space

we can generate very realistic sounds
with the normal form of the problem



The phase difference between these
gestures is key the basic frequency
modulation

Basic idea behind this model



sound

pressure

Tension (left)

Tension (right)

We actually measure
these parameters



How and where are these instructions generated?



How is this behavior generated?

Neural network dedicated to song perception, 
song learning and song production

- Motor

- Auditory
- Learning

Simplified model of the neural 
network for song production

- Motor



HVC

This architecture is capable of generating the observables, with the known neural nuclei

RA

Brainstem

Telencephalon Thalamus

Each circle represents 
a neural nucleus, its 

dynamics is  assumed 
to be described by the 
average activity of Its 

neurons, and for those, 
we propose a simple 

additive model
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Building a neural model

𝑥̇𝑥 = −𝑥𝑥 + 𝑆𝑆 𝜌𝜌𝑥𝑥 + 𝑎𝑎 𝑥𝑥 − 𝑏𝑏 𝑦𝑦

𝑦̇𝑦 = −𝑦𝑦 + 𝑆𝑆 𝜌𝜌𝑦𝑦 + 𝑐𝑐 𝑥𝑥 − 𝑑𝑑 𝑦𝑦

𝑆𝑆 𝑥𝑥 = 1 + 𝑒𝑒−𝑥𝑥 −1with

y : activity of a population 
of inhibitory units 

Additive model:
What do the variables indicate?

x : activity of a population 
of excitatory units 



PUL P0P1P2 P1 PUL

Integrated model

Measurements
of pressure

Predictions of the
neural model so that

the synthetic pressure
are properly reproduced

The model predicts
a synthetic pressure



How close can the synthetic pressure and 
the measured one be with these models?



Neural recordings

P1 syllables P0 syllables

HVC extracellular recordings in singing canaries
By Ana Amador in our lab



Neural recordings vs. model

Air sac
Pressure

Spikes per 
syllable

One colour 
per neuron

Population
neural 

activity

Model

Neurons 
fire 

at specific 
instances of 
P0 syllables

See Herbert, Boari, 
Mindlin & Amador 2020

Spikes                                Predictions of the model 

For P0 syllables



Neural recordings vs. model

Air sac
Pressure

Spikes per 
phrase 
(12 syll)

One colour 
per neuron

Population
neural 

activity

Model

Neurons fire 
rhythmically 

during P1 
phrases

HVC
extracellular 
recordings 
in singing 
canaries

See Herbert, Boari, 
Mindlin & Amador 2020

For P1 syllables

Spikes                                Predictions of the model 



How realistic can the synthetic sound be, when the model of the
Physiological instructions drives the model for the birdsong production?



“Cool” experiment to test the model

Long & Fee



In our lab, we reproduced the
experiment for canaries





The experimental data



• Conclusions

• Birdsong is an ideal model for the study of how a complex behavior is 
learned and generated

• There is evidence of low dimensional dynamics in the generation of the 
physiological instructions

• The biomechanics, and its nonlinearities, allow a good reconstruction of 
the behavior with relatively simple physiological instructions
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