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Real-time modeling with 
adaptive interventions
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Playing 20 Questions with the brain

• Pick each next question 
sequentially
• Get an answer each time

à Adaptive experimental designs
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Handling diverse 
data streams



Incorporate real-time 
modeling



improv: adaptive 
experimental platform github.com/project-improv/improv



Case study: Zebrafish optomotor response

Image courtesy of Misha Ahrens

• Larval zebrafish 

• 100,000 neurons

• Whole-brain 
imaging
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Case study: Zebrafish optomotor response

• Larval zebrafish 

• 100,000 neurons

• Whole-brain 
imaging

Video courtesy of Ruben Portugues

Zebrafish swim to align 
themselves to visual motion



Real-time imaging & interventions in vivo

Identify single neurons
Estimate activity
Compute response
profiles
…

Giovannucci et al. eLife (2019)
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improv: adaptive 
experimental platform Real-time model fitting

log $ % = ' + ) * + + ℎ ∗ .!:# + Σ0$ * .#%!



github.com/project-improv/improvDraelos, et al. bioRxiv (2021)



Real-time analyses   Functional typing: directional 

tuning curves



Real-time analyses + 
streaming model fitting

Functional types and functional 

connectivity learned in real time



Outline:

• Build streaming models 
that adapt to current 
neural activity

• Optimize selection of 
interventions/stimulations

Real-time modeling



How do we learn and perturb neural trajectories?

Pandarinath, J. Neurosci (2018); Churchland, Nature (2012)
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Draelos, et al. NeurIPS (2021)Baker, et al., Linear Algebra Appl. (2012).



Streaming dimension reduction

Draelos, et al. NeurIPS (2021)Baker, et al., Linear Algebra Appl. (2012).



Streaming dimension reduction 
à streaming dynamical modeling: Bubblewrap

Draelos, et al. NeurIPS (2021)
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à streaming dynamical modeling: Bubblewrap

Draelos, et al. NeurIPS (2021)



Bubblewrap
on real data

• Spiking data 

jpc1
jp
c2

Churchland et al., Nature (2012)
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Bubblewrap
on real data

• Spiking data 

• Continuous video 
data (behavior)

• Wide-field 
calcium imaging

• High-throughput 
Neuropixels data

Stringer et al., Science (2019)



Draelos, bioRxiv (2021)

Show 8 different 
directions of 
moving gratings

Analyze neural 
responses to 
stimuli in real-
time

Bubblewrap in the lab: zebrafish optomotor response
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Fast dimension reduction, learning, & prediction

Draelos, et al. NeurIPS (2021)



Fast dimension reduction, learning, & prediction

Draelos, et al. NeurIPS (2021)



Robust multi-step ahead predictions
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Streaming dimension reduction 
à streaming regression
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Data from Musall et al., Nat. Neuro. (2019)



Streaming dimension reduction 
à streaming regression

Data from Musall et al., Nat. Neuro. (2019)
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Adaptive 
‘questions’

Neural 
stimulations for 
mapping 
connections

Pégard et al. Nat. Comm. (2017); Yang et. al. eLife (2018); Ronzitti et. al. Front. Cell. Neurosci. (2018)



Naïve method: one neuron at a time
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What about 1,000 neurons?
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What about 10,000 neurons?
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Alternative: stimulate 
groups of neurons

Nature 583, 504 (2020)

• Pool samples into single 
tests (groups)

• Developed for testing 
soldiers for syphilis

• Recently used for COVID-19 
testing



Neural stimulation as 
group testing Draelos & Pearson. NeurIPS (2020)

github.com/pearsonlab/BinaryStim



Neural responses

We can predict if a neuron    is activated by a trial stimulation    as

Our measurements are noisy, with false positives and false negatives

!!" | #!" = 1 ~ '()*(1 − -)!!" | #!" = 0 ~ '()*(0)
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Relaxation to linear program



Relaxation to linear program



Dual decomposition

subject to:



Efficient questioning 
with adaptive group testing

Naïve Method Group Testing



Accurate recovery with many fewer tests

!"#$%&%$%'( = *+
*+ + -. ~ !#01%'%2%'( = *.

*. + -+ ~ Finding correct 
ones (connections)

Finding correct 
zeros



What about 1,000 neurons? 
10,000?
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Draelos, bioRxiv (2021)

Optimize neural responses: choose next visual 
stimulus to display

Show 8 different 
directions of 
moving gratings

Analyze neural 
responses to 
stimuli in real-
time



Online Bayesian Optimization
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Online Bayesian Optimization



Neural response Current tuning estimate Current uncertainty
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Rapid optimization of peak neural responses



Neural tuning curve estimates

Real-time GP: 8 stimuli Offline GP: 144 stimuli Grid search: 144 stimuli
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Rapid optimization



Adapts to different
neural populations



How do we design causal 
experiments that can scale 
to large or whole-brain 
populations of neurons?
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How do we design causal 
experiments that can scale 
to large or whole-brain 
populations of neurons?

Adaptive experimental designs

• Real-time data analysis

• Streaming neural models

• Algorithms to tailor interventions



Thank you!

Andrea 
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Maxim Nikitchenko
Matthew Loring
Catherine Seitz
Anna Henderson

github.com/project-improv/improv

github.com/draeloslab


