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How do humans and animals learn fast & with few samples?
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See also: X-J Wang 2008
Heric and Sakata, 2019
Mei et al., 2023



A bio-grounded neural network for explore-exploit balance

Brain Bandit Network (BBN) Continuous Hopfield network (with stochastic input)  

Hopfield energy

𝑃(𝒙) ∝ 𝑒−𝐸(𝒙)/𝐷(𝝈)

State probability distribution 
(Boltzmann) 

Hopfield, PNAS 1984
Ackley, Hinton, Sejnowski, Cognitive Science 1985
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BBN samples the Bayesian posterior of the decision variable

Hopfield energy

Hopfield energy Bayesian inference

Hinton and Sejnowski, 1983 
(for discrete Hopfield network)

𝑃𝑝𝑜𝑠𝑡
= 𝑃(𝑥𝑖|𝑰)

𝐸|𝑰 = 𝐸𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙+ 𝐸𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

𝑬𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 𝑬𝒆𝒙𝒕𝒆𝒓𝒏𝒂𝒍

𝐸𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

𝑃𝑝𝑟𝑖𝑜𝑟 = 𝑃(𝑥𝑖)

hypothesis 2hypothesis 1



BBN generates tunable bias for or against input uncertainty

Hopfield energy

𝑥2

𝑵𝒆𝒖𝒕𝒓𝒂𝒍 𝑪𝒐𝒏𝒔𝒆𝒓𝒗𝒂𝒕𝒊𝒗𝒆𝑶𝒑𝒕𝒊𝒎𝒊𝒔𝒕𝒊𝒄
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Uncertainty bias scales to high-D without re-tuning

Optimistic Neutral Conservative

3D BBN

N-D BBN



BBN closely captures human and animal bandit choice patterns

Choose risky Choose safe

Arm 1 reward 
(risky)

Arm 2 reward 
(safe)

Upper Confidence Bound 
(optimistic): Intercept shift

Thompson Sampling 
(Bayesian inf.): slope shift

Wilson et al., 2014
Gershman, Cognition 
2018

Mice
(switching bandit)

Data from Beron et al., 2022

Choice optimality Choice switching

Slope

SlopeIntercept

Humans 
(grouped by age, mental state, task horizon)

Model for exploration behavior across species



Optimistic BBN promotes efficient exploration in MDP tasks
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Improved performance No need for fine-tuning
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Exploiting attractor persistence further enhances exploration

w/ persistence (memory) w/o persistence (memory)

See also: Amin et al., ICML 2021
Osband et al., ICLR 2020



Current limitations & future promises

➢How to estimate uncertainty in continuous space MDP tasks? How 
does the brain do it?

➢How does the network learn? →Hebbian learning may work

➢Computational cost with SDEs?
1. Replace simulation with better analytical approximation 
2. Neuromorphic device



Looking for postdocs, students & collaborators!

Paper Code Lab

Chen Jiang 
(now @ McGill)

Thank you for listening!

Jiahui An Yating Liu
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