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BCNN with Two Twists:

1. Embrace Label Uncertainty

2. Apply Active Learning
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1 Model

Posteriors for Votes

● Our CNN can learn from uncertain labels 

and make probabilistic predictions 

𝑝 𝑘 𝑤
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Log Likelihood ℒ = log[ 𝐵𝑖𝑛 𝑘 𝜌,𝑁) ] = 𝑘 log(𝜌) + 𝑁 − 𝑘 log(1 − 𝜌) + 𝐶

Predict 𝑓𝑤 𝑥 = ො𝜌 and maximise likelihood of ො𝜌

Volunteer model: 𝑝 𝑘 𝑥,𝑁) = 𝐵𝑖𝑛 𝑘 𝜌,𝑁)

Volunteers N

Responses 𝑘
Typical vote prob. 𝜌
Galaxy 𝑥
CNN output 𝑓𝑤(𝑥)N volunteers and k responses ≈ N trials and k successes

How likely is each 𝜌 given observed 𝑘, 𝑁?

Probabilistic CNN
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1 Model

Posteriors for Votes

● Our CNN can learn from uncertain 

labels and make probabilistic 

predictions 𝑝 𝑘 𝑤
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30 “Models” (BCNN)

Posteriors for Votes
For details on BCNN, see Y. Gal (2016)

1 Model

● Our CNN can learn from uncertain 

labels and make probabilistic 

predictions 𝑝 𝑘 𝑤

● Marginalising over weights 

(BCNN) lets us predict votes over 

all CNN we might have trained

𝑝 𝑘 𝐷 = න𝑝 𝑣 𝑤 𝑝 𝑤 𝐷 𝑑𝑤
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Posteriors for Votes

● Marginalising over weights 

(BCNN) lets us predict votes over 

all CNN we might have trained

𝑝 𝑘 𝐷 = න𝑝 𝑣 𝑤 𝑝 𝑤 𝐷 𝑑𝑤

● BCNN posteriors are much better 

calibrated

Result: Morphology catalog with 

trustworthy uncertainties

For details on BCNN, see Y. Gal (2016)
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Uncertainty Matters – Predicting Expert Opinion

Overconfident Classifier

Calibrated RegressorWalmsley+19 BCNN

Sanchez+18 CNN

Crowdsourced

Expert: Nair (2009)



Predictions must be uncertain:

Drawing scientific conclusions relies on quantifying errors

BCNN with Two Twists:

1. Embrace Label Uncertainty

2. Apply Active Learning
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Principles for Choosing Data

𝐼 𝑋, 𝑌 = 𝐻 𝑝 𝑋 − 𝐸𝑝(𝑌)𝐻[𝑃 𝑋 𝑌 ]

𝑈 𝑥 = 𝐻 𝑝 𝜃 𝐷 − 𝐸𝑝 𝑦 𝑥, 𝐷 𝐻[𝑝 𝜃 𝐷, 𝑥, 𝑦 ]

Mutual Information

Information Gain

For details on Mutual Information, see N. Houlsby (2014)
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Principles for Choosing Data

𝑈 𝑥 = 𝐻 𝑝 𝜃 𝐷 − 𝐸𝑝 𝑦 𝑥, 𝐷 𝐻[𝑝 𝜃 𝐷, 𝑥, 𝑦 ]Information Gain

= 𝐼 𝜃, 𝑦 | 𝐷, 𝑥

= 𝐼 𝑦, 𝜃| 𝐷, 𝑥

= 𝐻 𝑝 𝑦 𝑥, 𝐷 − 𝐸𝑝 𝜃 𝐷 𝐻[𝑝 𝑦 𝑥, 𝜃 ]

…rearrange by symmetry of I…

For details on Mutual Information, see N. Houlsby (2014)
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Mutual Information

Pick galaxies where the models confidently disagree.

𝐼 = −න𝐻 𝑝 𝑘 𝜃 𝑝 𝜃 𝐷 𝑑𝜃 + 𝐻 න𝑝 𝑘 𝜃 𝑝 𝜃 𝐷 𝑑𝜃

Only possible because we:

● Think about labels probabilistically, 𝑝(𝑘|𝜃)

● Approximate training many models with BCNN, 𝑝(𝜃|𝐷)

Each model is confident…

…but they give different answers

Mutual Information 𝐼
Entropy H
Votes 𝑘
Weights 𝜃
Training data 𝐷

For details on Mutual Information, see N. Houlsby (2014)

𝐻 = − ෍

𝑖

𝑁

𝑝 𝑘 = 𝑖 log 𝑝(𝑘 = 𝑖)
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Active Learning Results

More Labelled Galaxies
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Selected Galaxies for “Smooth?”

Low mutual informationHigh mutual information
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Selected Galaxies for “Smooth?”

Low mutual informationHigh mutual information
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Low mutual informationHigh mutual information

Selected Galaxies for “Bar?”
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Low mutual informationHigh mutual information

Selected Galaxies for “Bar?”



Live on Galaxy Zoo

Model retrains and requests 
new classifications weekly

New surveys get classified in 
weeks, not years

Every galaxy seen by at least 3 
volunteers
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