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Bayesian Deep Learning

Goal: enable Bayesian inference for deep networks to improve robustness of 
predictions!

Active research field where most work focuses on improving approximate 
inference to get closer to the  Bayes posterior
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But is the Bayes posterior actually good?
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Bayesian Neural Networks (BNNs)

Neural Network

p(✓,D) = p(yi|xi,✓) p(✓)
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Input OutputHidden

Different models obtained by 
different ✓
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Bayesian Neural Networks (BNNs)

Bayesian Neural Network

p(✓,D) = p(yi|xi,✓) p(✓)
<latexit sha1_base64="IY1J2jvCqr55IEA9S/aVNBI46QY="></latexit>

Input OutputHidden
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Posterior: Distribution over likely models 
given the data

p(✓|D)
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BNNs: Predictions

BNNs use samples from the posterior (ensemble of models)

In standard deep learning we optimize 

Florian Wenzel, 15 June 2020

θSGD (MAP)
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In this talk: A model is good if it predicts well (e.g. low cross entropy loss) 
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Predict by using an average of models

θSGD (MAP)

⇡
X

s

p(y|x,✓s)
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BNNs: Predictions
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Promises of BNNs*: 

• Robustness in generalization 

• Better uncertainty quantification (calibration) 

• Enables new deep learning applications (continual learning, sequential 
decision making, …)

Bayesian Neural Networks (BNNs)

Florian Wenzel, 15 June 2020

* [e.g., Neal 1995, Gal et al. 2016, Wilson 2019,  Ovadia et al. 2019].
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But in practice BNNs are rarely used!

Bayesian Neural Networks (BNNs)

Florian Wenzel, 15 June 2020
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In practice: 

• Often, the Bayes posterior is worse than SGD point estimates

Bayesian Neural Networks (BNNs)

Cold Posterior* For temperature T<1: 
We sharpen the 
posterior (over-count 
evidence)

*Explicitly (or implicitly) used by most recent Bayesian DL papers [e.g., Li et al. 2016, Zhang et al. 2020, Ashukha 
et al. 2020].

Florian Wenzel, 15 June 2020

• But Bayes predictions can be improved by the use of the
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Bayesian Neural Networks (BNNs)

θ

Cold Posterior For temperature T<1: 
We sharpen the 
posterior (over-count 
evidence)

Florian Wenzel, 15 June 2020
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ResNet-20 / CIFAR-10

CNN-LSTM / IMDB

True Bayes posterior

Optimal cold posterior

Florian Wenzel, 15 June 2020
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The cold posterior sharply deviates from the  
Bayesian paradigm. 

What is the use of more accurate posterior  
approximations if the posterior is poor? 

Florian Wenzel, 15 June 2020
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Our paper: Hypothesis for the origin of the improved 
performance of cold posteriors

LikelihoodInference

Inaccurate SDE Simulation? 

Bias of SG-MCMC? 

Minibatch noise (which is 
not Gaussian)? 

Bias-variance tradeoff 
induced by cold posterior? 

Dirty likelihoods? 
 
(batch-normalization, 
dropout, 
data augmentation) 

Prior

Current priors used for 
BNN parameters are 
poor? 

The effect becomes 
stronger with increasing 
model depths and 
capacity? 

Florian Wenzel, 15 June 2020
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1. How to compute the posterior (inference)? 

2. Does inaccurate inference lead to the cold posterior effect?

Inference:  Is it accurate?

17

Sample from the posterior using SG-MCMC methods 

Not covered: Approximate posterior using variational inference

Florian Wenzel, 15 June 2020
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SG-MCMC: Stochastic Gradient Markov Chain Monte Carlo

SGD = optimization goal

Florian Wenzel, 15 June 2020
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SG-MCMC = convergence in distribution, integration 

Florian Wenzel, 15 June 2020

SG-MCMC: Stochastic Gradient Markov Chain Monte Carlo
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Stochastic Gradient Markov Chain Monte Carlo

Langevin Dynamics: one-slide refresher 

•Simulating SDE has stationary distribution proportional to exp(-U(θ) / T) 
[Langevin, 1908], [Leimkuhler and Matthews, “Molecular Dynamics”, 2016] 

•Parameters θ, moments m, mass matrix M > 0, friction γ > 0 

•“Solving SDE” ⇔ obtain one random continuous-time path 

d✓ = M�1mdt

dm = �r✓U(✓)dt� �mdt+
p

2�TM1/2dW
<latexit sha1_base64="FFtrF8Xgsx6GKnyHr77HVPqCdNU="></latexit>

Florian Wenzel, 15 June 2020



Gaussian Noise

scaled by temperature

SGD with Momentum
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Stochastic Gradient Markov Chain Monte Carlo

Symplectic Euler (Discretized version of SDE) 

m(t) = (1� h�)m(t�1) � hnr✓G̃
⇣
✓(t�1)

⌘
+
p

2�hTM1/2R(t)

✓(t) = ✓(t�1) + hM�1m(t)
<latexit sha1_base64="Mer1bSxBrBfFTfikeBJ7mVqjCRs="></latexit>

Florian Wenzel, 15 June 2020

N (0, I)
<latexit sha1_base64="st1infY2cLCS2xtZdwYZkuQXMUM=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahgpTEB7osutGNVLAPaEKZTCft0MmDmRuhhG7c+CtuXCji1n9w5984abPQ6oELh3Pu5d57vFhwBZb1ZRTm5hcWl4rLpZXVtfUNc3OrqaJEUtagkYhk2yOKCR6yBnAQrB1LRgJPsJY3vMz81j2TikfhHYxi5gakH3KfUwJa6pq7TkBgQIlIb8aOYD5UrEN87UjeH8BB1yxbVWsC/JfYOSmjHPWu+en0IpoELAQqiFId24rBTYkETgUbl5xEsZjQIemzjqYhCZhy08kXY7yvlR72I6krBDxRf06kJFBqFHi6M7tZzXqZ+J/XScA/d1MexgmwkE4X+YnAEOEsEtzjklEQI00IlVzfiumASEJBB1fSIdizL/8lzaOqfVw9vT0p1y7yOIpoB+2hCrLRGaqhK1RHDUTRA3pCL+jVeDSejTfjfdpaMPKZbfQLxsc3Z8mX3Q==</latexit>
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Stochastic Gradient Markov Chain Monte Carlo

Florian Wenzel, 15 June 2020

The discretization scheme leads to  

approximate samples from the posterior 

✓(1),✓(2),✓(3), ...
<latexit sha1_base64="GbV8zneDu6OpqEKGpcBciqFfJ8g=">AAACPXicdVC7SgNBFJ2NrxhfUUubwSBEkGU3UbQM2lhGyAuyMcxOJsmQ2Qczd4Ww7I/Z+A92djYWitjaOpuk0CQeGOZwzr3ce48bCq7Asl6MzMrq2vpGdjO3tb2zu5ffP2ioIJKU1WkgAtlyiWKC+6wOHARrhZIRzxWs6Y5uUr/5wKTigV+Dccg6Hhn4vM8pAS118zXHDURPjT39xQ4MGZDkPi7ap8kZXm6V/rfKqWWaZjdfsExrArxI7BkpoBmq3fyz0wto5DEfqCBKtW0rhE5MJHAqWJJzIsVCQkdkwNqa+sRjqhNPrk/wiVZ6uB9I/XzAE/V3R0w8la6qKz0CQzXvpeIyrx1B/6oTcz+MgPl0OqgfCQwBTqPEPS4ZBTHWhFDJ9a6YDokkFHTgOR2CPX/yImmUTLtsXtydFyrXsziy6AgdoyKy0SWqoFtURXVE0SN6Re/ow3gy3oxP42tamjFmPYfoD4zvH+lKruo=</latexit>

Is this accurate enough? 
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Novel diagnostics for SG-MCMC

Diagnostics check out!
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Novel diagnostics for SG-MCMC

Diagnostics fail.
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SG-MCMC works well enough!

Florian Wenzel, 15 June 2020

Synthetic data generated from an MLP

Gold Standard (HMC) SG-MCMC



26

Inference

Inaccurate SDE Simulation? 

Bias of SG-MCMC? 

Minibatch noise (which is 
not Gaussian)? 

Bias-variance tradeoff 
induced by cold posterior? 

SG-MCMC inference works well enough!

Florian Wenzel, 15 June 2020
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Inference

Inaccurate SDE Simulation? 

Bias of SG-MCMC? 

Minibatch noise (which is 
not Gaussian)? 

Bias-variance tradeoff 
induced by cold posterior? 

If the model is well-specified, T=1 is optimal. 

But for real-world  data T<1 is better!

Florian Wenzel, 15 June 2020

SG-MCMC inference works well enough!
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The cold posterior effect 

Why does the cold posterior perform better than the 

true Bayes posterior? 

Florian Wenzel, 15 June 2020
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Problems with the prior?

Prior

Current priors used for 
BNN parameters are 
poor? 

The effect becomes 
stronger with increasing 
model depths and 
capacity? 

Florian Wenzel, 15 June 2020

✓(i) ⇠ p(✓) = N (0, I)
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Prior Predictive Experiment

Ex⇠p(x)

h
p
⇣
y|x,✓(i)

⌘i

<latexit sha1_base64="y13U6VdSiug1ns9tmXsqnl1W4Ec="></latexit>

✓(i) ⇠ p(✓) = N (0, I)
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Draw from prior Induced predictive distribution

Florian Wenzel, 15 June 2020
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Prior Predictive Experiment

Ex⇠p(x)

h
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Draw from prior Induced predictive distribution

Florian Wenzel, 15 June 2020

Class ProbabilitiesModel parameters
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Class ProbabilitiesModel parameters
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Prior Predictive Experiment
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Class ProbabilitiesModel parameters
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Prior Predictive Experiment: ResNet-20 / CIFAR-10

Each network drawn from the prior maps all images to one class!

Florian Wenzel, 15 June 2020

Ex⇠p(x)

h
p
⇣
y|x,✓(i)

⌘i

<latexit sha1_base64="y13U6VdSiug1ns9tmXsqnl1W4Ec="></latexit>

✓(i) ⇠ p(✓) = N (0, I)
<latexit sha1_base64="YISD6eRDlW5pOVFtekEnNw33UZg="></latexit>

✓(1)
<latexit sha1_base64="WDmANksqNzbN03C7d6V/yiuIiw8=">AAACAnicbVDLSsNAFJ34rPUVdSVugkWom5L4QJdFNy4r2Ac0sUwm03boZBJmboQSght/xY0LRdz6Fe78GydtFtp6YJjDOfdy7z1+zJkC2/42FhaXlldWS2vl9Y3NrW1zZ7elokQS2iQRj2THx4pyJmgTGHDaiSXFoc9p2x9d5377gUrFInEH45h6IR4I1mcEg5Z65r7rRzxQ41B/qQtDCji7T6vOcdYzK3bNnsCaJ05BKqhAo2d+uUFEkpAKIBwr1XXsGLwUS2CE06zsJorGmIzwgHY1FTikyksnJ2TWkVYCqx9J/QRYE/V3R4pDlW+pK0MMQzXr5eJ/XjeB/qWXMhEnQAWZDuon3ILIyvOwAiYpAT7WBBPJ9K4WGWKJCejUyjoEZ/bkedI6qTmntfPbs0r9qoijhA7QIaoiB12gOrpBDdREBD2iZ/SK3own48V4Nz6mpQtG0bOH/sD4/AGGmJeB</latexit>

✓(2)
<latexit sha1_base64="m7NaBFgehN0G3BCj+F0bBQmgDEA=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZSkKrosunFZwT6giWUymbRDJw9mboQSght/xY0LRdz6Fe78GydtFtp6YJjDOfdy7z1uzJkE0/zWSkvLK6tr5fXKxubW9o6+u9eRUSIIbZOIR6LnYkk5C2kbGHDaiwXFgctp1x1f5373gQrJovAOJjF1AjwMmc8IBiUN9APbjbgnJ4H6UhtGFHB2n9YaJ9lAr5p1cwpjkVgFqaICrYH+ZXsRSQIaAuFYyr5lxuCkWAAjnGYVO5E0xmSMh7SvaIgDKp10ekJmHCvFM/xIqBeCMVV/d6Q4kPmWqjLAMJLzXi7+5/UT8C+dlIVxAjQks0F+wg2IjDwPw2OCEuATRTARTO1qkBEWmIBKraJCsOZPXiSdRt06rZ/fnlWbV0UcZXSIjlANWegCNdENaqE2IugRPaNX9KY9aS/au/YxKy1pRc8++gPt8weIHpeC</latexit>

✓(3)
<latexit sha1_base64="xYx8VxVW3H+cV741/zW4LzaJVA4=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZTEKrosunFZwT6giWUymbRDJw9mboQSght/xY0LRdz6Fe78GydtFtp6YJjDOfdy7z1uzJkE0/zWSkvLK6tr5fXKxubW9o6+u9eRUSIIbZOIR6LnYkk5C2kbGHDaiwXFgctp1x1f5373gQrJovAOJjF1AjwMmc8IBiUN9APbjbgnJ4H6UhtGFHB2n9YaJ9lAr5p1cwpjkVgFqaICrYH+ZXsRSQIaAuFYyr5lxuCkWAAjnGYVO5E0xmSMh7SvaIgDKp10ekJmHCvFM/xIqBeCMVV/d6Q4kPmWqjLAMJLzXi7+5/UT8C+dlIVxAjQks0F+wg2IjDwPw2OCEuATRTARTO1qkBEWmIBKraJCsOZPXiSd07rVqJ/fnlWbV0UcZXSIjlANWegCNdENaqE2IugRPaNX9KY9aS/au/YxKy1pRc8++gPt8weJpJeD</latexit>
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There is no “easy” fix of the prior

Florian Wenzel, 15 June 2020

Final performance of different variances  used for the prior σ θ ∼ 𝒩(0,σ)

ResNet-20 / CIFAR-10
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The cold posterior effect becomes stronger with increasing 
capacity

(fixed depth=3) (fixed width=128)

Florian Wenzel, 15 June 2020

MLP / CIFAR-10
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Summary

Florian Wenzel, 15 June 2020

SG-MCMC is accurate enough. 

Cold posteriors work. 

More work on priors for deep nets 
is needed. 

ResNet-20 / CIFAR-10

True Bayes posterior

Optimal cold posterior
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Code: github.com/google-research/

google-research/tree/master/
cold_posterior_bnn 

More info/feedback: 
www.florianwenzel.com 
florianwenzel@google.com 

Florian Wenzel, 15 June 2020

http://github.com/google-research/google-research/tree/master/cold_posterior_bnn
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