Appendix: Bayesian Uncertainty Estimation for Batch Normalized Deep
Networks

1. Appendix
1.1. Variational Approximation

Assume we were to come up with a family of distributions parameterized by 8 in order to approximate the posterior, gg(w).
Our goal is to set 8 such that gg(w) is as similar to the true posterior p(w|D) as possible.

For clarity, gg(w) is a distribution over stochastic parameters w that is determined by a set of learnable parameters 6 and
some source of randomness. The approximation is therefore limited by our choice of parametric function gg(w) as well
as the randomness.! Given w and an input x, an output distribution p(y|x,w) = p(y|fw(x)) = f.(x,y) is induced by
observation noise (the conditionality of which is omitted for brevity).

One strategy for optimizing 6 is to minimize KL(gg (w)]||p(w|D)), the KL divergence of p(w|D) w.r.t. gg(w). Minimizing
KL(gg(w)||p(w|D)) is equivalent to maximizing the ELBO:

/ 4o/(w) In p(Y|X, w)dew — KL(go (w)|[p(w))

Assuming i.i.d. observation noise, this is equivalent to minimizing:

N
Lya(0) == — Z/%(w) Inp(yil fw(xi))dw + KL(go (w)][p(w))

n=1

Instead of making the optimization on the full training set, we can use a subsampling (yielding an unbiased estimate of
Lya(80)) for iterative optimization (as in mini-batch optimization):

Lya(0) := Z/ qo(w) np(yi| fu (x:))dw + KL(go(w)]|[p(w))

N

M ieBvY¢¥
During optimization, we want to take the derivative of the expected log likelihood w.r.t. the learnable parameters 8. (Gal,
2016) provides an intuitive interpretation of a MC estimate for NNs trained with a SRT (equivalent to the reparametrisation
trick in (Kingma & Welling, 2014)), and this interpretation is followed here. We let an auxillary variable € represent the
stochasticity during training such that w = ¢(0, €). The function g and the distribution of € are such that p(g(0,€)) =
go(w).? Assuming gg(w) can be written [ gg(w|€)p(e)de where gg(w|€) = d(w — g(0, €)), this auxiliary variable yields
the estimate (full proof in (Gal, 2016)):

Lya(6) = >, /p(G) np(yilfgo.e (xi))de + KL(go (w)||p(w))

N
M £~ |,
i€B

where taking a single sample MC estimate of the integral yields the optimization objective in Eq. 1.

'In an approx. Bayesian view of a NN, ge (w) would correspond to the distribution of weights in the network given by some SRT.
?In a NN trained with BN, it is easy to see that g exists if we let € represent a mini-batch selection from the training data, since all BN
units’ means and variances are completely determined by € and 6.
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1.2. KL Divergence of factorized Gaussians

If go(w) and p(w) factorize over all stochastic parameters:

KL (g0 ()] p(w /H%% gﬂﬁw

*/ H [qy(wi)} z; { g0 (w:) } ]_;[ Wi
—Z / H 90 (w (%Hdwz}
= [— /wj qe(w;) In / [T ge(w: dwzi|

Wi i#]

3)

= KL(go(wi)|lp(wi))

%

such that KL(ge(w)||p(w)) is the sum of the KL divergence terms for the individual stochastic parameters w;. If the
factorized distributions are Gaussians, where gg(w;) = N (g, 05) and p(w;) = N (pp, 07) we get:
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for each KL divergence term. Here H(qg(w;)) = (1 + In(2702)) is the differential entropy of gg(w;).

1.3. Distribution of pf, o5

Here we approximate the distribution of mean and standard deviation of a mini-batch, separately to two Gaussians — This has
also been empirically verified, see Figure 1 for 2 sample plots and the appendix section 1.9 for more. For the mean we get:

M WUx,
= =

where x,, are the examples in the sampled batch. We will assume these are sampled i.i.d.>. Samples of the random variable
W)x,, are then i.i.d.. Then by central limit theorem (CLT) the following holds for sufficiently large M (often > 30):

2

a
B ~ N (p, —

YL

3 Although in practice with deep learning, mini-batches are sampled without replacement, stochastic gradient descent samples with
replacement in its standard form.
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Figure 1. Batch statistics used to train the network are normal. A one-sample Kolmogorov-Smirnov test checks that g and o come
from a standard normal distribution. More examples are available in Appendix 1.9.
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consider ¥M_ | (WWx,, — up)?. We know that E[W@)x,] = x and write
Ehet (Wxy — pip)?
=S (W% — 1) — (1 — 1))
(W — ) + (up = 1)* = 2(W D — ) (i — 1)

(
:Eﬁzl(
=50 (Wi — 1)? + M (s — 1)° — 2(p — 1) Sy (W, — p1)
=St (W% — 0)® = M (s — )
=S (W% — 1) = (g — 1)?)
then
1 )
Moy —0) = - (S (W = )? = (i = 1)?) = Mo? )+
[ M (WWxy, — pp)? 2]
o \/M( m=1 = —02)
M
= 1 (ZM (W(j)x ) _ E nre N)Z _ M02>Jr
20v/M \ " "
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We go through each term in turn
Term A
We have
Term A = 0_\/7 m l((W(J) 7:“‘)2 - 02)

where XM (WU)x,, — )2 is the sum of M RVs (WWx,, — ;)2 Note that since E[WWx,] = u it holds that
E[(WUWx, — p)?] = o2. Since (WWx,, — u)? is sampled approximately iid (by assumptions above), for large enough M
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by CLT it holds approximately that

M (WWxy — p)? ~ N (Mo?, MVar(WWx,, — p)?))

where

Var(Wxp — p)?) = B(W9x — 0)>?] = (W xy — )22

= E[(WWxp — )" = o*

Then

SN (WO — )2 = 0%) ~ N(0, M * E[(Wx — p)*] — Mo™)
o) JEv— X X

VX — -0
Term A ~ N(0, I 152 1] )

Term B
We have

Term B = T\/‘?(us —p)? = %\/M(us — 1) (s — )

Consider (ug — ). As pg 2> 1 when M — oo we have pg — 2 0. We also have
M W)k
v M _y) = Sm=t 77 Am
(1B — 1) — VMpu

which by CLT is approximately Gaussian for large M. We can then make use of the Cramer-Slutzky Theorem, which states
that if (X,,),>1 and (Y},),>1 are two sequences such that X, 4 X and Y,, & a as n — oo where a is a constant, then as

n — oo, it holds that X, x Y, 4 X xa. Thus, Term B is approximately O for large M.

Term C
We have
M (W, — 2 2
Term C = @ /M( m=1( X 1B) 70,2)
M
Since E[(WUx, — u)?] = 0® we can make the same use of Cramer-Slutzky as for Term B, such that Term C is

approximately O for large M.

Finalizing the distribution
We have approximately

SO

1.4. Prior

Here we make use of the stochasticity from BN modeled in the Appendix section 1.3, to evaluate the implied prior on the
stochastic variables for a BN network. Specifically, we consider a BN network with fully connected layers and BN applied
to each layer, trained with L2-regularization (weight decay). In the following, we make use of the simplifying assumptions
of no scale and shift tranformations, BN applied to each layer, and independent input units to each layer.
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Equivalence between the objectives of Eq. (1) and (2) requires:

0

o KL(Ga(w) [p(w)) = N7o-0(6)

00,

PR l (5)
=Nr— ) X\||WY[?
Tﬁ@ké 1| W

where 0, € 0, and 0 is the set of weights in the network. To proceed with the LHS of Eq. (5) we first need to find the
approximate posterior gg(w) that batch normalization induces. As shown in Appendix 1.3, with some weak assumptions
and approximations the Central Limit Theorem (CLT) yields Gaussian distributions of the stochastic variables ug, og, for
large enough M. For any BN unit w:

u w (0%)?
pp SN (p", Y )s
u « E(W™z — p)t) — (0%)*
o XN (", EER )

(6)

where p* and o are population-level moments (i.e. moments over D).

We assume that gg(w) and p(w) factorize over all stochastic variables.* We use i as an index of the set of stochastic variables.
As shown in Eq. (3) in Appendix 1.2, the factorized distributions yield:

KL(go(w)||p(w)) = ZKL(qe(wi)Hp(wi))

Note that each BN unit produces two KL(gg(w;)||p(w;)) terms: one for w; = p and one for w; = ofy. We consider these
terms for one particular BN unit u, and drop the index i for brevity. We use a Gaussian prior p(w;) = N (i, o) and, for
consistency, use the notation gg(w;) = N (jg, 02 ). As shown in Eq. (4) in Appendix 1.2:

2 2
. og + (g — p1p) 1
KL(go(wi)|lp(wi)) = In . % 9

og 202 2

Since 6}, changes during training, a prior cannot depend on 6y, so %(Np) = %(%) = 0. Letting (-)" denote %(-):

) 040+ [ty — Hplty O
— KL ; ) = q q g “q 7
a6, (g0 (wi)||p(wi)) p o (7

We need not consider 8}, past a previous layer’s BN, since a normalization step is performed before scale and shift. In the
general case with a given Gaussian p(w), Eq. 7 evaluated on all BN units” means and standard deviations w.r.t. all §; up to a
previous layer’s BN, would yield an expression for a custom N T%Q(B) that could be used for an exact VI treatment of
BN.

In our reconciliation of weight decay however, given our assumptions of no scale and shift and BN applied to each layer,
we need only consider the weights in the same layer as the BN unit. This means that the stochastic variables in layer [ are
only affected by weights in 8;, € W' (i.e. not the scale and shift variables operating on the input to the layer). We denote a
weight connecting the k:th input unit to the u:th BN unit by W) For such weights, we need to derive y;, and o7, for two
cases: w; = g and w; = of. We denote the priors of the mean and std. dev for ug by p,, , and o, 4, and for o33 by 115 4
and 0, 4. Using the distributions modeled in Eq. 6:

“The empirical distributions have been numerically checked to be linearly independent and the joint distribution is close to a bi-variate
Gaussian.
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where there are K input units to the layer.

Case 2: w; = 0j

1
=0y,qM?2

o EEED(W(M):I: - Nq)Q
Ho,q = N

K
Hog = OugM (ZW“”’Cevm xk»)
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7 4(ov)2M

o E[(W(u)w _ Nu)4]/0'u _ 2(0.11.)4(0.u)l _ 2(01L)/E[(W(u)w _ Mu)ﬂ
o4 4(ov)3M

Combining these results with Eq. 7 we find that taking KL(gg (w;)||p(w;)) for the mean and variance of a single BN unit «
wrt the weight from input unit k:

a u u 8 u
SWEH KL(qe(ps)|lp(us)) + SWEE KL(ge(og)||p(0B))

:U%qaxli,q + “Mﬂihq - MIMP'U:MQ _ aiwz

Thp Opq
+O-U’qo-:77q + MU q/'l’o',q B MU,pM/O-’q _ U;,q

o5 Oo,q
:O(M )+xk‘27V( V& — 1, T oMY

Ou,p
+ OM~2) + Zi:l WD Cov (i, k) = 1o pO(M~2)

o2
o.p

CE[W®z — i)Yot — 20 (") — 20"V E[(W ™z — )]
E[(Wz — j)t]ov — (ov)?

where we summarize the terms scaled by M with O-notation. We see that if we let M — oo, pup = 0, 0up — 00,
te,p = 0 and o4, is small enough, then:

ZiK:1 W(“’i)Cov(azi, Tg)
2
op

s (KLl ) + KL oo (o)) =

such that each BN layer yields the following:

iy K v(x;, T;
S sy (KLl i)+ KLlao(o8)(8) ) ~ ZZZ W2 CMrn )

2
u =1 U’P’

o5
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where we denote the prior for the std. dev. of the std. dev. of BN unit u by o, 5 ,,. Given our assumptions of no scale and
shift from the previous layer, and independent input features in every layer, Eq. 8 reduces to:

sy

uzl‘7

if the same prior is chosen for each BN unit in the layer. We therefore find that Eq. 5 is reconciled by p(uj) — N (0, o0)
and p(of) — N(0, Tl‘l'/\])’ if 2N'r/\ is small enough, which is the case if IV is large.

1.5. predictive distribution properties

This section provides derivations of properties of the predictive distribution p*(y|x, D) in section 3.4, following (Gal, 2016).
We first find the first two modes of the approximate predictive distribution (with the second mode applicable to regression),
then show how to estimate the predictive log likelihood, a measure of uncertainty quality used in the evaluation.

Predictive mean Assuming Gaussian iid noise defined by model precision 7, i.e. f,(x,y) = p(y|fu(x)) =

N(y; fu(x),771):

yp*(ylx, D)dy

y( | Fotx.y)an(es)do)ay

([ N o). Tan(eo) )ty

p Y] =

(/y/\/y Jul ),T_ll)dy)qg(w)dw

H\H g\g\%\%\\

foo(%)g0(w)dw
> fo(x)

i=1

where we take the MC Integral with T" samples of w for the approximation in the final step.

Predictive variance For regression, our goal is to estimate:
Covp:[y] = Ep-[yTy] = Ep- [y]TEp- [y]
We find that:
Ep-[yTyl = | yTyp*(yx, D)dy
y'y /fwnye (w)d )dy

( / YTy ful(x, Y)dy)qe(w)dw

Il
e\e\g\:<\<<\

(Covfw(xY)( )+Efw(x Y)[ ] Efw(x7y)[y})q9((.l-’)dw

(T”Hfw<x>wa<x>)qo<w>dw

I + qu(w)[fw( )wa(x)]

AT+ o wal T fa, (%)
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where we use MC integration with 7" samples for the final step. The predictive covariance matrix is given by:

COVp [ ~7r + = Z fwl wa ) - :D* [y}T]E;D* [y}

which is the sum of the variance from observation noise and the sample covariance from 7" stochastic forward passes though
the network.

The form of p* can be approximated by a Gaussian for each output dimension (for regression). We assume bounded domains
for each input dimension, wide layers throughout the network, and a uni-modal distribution of weights centered at 0. By the
Liapounov CLT condition, the first layer then receives approximately Gaussian inputs (a proof can be found in (Lehmann,
1999)). Having sampled p4 and o from a mini-batch, each BN unit’s output is bounded. CLT thereby continues to hold
for deeper layers, including f.,(x) = WXx%. A similar motivation for a Gaussian approximation of Dropout has been
presented by (Wang & Manning, 2013).

Predictive Log Likelihood We use the Predictive Log Likelihood (PLL) as a measure to estimate the model’s uncertainty
quality. For a certain test point (y;, x;), the PLL definition and approximation can be expressed as:

PLL(f. (x), (yi,%:)) = log p(yi| fu (x:))

= log/fw(xi,yi)p(wID)dw
%log/fw(xi,yz‘)%(w)dw

T
1
~ log > p(yilfo, (xi)
j=1
where w, represents a sampled set of stochastic parameters from the approximate posterior distrubtion gg(w) and we take a

MC integration with 7" samples. For regression, due to the iid Gaussian noise, we can further develop the derivation into the
form we use when sampling:

PLL(f.(x), (yi, %)) = N(yil fo, (x:), 771)

HM’%

- logsumexpj:L.__I( — 57l = Fa, G)IP)

1 1
—logT — §log27r+ ilogr

Note that PLL makes no assumption on the form of the approximate predictive distribution.

1.6. Data

To assess the uncertainty quality of the various methods studied we rely on eight standard regression datasets, listed in Table
1. Publicly available from the UCI Machine Learning Repository (University of California, 2017) and Delve (Ghahramani,
1996), these datasets have been used to benchmark comparative models in recent related literature (see (Herndndez-Lobato
& Adams, 2015), (Gal & Ghahramani, 2015), (Bui et al., 2016) and (Li & Gal, 2017)).

For image classification, we applied MCBN using ResNet32 to CIFAR10.

For the image segmentation task, we applied MCBN using Bayesian SegNet on data from CamVid and PASCAL-VOC
using models published in (Kendall et al., 2015).
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Table 1. Regression dataset summary. Properties of the eight regression datasets used to evaluate MCBN. N is the dataset size and Q@ is
the n.o. input features. Only one target feature was used — we used heating load for the Energy Efficiency dataset, which contains multiple
target features.

Dataset name N Q
Boston Housing 506 13
Concrete Compressive Strength 1,030 8
Energy Efficiency 768 8
Kinematics 8nm 8,192 8
Power Plant 9,568 4
Protein Tertiary Structure 45,730 9
Wine Quality (Red) 1,599 11
Yacht Hydrodynamics 308 6

1.7. Extended experimental results

Below, we provide extended results measuring uncertainty quality. In Tables 2 and 3, we provide tables showing the mean
CRPS and PLL values for MCBN and MCDO. These results indicate that MCBN performs on par or better than MCDO
across several datasets. In Table 4 we provide the raw PLL and CRPS results for MCBN and MCDO. In Table 5 we provide
RMSE results of the MCBN and MCDO networks in comparison with non-stochastic BN and DO networks. These results
indicate that the procedure of multiple forward passes in MCBN and MCDO show slight improvements in the accuracy of
the network.

In Figure 2 and Figure 3, we provide a full set of our uncertainty quality visualization plots, where errors in predictions are
sorted by estimated uncertainty. The shaded areas show the model uncertainty and gray dots show absolute prediction errors
on the test set. A gray line depicts a running mean of the errors. The dashed line indicates the optimized constant uncertainty.
In these plots, we can see a correlation between estimated uncertainty (shaded area) and mean error (gray). This trend
indicates that the model uncertainty estimates can recognize samples with larger (or smaller) potential for predictive errors.

We also conduct a sensitivity analysis to estimate how the uncertainty quality varies with batch size M and the number of
stochastic forward passes 7. In tables 6 and 7 we evaluate CRPS and PLL respectively for the regression datasets when
trained and evaluated with varying batch sizes, but other hyperparameters fixed (1" was fixed at 100). The results show that
results deteriorate when batch sizes are too small, likely stemming from the large variance of the approximate posterior.
In tables 8 and 9 we evaluate CRPS and PLL respectively for the regression datasets when trained and evaluated with
varying n.o. stochastic forward samples, but other hyperparameters fixed (M was fixed at 128). The results are indicative
of performance improvements with larger 7', although we see improvements over baseline for some datasets already with
T = 50 (1/10:th of the T used in our main experiments).

Table 2. Uncertainty quality measured by CRPS on regression dasets. CRPS measured on eight datasets over 5 random 80-20 splits
of the data with 5 different random seeds each split. Mean values for MCBN, MCDO and MNF are reported along with standard error. A
significance test was performed to check if CRPS significantly exceeds the baseline. The p-value from a one sample t-test is reported.

CRPS
Dataset MCBN p-value MCDO p-value MNF p-value
Boston Housing 8.50+0.86 6.39E-10 3.06+0.33 1.64E-09 5.88+1.09  2.01E-05
Concrete 3.914+0.25 4.53E-14 0.93+0.41  3.13E-02 3.13+0.81  6.43E-04
Energy Efficiency 5.75+0.52 6.71E-11 1.37+£0.89  1.38E-01 1.10£2.63  6.45E-01
Kinematics 8nm 2.85+0.18 2.33E-14 1.8240.14  1.64E-12 0.52+£0.26  7.15E-02
Power Plant 0.24+0.05 2.32E-04 -0.4440.05 2.17E-08 -0.89+0.15 3.36E-06
Protein 2.66+0.10 2.77-12 0.99£0.08  2.34E-12 0.574+0.03  8.56E-16

Wine Quality (Red) 0.26+0.07 1.26E-03  2.00+0.21 1.83E-09 0.93£0.12  6.19E-08
Yacht Hydrodynamics -56.39+14.27 5.94E-04 21.42+2.99 2.16E-07 24.92+3.77 9.62E-06
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Table 3. Uncertainty quality measured by PLL on regression dasets. PLL measured on eight datasets over 5 random 80-20 splits of
the data with 5 different random seeds each split. Mean values for MCBN, MCDO and MNF are reported along with standard error. A
significance test was performed to check if PLL significantly exceeds the baseline. The p-value from a one sample t-test is reported.

PLL
Dataset MCBN p-value MCDO p-value MNF p-value
Boston Housing 10.4941.35 541E-08 5.51£1.05 2.20E-05 1.76+1.12 1.70E-01
Concrete -36.36+12.12  6.19E-03 10.92+1.78 2.34E-06 -2.16+4.19 6.79E-01
Energy Efficiency 10.89+1.16 1.79E-09 -14.28+5.15 1.06E-02 -33.884+29.57 2.70E-01
Kinematics 8nm 1.6840.37 1.29E-04 -0.26+0.18 1.53E-01 0.4240.43 2.70E-01
Power Plant 0.3340.14 2.72E-02  3.524+0.23 1.12E-13  -0.86+0.15 7.33E-06
Protein 2.56+0.23 428E-11 6.2340.19 2.57E-21 0.5240.07 1.81E-07

Wine Quality (Red) 0.1940.09 3.72E-02 2.91+0.35 1.84E-08 0.83+0.16 2.27E-05
Yacht Hydrodynamics  45.58+5.18 5.67E-09 -41.544+31.37 1.97E-01 46.19+£4.45 2.47E-07

Table 4. Raw (unnormalized) CRPS and PLL scores on regression datasets. CRPS and PLL measured on eight datasets over 5
random 80-20 splits of the data with 5 different random seeds each split. Mean values and standard errors are reported for MCBN, MCDO
and MNE.

CRPS PLL

Dataset MCBN MCDO MNF MCBN MCDO MNF

Boston Housing 1.45£0.02 1.41£0.02 1.57+0.02 -2.38+0.02 -2.354+0.02 -2.51£0.06
Concrete 2.40+£0.04 242+0.04 3.61£0.02 -3.45+0.11 -2.94£0.02 -3.35+0.04
Energy Efficiency 0.33£0.01 0.26£0.00 1.33+0.04 -0.94+0.04 -0.80+0.04 -3.18+0.07
Kinematics 8nm 0.04£0.00 0.04£0.00 0.05+0.00 1.21+0.01 1.24£0.00 1.04+0.00
Power Plant 2.00£0.01 2.00+0.01 2.31£0.01 -2.75£0.00 -2.72+£0.01 -2.86+0.01
Protein 1.95£0.01 1.95+0.00 2.254+0.01 -2.73£0.00 -2.704+0.00 -2.83£0.01

Wine Quality (Red) 0.34£0.00 0.33+0.00 0.344+0.00 -0.95+0.01 -0.894+0.01 -0.93£0.00
Yacht Hydrodynamics  0.68+0.02 0.32+0.01 0.944+0.01 -1.39£0.03 -2.57+0.69 -1.96+0.05

Table 5. Prediction accuracy measured by RMSE on regression datasets. RMSE measured on eight datasets over 5 random 80-20
splits of the data with 5 different random seeds each split. Mean values and standard errors are reported for for MCBN, MCDO and MNF
as well as conventional non-Bayesian models BN and DO.

RMSE

Dataset MCBN BN MCDO DO MNF

Boston Housing 2.75£0.05 2.77£0.05 2.65£0.05 2.69£0.05 2.98+0.06
Concrete 4.78+0.09 4.89+0.08 4.80+0.10 4.99+0.10 6.57+0.04
Energy Efficiency 0.59+0.02 0.57+£0.01 047£0.01 0.49+0.01 2.38+0.07
Kinematics 8nm 0.07+£0.00 0.07+£0.00 0.07£0.00 0.07£0.00 0.09+0.00
Power Plant 3.74£0.01 3.74£0.01 3.74£0.02 3.72+0.02 4.19+0.01
Protein 3.66+£0.01 3.69+0.01 3.66+0.01 3.68+£0.01 4.10£0.01

Wine Quality (Red) 0.62£0.00 0.62£0.00 0.60£0.00 0.61£0.00 0.61+0.00
Yacht Hydrodynamics 1.23£0.05 1.2840.06 0.75+£0.03 0.72+0.04 2.13+0.05
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Figure 2. Errors in predictions (gray dots) sorted by estimated uncertainty on select datasets. The shaded areas show model uncertainty
(light area 95% CI, dark area 50% CI). Gray dots show absolute prediction errors on the test set, and the gray line depicts a running mean
of the errors. The dashed line indicates the optimized constant uncertainty. A correlation between estimated uncertainty (shaded area) and
mean error (gray) indicates the uncertainty estimates are meaningful for estimating errors.
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Figure 3. Errors in predictions (gray dots) sorted by estimated uncertainty on select datasets. The shaded areas show model uncertainty
(light area 95% CI, dark area 50% CI). Gray dots show absolute prediction errors on the test set, and the gray line depicts a running mean
of the errors. The dashed line indicates the optimized constant uncertainty. A correlation between estimated uncertainty (shaded area) and
mean error (gray) indicates the uncertainty estimates are meaningful for estimating errors.
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Table 6. Uncertainty quality sensitivity to batch size. A sensitivity analysis to determine how MCBN uncertainty quality varies with
batch size is measured on eight regression datasets using CRPS as the quality measure. Results are measured over 3 random 80-20 splits
of the data with 5 different random seeds each split.

CRPS

Batch size 8 16 32 64 128 256 512 1024
Boston Housing 7.1 166 118 72 25 09 - -
Concrete -345 6.0 5.0 51 29 14 06 00
Energy Efficiency -61.6 -3.0 2.7 9.8 11.1 0.8 49 -
Kinematics 8nm -14 43 0.2 28 27 1.7 09 05
Power Plant -10.5 038 00 -01 00 00 02 00
Protein 145 438 3.6 28 25 16 10 05

Wine Quality (Red) 2.2 1.6 0.6 06 03 00 02 00
Yacht Hydrodynamics  15.1 -23.0 -304 21.0 344 - - -

Table 7. Uncertainty quality sensitivity to batch size. A sensitivity analysis to determine how MCBN uncertainty quality varies with
batch size is measured on eight regression datasets using PLL as the quality measure. Results are measured over 3 random 80-20 splits of
the data with 5 different random seeds each split.

PLL

Batch size 8 16 32 64 128 256 512 1024
Boston Housing 13.9 -36.7 100 79 3.7 1.5 - -
Concrete -113.3  -5284 -100 2.9 0.0 14 02 00
Energy Efficiency -64.4 5.2 -02 96 -145 14 104 -
Kinematics 8nm -4.9 -5.4 -3.1 1.6 2.3 1.5 07 0.4
Power Plant -1350 -14 -1.0 -11 -04 01 -01 04
Protein 44.9 15.7 4.6 2.9 28 22 12 06
Wine Quality (Red) 2.2 2.0 0.0 0.5 06 04 00 00

Yacht Hydrodynamics  99.6 74.9 76.8 485 449 - - -

Table 8. Uncertainty quality sensitivity to n.o. stochastic forward passes. A sensitivity analysis to determine how MCBN uncertainty
quality varies with the n.o. stochastic forward passes measured on eight regression datasets using CRPS as the quality measure. Results
are measured over 3 random 80-20 splits of the data with 5 different random seeds each split.

CRPS
Forward passes 250 100 50
Boston Housing 6.1 2.7 32
Concrete 33 23 33
Energy Efficiency 132 42 79
Kinematics 8nm 32 27 42
Power Plant 02 05 0.1
Protein 2.3 2.7 2.4

Wine Quality (Red) 09 -04 0.6
Yacht Hydrodynamics 329 322 32.1
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Table 9. Uncertainty quality sensitivity to n.o. stochastic forward passes. A sensitivity analysis to determine how MCBN uncertainty
quality varies with the n.o. stochastic forward passes measured on eight regression datasets using PLL as the quality measure. Results are
measured over 3 random 80-20 splits of the data with 5 different random seeds each split.

PLL
Forward passes 250 100 50
Boston Housing 7.8 1.9 2.6
Concrete 3.8 71 0.1
Energy Efficiency 15.7 -305 -473
Kinematics 8nm 2.5 2.2 34
Power Plant -09 0.7 -0.9
Protein 1.8 2.0 24

Wine Quality (Red) 1.7 -0.9 1.1
Yacht Hydrodynamics 38.0 359 355

1.8. Uncertainty in image segmentation

We applied MCBN to an image segmentation task using Bayesian SegNet with the main CamVid and PASCAL-VOC models
in (Kendall et al., 2015). Here, we provide more image from Pascal VOC dataset in Figure 4.

1.9. Batch normalization statistics

In Figure 5 and Figure 6, we provide statistics on the batch normalization parameters used for training. The plots show the
distribution of BN mean and BN variance over different mini-batches of an actual training of Yacht dataset for one unit in
the first hidden layer and the second hidden layer. Data is provided for different epochs and for different batch sizes.
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Figure 4. Uncertainty in image segmentation. Results applying MCBN to Bayesian SegNet (Kendall et al., 2015) on images from
PASCAL-VOC (right). Left: original. Middle: the Bayesian estimated segmentation. Right: estimated uncertainty using MCBN for all

classes. Mini-batches of size 36 were used for PASCAL-VOC on images of size 224x224. 20 inferences were conducted to estimate the
mean and variance of MCBN.
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Figure 5. The distribution of means of mini-batches during training of one of our datasets. The distribution closely follows our
analytically approximated Gaussian distribution. The data is collected for one unit of each layer and is provided for different epochs and
for different batch sizes.
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Figure 6. The distribution of standard deviation of mini-batches during training of one of our datasets. The distribution closely follows
our analytically approximated Gaussian distribution. The data is collected for one unit of each layer and is provided for different epochs
and for different batch sizes.
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