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Abstract

Bayesian inference for hierarchical models can be very challenging. MCMC methods have
difficulty scaling to large models with many observations and latent variables. While
variational inference (VI) and reweighted wake-sleep (RWS) can be more scalable, they are
gradient-based methods and so often require many iterations to converge. Our key insight
was that modern massively parallel importance weighting methods (Bowyer et al., 2024)
give fast and accurate posterior moment estimates, and we can use these moment estimates
to rapidly learn an approximate posterior. Specifically, we propose using expectation
maximization to fit the approximate posterior, which we call QEM. The expectation step
involves computing the posterior moments using high-quality massively parallel estimates
from Bowyer et al. (2024). The maximization step involves fitting the approximate posterior
using these moments, which can be done straightforwardly for simple approximate posteriors
such as Gaussian, Gamma, Beta, Dirichlet, Binomial, Multinomial, Categorical, etc. (or
combinations thereof). We show that QEM is faster than state-of-the-art, massively
parallel variants of RWS and VI, and is invariant to reparameterizations of the model that
dramatically slow down gradient based methods.

1. Introduction

Hierarchical models are powerful statistical tools for understanding real-world, structured
data. For instance, a hierarchical model could be used to analyze student test scores, where
students are nested within classrooms and classrooms are nested within schools. However,
using Bayesian inference in these hierarchical models to estimate the underlying parameters
or latent variables from the data can be computationally challenging. MCMC methods such
as HMC (Duane et al., 1987; Neal, 2012) have difficulty scaling to large hierarchical models,
so there is a large literature applying variational inference (VI; Jordan et al., 1999; Blei
et al., 2017; Aitchison, 2019; Agrawal and Domke, 2021; Geffner and Domke, 2022) and
reweighted wake-sleep (RWS; Bornschein and Bengio, 2015; Le et al., 2020; Heap et al.,
2023) as an alternative.

However, with VI and RWS, in the case of non-conjugate models the approximate posterior
is often learned using gradient descent on an objective function (Kingma and Welling, 2014;
Rezende et al., 2014; Bornschein and Bengio, 2015; Le et al., 2020; Wingate and Weber,
2013; Titsias and Lazaro-Gredilla, 2014). Gradient descent can require many iterations to
converge, requires careful hyperparameter tuning, and is sensitive to details of how the model
is parameterized (see Appendix E).
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In this paper, we set out to develop a Bayesian inference method for hierarchical models
which is faster than both VI and RWS, while at the same time mitigating those methods’
issues, such as inefficient gradient-based training and overconfident approximate posteriors.
To develop this method, we began with massively parallel importance weighting (MPIW)
(Bowyer et al., 2024). To motivate MPIW, consider a model with data x, latent variables
2!, true posterior, P (2’|z) and approximate posterior, Q (2'). (Note that we use 2’ rather
than z as we will use z later to represent the collection of samples of the latents used
in importance weighting.) Chatterjee and Diaconis (2018) showed that for importance
weighting, the number of samples from the proposal, Q (z’), required to get a good estimate
of the true posterior, P (2'|x), scales as exp (Dkr, (P (2/|2)]|Q (2/))). This exponential scaling
of the number of samples looks problematic. Indeed, Bowyer et al. (2024) note that the
KL-divergence scales linearly with the number of latent variables, n, implying that the
number of samples required scales as exp (n), which is intractable in all but the smallest
models. Massively parallel methods resolve this issue by drawing K samples for each of the
n latent variables, and explicitly reweighting all possible K" combinations. MPIW is able
to be efficient because they exploit conditional independencies in the generative model and
proposal /approximate posterior. These conditional independencies are usually understood
by writing both distributions as a “Bayes net”. Thus, MPIW in effect has the required
exponential number of importance samples, and can give good posterior moment estimates
even in large models.

However, MPIW is ultimately just an importance sampling method, i.e. it allows you to
sample from a single, fixed proposal then reweight to approximate the true posterior. To
work well, all importance sampling methods require a proposal distribution that is reasonably
close to the true posterior. This motivates considering iterative schemes that learn better
proposals. Indeed, pre-existing methods such as VI (Jordan et al., 1999; Wainwright et al.,
2008; Kingma and Welling, 2014; Rezende et al., 2014; Blei et al., 2017; Nguyen et al., 2018;
Zhang et al., 2018; Kingma et al., 2019; Gayoso et al., 2021) and reweighted wake-sleep
(Bornschein and Bengio, 2015; Le et al., 2020) do just this—using gradient ascent to update
the proposal (which is usually called an approximate posterior in the VI/RWS context).

To develop an alternative, we noticed that we could use MPIW posterior moment estimates
to learn the proposal without needing gradient descent. We refer to this new method as
QEM, as it resembles the expectation maximization algorithm (Dempster et al., 1977; Neal
and Hinton, 1998). The key difference is that traditional EM optimizes the parameters
of the prior, whereas QEM optimizes the parameters of the approximate posterior (the
approximate posterior is denoted Q in VI and RWS, hence the QEM acronym). Specifically,
in the expectation step (E-step) we use MPIW to compute posterior moments, and in the
maximization step (M-step) we use these moments to update the approximate posteriors.
Note that the M-step is straightforward for simple approximate posteriors such as Gaussian,
Gamma, Beta, Dirichlet, Binomial, Multinomial, Categorical, etc. Critically, standard EM
differs from QEM because in standard EM, there is no approximate posterior. Instead,
standard EM learns parameters of the model § which may appear in the prior Py (2’) or in
the likelihood, Py (z|2').

We show that QEM converges more rapidly than VI or RWS, is reparameterization
invariant, gives moment estimates that improve over VI, and are comparable to those in

RWS.
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2. Related work

Of course, key related work arises in the small but growing literature on massively parallel
methods, including massively parallel VI (Aitchison, 2019) and massively parallel RWS (Heap
et al., 2023), along with massively parallel importance weighting (Bowyer et al., 2024). This
work all uses the key massively parallel idea—drawing K samples of each of the n latent
variables and reasoning over all K™ combinations—in different contexts.

Massively parallel VI (Aitchison, 2019) is an extension of the importance weighted
autoencoder (IWAE; Burda et al., 2016). IWAE learns a good approximate posterior by
doing gradient ascent on a multi-sample variant of the ELBO (Eq. 14c) that gives tighter
variational bounds. However, IWAE only uses a small number of importance samples from the
approximate posterior to compute the ELBO. Unfortunately, given the results from Chatterjee
and Diaconis (2018) discussed in the introduction, we expect the number of importance
samples required to accurately approximate the true posterior to scale exponentially in
number of latent variables. This suggests that in larger models, IWAE will have far too
few samples to approximate the true posterior. Massively parallel VI resolves this issue by
drawing K samples for each of the n latent variables, and computing the ELBO by averaging
over all K™ combinations (Eq. 7c). Aitchison (2019) showed that massively parallel VI
converges faster than standard VI, and gives considerably tighter bounds on the marginal
likelihood.

Likewise, massively parallel RWS (Heap et al., 2023) is a massively parallel extension
of RWS (Bornschein and Bengio, 2015; Le et al., 2020). To understand RWS, note that
the ideal way to learn the approximate posterior would be maximum likelihood on samples
from the true posterior. Of course, we do not have samples from the true posterior, so
what else can we do? One approach is to approximate the true posterior by sampling
from the approximate posterior and reweighting. Of course, this procedure requires a good
importance weighted estimate of the true posterior. However, traditional RWS uses only a
small number of approximate posterior samples, which, as previously discussed, may not
suffice in settings with a large number of latent variables. Massively parallel RWS (Heap
et al., 2023) resolves this issue by again drawing K samples of each latent variable and
considering all K™ combinations.

Importantly, both massively parallel VI and RWS improve the approximate posterior by
doing gradient ascent, which can be slow and requires tuning hyperparameters such as the
learning rate. In contrast, QEM introduced here uses massively parallel moment estimates
to directly update the approximate posterior, without using gradients.

Massively parallel importance weighting (MPIW) was introduced in Bowyer et al. (2024).
We use MPIW to compute moment estimates for QEM. Importantly, however, QEM and
MPIW are doing something quite different. MPIW is just an importance weighting method, so
it allows you to sample from a proposal /approximate posterior, then reweight to approximate
the true posterior. Importantly, the proposal/approximate posterior in importance sampling
is fixed. In contrast, QEM is a method to learn a better approximate posterior.

As QEM learns a better approximate posterior, it can be understood as an adaptive
importance sampling /weighting method (Ortiz and Kaelbling, 2000; Liu et al., 2001; Pennanen
and Koivu, 2006; Rubinstein and Kroese, 2004; Cornuet et al., 2012; Marin et al., 2014;
Bugallo et al., 2015, 2017; El-Laham et al., 2019; Elvira et al., 2019; van Osta et al., 2021). We
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believe that these methods could be enhanced by incorporating massively parallel importance
weighted (MPIW) moment estimates (Bowyer et al., 2024), but we leave this complex
integration to future work.

QEM is invariant to reparameterization of the approximate posterior, which resembles
properties you might see in natural gradient variational inference (Amari, 1998; Hoffman
et al., 2013; Hensman et al., 2013; Khan and Nielsen, 2018). However, natural gradient
inference is restricted to performing variational inference in the single-sample setting, so can
be expected to give loose bounds on the ELBO and poor moment estimates (Turner and
Sahani, 2011; Burda et al., 2016; Aitchison, 2019; Geffner and Domke, 2022).

3. Background
3.1. Bayesian inference.

We have a probabilistic model with latents 2’ and data z, with a prior, P (2’) and a likelihood,
P (z]z"). Our goal is to compute properties of the posterior distribution over latent variables,
2’, conditioned on data, x. This posterior is given by Bayes theorem,

P (z"az) =——F—, (1)
where P () is known as the marginal likelihood or model evidence,

P(z)= /dz'P (z]2) P (7). (2)
In QEM, we need to compute posterior moments,
mtrue = EP(Z’|:E) [m(z')] . (3)

where m(z’) is any moment of interest. These moments are usually intractable and must be
approximated.

3.2. Massively parallel importance weighting.

Traditional importance sampling methods fail to obtain a good estimate of the posterior
for hierarchical models as the required number of samples scales exponentially with the
number of latent variables. MPIW resolves this by drawing K samples for each of the n
latent variables and explicitly reweighting all K™ combinations. For each latent variable 1,
we draw K samples:

2= (2},...,25) e 2K, (4)
and the collection of all samples of all latents is given by
z=(z1,...,2) € ZK. (5)

There are then two types of approximate posterior distributions:
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Algorithm 1 Expectation maximization for approximate posteriors (QEM)

mo = Initial values. {Initialise approximate posterior mean parameters.}
forte1,2,...,T do
Q¢ = set_exp_ family params(m;_1) {Set exponential family parameters (M-step)}
z ~ Qt
mgene iter = MPIW(z, Q) {Compute moments using MPIW (E-step)}
my = Am¢P T 1 (1 — X\)my_; {Update mean parameters via EMA}
end for

e Q (2): The standard approximate posterior distribution over a single complete set of
latent variables

e Qup (2): The massively parallel approximate posterior that handles all K™ combina-
tions of samples, where n is the number of latent variables

While Q (z) works with just one set of latents, Qup (2) is structured to handle the full
combinatorial space created by having K samples for each latent variable. Specifically,
Quip (2) factorizes according to the graphical model structure:

Qup (2) = H Quip (2i]z; for j € qa (i) (6)

i=1

where qa (i) represents the parents of the ith latent variable in the graphical model for the
approximate posterior. This factorization allows Qup (z) to efficiently handle the massive
number of combinations while respecting the conditional independence structure of the model.
More details on this can be found in Appendix A.

Given indices k = (k1,...,k,) € K", we compute the MPIW moment estimate:
mMP(Z) = % Z ,Prk(z) ’I?’L(Zk) (7&)
Kern Pyp(2)
P (x,2¥
Tk (2) ( ) (7b)

B [L; Qup <Zfl‘zj for j € qa (Z)>
Pup(z) = 7= > r(2). (7¢)

keKn

Heap et al. (2023) showed that Eq. (7¢) is an unbiased estimator of the marginal likelihood.
Computing these estimates efficiently requires exploiting conditional independencies in the
graphical model (Bowyer et al., 2024).

While this resembles standard importance weighting, MPIW sums over all K™ combina-
tions of samples for all latent variables. Bowyer et al. (2024) showed these moment estimates
can be computed efficiently using the source-term trick—differentiating through a modified
version of the ELBO—by exploiting conditional independencies in the graphical model. Heap
et al. (2023) showed that Pyp(z) provides an unbiased estimate of the marginal likelihood.
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Figure 1: Comparing the ELBO (top row) and predictive-log-likelihood (bottom row) of
QEM (pink), RWS (green) and VI (orange) on several models, with iteration
number on the x-axis. We report error bars on each line of one standard error over
five repeated runs with the same data but using different random seeds. Note we
did not run VI on the occupancy model as it has discrete latent variables.

4. Methods

Here, we introduce expectation maximization for approximate posteriors (QEM). The overall
approach is to alternate between E and M steps:

o E-step: use MPIW to estimate true posterior moments.

e M-step: compute the natural/conventional parameters of the approximate posterior by
setting the moments of the approximate posterior equal to the (average of) moments
computed in the E-step.

The algorithm operates by setting parameters of Q (z) based on current moment estimates,
then using Qup (2) to compute more accurate estimates by exploiting the full combinatorial
space of samples. This separation allows us to maintain a simple parameterization while
leveraging the power of massively parallel importance weighting.

For an efficient M-step, we assume that the approximate posterior is an exponential
family distributions such as Gaussian, Beta, and Dirichlet in which the distributions natural
or conventional parameters can be recovered directly from the moments. For instance, a
Gaussian component’s mean and variance are determined by its first and second moments,
while a Beta’s parameters are recovered from expectations of log transformations. See
Appendix B for an in-depth discussion of the relationship between the QEM M-step and
RWS.
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Figure 2: As in Figure 1, but with time, rather than iterations on the x-axis. Again, note
we cannot run VI on the occupancy model as it has discrete latent variables.

In practice, just using the previous moment estimate can cause pathologies (e.g. if the
second moment estimates on one step happen to be very close to the first moment estimates
due to only one of the samples having non-negligible weight). We can reduce these pathologies
by using an exponential moving average (EMA) for the moments. Specifically, if m;_; is the
previous EMA moment estimate, and mg™® *" is the new MPIW moment estimate, then we

would form a new EMA moment estimate using
me = (1 — N)my_q + Amgne iter, (8)

Algorithm 1 presents the complete QEM procedure. In each iteration, the algorithm uses
the current mean parameters m;_1 to set the parameters of exponential family distributions
that form the approximate posterior @; (line 3). This step exploits the fact that exponential
family distributions are completely determined by their mean parameters—for instance,
a Gaussian’s mean and variance can be derived from its first and second moments. The
algorithm then draws samples from @y (line 4) and uses MPIW to compute accurate estimates
of the true posterior moments (line 5). Finally, these moment estimates are combined with
previous estimates using an exponential moving average (line 6) to reduce the impact of any
single noisy estimate.

Importantly, QEM differs from standard EM (Dempster et al., 1977) because in standard
EM, there is no approximate posterior. Instead, standard EM learns parameters of the
model 6 which may appear in the prior Py(2’) or in the likelihood, Py(z|z"). The QEM
approach provides several advantages: it avoids gradient-based optimization, is invariant to
reparameterization (Section 5.2), and converges to the correct moments as the number of
importance samples increases (Appendix C). Of course, approaches such as MC-EM (Wei
and Tanner, 1990; Levine and Casella, 2001) use a MCMC approximation to the posterior.
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However, MCMC can be very slow, and may parallelise poorly. In contrast, we use fast and
highly parallelisable massively parallel methods.

While this approach might seem natural, there are actually a number of choices here. For
instance, at each step we could use MPIW to estimate the moments (in an exponential family,
the mean parameters), then we could immediately compute the corresponding conventional
parameters (for a Gaussian, the mean and variance) then we could do an EMA for these
conventional parameters. Likewise, we could also compute the EMA of the estimated
exponential family natural parameters. We choose the mean parameters, because you only
get the same fixed points as massively parallel reweighted wake-sleep if we do the EMA for
the mean parameters (Appendix B).

Indeed, we can prove that if you have an unbiased estimator of the parameter of interest,
many iterations and a sufficiently large A, then the EMA gives the right answer,

Theorem 1 Consider an exponential moving average moment estimator of the form Eq. (8),

where m{™® ¢ js an unbiased estimator with finite variance and where

A(t) =17, (9)
with 0 < p < 1. In the limit as t — oo, my is unbiased, and zero variance,

lim Var [m;] = 0. (10)
t—0
See D for a proof. Note that MPIW, as presented in Equation 7a-7c, gives such an unbiased
estimator mg™® 1 in the limit as K — oo, since it is a self-normalizing importance weighting
strategy (meaning the same sample z is used to calculate Pyp(z) as well as ri(2) and m(2X)).
We can achieve an unbiased m™® *" with finite K if we simply use a second, distinct sample

Znew ~ Qup to calculate Pyip(znew) instead (with 7 (z) and m(z¥) unchanged).

5. Results

We consider the following five datasets: Bus Breakdown (Heap et al., 2023), MovieLens100K
(Harper and Konstan, 2015), Occupancy (Bowyer et al., 2024), Radon (Gelman and Hill,
2006) and Covid (Leech et al., 2022). Bus Breakdown consists of around 150,000 New York
city bus delays stratified by year and borough, we use a subset consisting of 2 years, 3
boroughs in each year and 300 delays in each borough. Movielens100K consists of 100,000
movie ratings from 943 users of 1682 movies. The Radon dataset consists of radon readings
taken at houses in the United States, of which we take a subset of 4 states and 300 readings
in each state. The Bird Occupancy dataset comes from the North American Breeding Bird
Survey, which reports the number of sightings of over 700 species of birds from 1966 to
2021 along thousands of roadside routes in the USA and Canada. The Covid dataset is
adapted from (Leech et al., 2022) and consists of 137 daily Covid-19 infection numbers from
92 countries.

For each dataset we define a hierarchical generative model P (ac, zk) and an approximate
posterior/proposal distribution Qyp (zk) over the same latents z. See Appendix F for full
details of the priors and approximate posteriors. For the approximate posteriors, we usually
use a Gaussian independent of the other latent variables.
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We use strong baselines: massively parallel variational inference (MP VI; Aitchison, 2019)
and massively parallel reweighted wake-sleep (MP RWS; Heap et al., 2023). For MP VI and
MP RWS, we need an optimizer. We use the Adam optimizer (Kingma and Ba, 2014) with a
learning rate given by selecting the value from 0.3, 0.1, 0.03, 0.01, 0.003, 0.001 which led to
the greatest ELBO after 125 iterations (which is also how we chose A for the EMA). All other
Adam hyperparameters are left at their PyTorch defaults. For VI the objective is simply
the massively parallel ELBO, (Eq. 7c¢), whilst for RWS this is a slightly modified massively
parallel ELBO (as discussed in Heap et al., 2023) which performs a maximum-likelihood
update on the parameters of Qyp using posterior samples obtained via proposal samples
reweighted by the importance weights rx(z) from Eq. (7b).

To measure the quality of inference achieved we consider three metrics. First, we use the
importance weighted ELBO. This can be seen as a single-sample ELBO with an improved
approximate posterior (Cremer et al., 2017; Bachman and Precup, 2015), and since the
single-sample ELBO directly measures the KL divergence between the true posterior and
approximate posterior,

ELBO = log P (z) — Dy (Q () || P (z])), (1)

the importance weighted ELBO is commonly taken as a proxy for the quality of the importance
weighted posterior estimate (Geffner and Domke, 2022; Agrawal and Domke, 2021; Domke
and Sheldon, 2019). When interpreting the ELBO, it is important to remember that VI
directly maximizes the ELBO, and while QEM and MP RWS do not directly maximize
the ELBO; nonetheless, it remains a useful diagnostic for all methods. Secondly, we use
predictive log-likelihood: we draw latent samples conditioned on “training” data from each
dataset and use these to predict a separate “test” set. Details about the train and test
splits for each dataset can be found in their respective sections in the appendix. Thus, in
expectation a higher predictive log-likelihood indicates importance samples which are closer
to the true posterior. Thirdly, we simply measure the mean-squared error between posterior
first moment estimates and “true” posterior first moments (which we find using long HMC
runs).

We use K = 30 in all experiments except for the Covid dataset in which we use K = 10
due to memory constraints which apply equally to QEM and the massively parallel baselines
(MP VI and MP RWS). In each experiment we run 250 iterations of the specified inference
algorithm to optimize the approximate posterior.

5.1. Model comparison

We begin by comparing QEM against its closest competitors: MP RWS and MP VI. Fig. 1
shows performance as measured by the ELBO (top) and predictive log-likelihood (bottom)
versus iterations on five datasets. Fig. 2 mirrors Fig. 1, but has time on the x-axis. Note
that occupancy has a discrete latent variable and so therefore doesn’t have a differentiable
likelihood, precluding the possibility of using MP VI or HMC. Figure 1 shows that QEM
outperforms MP VI in terms of both ELBO and predictive log-likelihood in every model, and
learns faster than MP RWS in all settings except Radon and Occupancy when considering
the predictive log-likelihood. Also notice that the standard errors (shown in the error bars of
Figures 1 and 2) of QEM’s ELBO and predictive log-likelihood results are typically much
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Figure 3: Comparing the time-per-iteration between QEM (pink), RWS (green) and VI
(orange) on several models with varying values of K. Black error bars represent
one standard deviation over all iterations and experiment repeats.
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Figure 4: Mean squared error between first moment estimates for each method and HMC
first moment estimates plotted against time. Occupancy is not plotted because it
has discrete latent variables, preventing the use of HMC, and Covid is not plotted
because we were not able to scale HMC to this larger model.

lower than that of the other methods. The plots against time are even more stark: notice
that since we do not need to calculate gradients for the whole joint distribution, QEM runs
significantly faster than MP VI and MP RWS.

This can be seen more clearly in Figure 3: the mean time taken to complete a single
iteration of QEM is almost always less than MP VI and MP RWS for all values of K, with
the only exception occurring in the Radon model, where all methods are extremely fast but
QEM is very slightly slower than the others.

We also show in Figure 4 that the quality of posterior moments/approximate posterior
obtained by QEM is superior to that of MP VI and at least as good as MP RWS, as
measured by the mean squared distance to the true posterior means, obtained by HMC via
the BlackJAX NUTS sampler (Cabezas et al., 2024).
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5.2. QEM is invariant under reparameterization

One final advantage of QEM is that it is invariant to reparameterizations which leave the
distribution over the data intact, e.g. 2/ = az for some constant factor « on a latent variable
Z. To test this, we rerun each of our experiments but modify the models by scaling down
the size of a single latent variable by a factor of o € {1/100,1/1000, 1/100,00}, before scaling it
back up by 1/« for use later in the model—thus leaving the rest of the overall distribution
unchanged. (Note that these reparameterizations are not related to the reparameterization
trick.)

Figure 5 shows that whilst QEM retains identical performance under these changes
(barring occasional small numerical differences from floating point operations at the different
scales), the gradient-based updates for MP VI and MP RWS are not invariant to such
reparameterizations, and therefore experience slower, noisier optimization and numerical
instability (Fig. 5 shows VI failing before reaching 250 iterations on the reparameterized
Radon and Covid models). See Appendix E for a proof and more details on the experimental
setting.

6. Limitations

QEM faces the same main limitations as other massively parallel methods: complexity
of implementation and memory constraints. As mentioned in Section 3, computing the
massively parallel posterior moment estimates is, in general, far from trivial. However, using
the strategy developed in Bowyer et al. (2024), this is made possible (and efficient) for a
very large class of probabilistic models. Similarly, the task of reasoning over an effectively
exponential number of samples presents immediate concerns for memory consumption. In
order to deal with this we follow the strategy adopted in Aitchison (2019) to reduce the
memory complexity from O(K™) to O(K™:1920)l) where |qa (i)| is the number of parent
random variables for the ith child random variable in a massively parallel proposal Qymp.
Further implementation details can also be used such as grouping random variables together
in the proposal and splitting necessary computations into manageable chunks. Such details
as they pertain to the experiments performed in this paper can be found in Appendix F.

7. Conclusion

We present a new approach for performing Bayesian inference on general probabilistic
graphical models, based on performing expectation maximization on an approximate posterior
using massively parallel posterior moment estimates, described in Section 4. We have shown
in Section 5 that this new method, QEM, not only outperforms other standard techniques
such as massively parallel VI and RWS in terms of higher ELBOs, predictive log-likelihoods
and more accurate posterior moments, but also takes less time to do so thanks to its gradient-
free approach. Furthermore, we present theoretical justifications and empirical results for
QEM’s superior robustness to model reparameterization in comparison to gradient-based
methods such as VI and RWS in Section 5.2 and Appendix E.

We see QEM as a significant development in displaying the power of massively parallel
probabilistic inference. As future work, we anticipate more inference methods making use of

11
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Figure 5: Comparing the ELBOs achieved by each method on reparameterized models
(coloured lines) versus the original parameterization (black lines), with error bars
representing standard errors over five runs with the same data but using different
random seeds. In many cases, the reparameterization led to a different learning
rate being optimal for MP VI and MP RWS. Where this occurred, we have plotted
the learning rate that was optimal for the original parameterization in a solid
colour and the learning rate that was optimal for the reparameterization in a
fainter colour. Note: our implementation of VI relies on the reparameterization
trick and thus doesn’t work for models with discrete latents.

the massively parallel framework, with the aim to collect these into a complete probabilistic
programming language.

References

Abhinav Agrawal and Justin Domke. Amortized variational inference for simple hierarchical
models. Advances in Neural Information Processing Systems, 34:21388-21399, 2021.

Laurence Aitchison. Tensor Monte Carlo: particle methods for the GPU era. Advances in
Neural Information Processing Systems, 32, 2019.

12



MASSIVELY PARALLEL EXPECTATION MAXIMIZATION FOR APPROXIMATE POSTERIORS

Shun-Ichi Amari. Natural gradient works efficiently in learning. Neural computation, 10(2):
251-276, 1998.

Philip Bachman and Doina Precup. Training Deep Generative Models: Variations on a
Theme. NIPS 2015 Workshop: Advances in Approximate Bayesian Inference, 2015.

David M Blei, Alp Kucukelbir, and Jon D McAuliffe. Variational inference: A review for
statisticians. Journal of the American statistical Association, 112(518):859-877, 2017.

Jorg Bornschein and Yoshua Bengio. Reweighted wake-sleep. In International Conference on
Learning Representations (ICLR), 2015.

Sam Bowyer, Thomas Heap, and Laurence Aitchison. Using autodiff to estimate posterior
moments, marginals and samples. Uncertainty in Artificial Intelligence, 2024.

Monica F Bugallo, Victor Elvira, Luca Martino, David Luengo, Joaquin Miguez, and Petar M
Djuric. Adaptive importance sampling: The past, the present, and the future. IEEFE Signal
Processing Magazine, 34(4):60-79, 2017.

Moénica F. Bugallo, Luca Martino, and Jukka Corander. Adaptive importance sampling in
signal processing. Digital Signal Processing, 47:36—49, 2015. ISSN 1051-2004. doi: https:
//doi.org/10.1016 /j.dsp.2015.05.014. URL https://www.sciencedirect.com/science/
article/pii/S1051200415001864.

Yuri Burda, Roger Grosse, and Ruslan Salakhutdinov. Importance weighted autoencoders.
In International Conference on Learning Representations (ICLR), 2016.

Alberto Cabezas, Adrien Corenflos, Junpeng Lao, and Rémi Louf. Blackjax: Composable
Bayesian inference in JAX, 2024.

Sourav Chatterjee and Persi Diaconis. The sample size required in importance sampling.
The Annals of Applied Probability, 28(2):1099-1135, 2018.

Jean-Marie Cornuet, Jean-Michel Marin, Antonietta Mira, and Christian P Robert. Adaptive
multiple importance sampling. Scandinavian Journal of Statistics, 39(4):798-812, 2012.

Chris Cremer, Quaid Morris, and David Duvenaud. Reinterpreting importance-weighted
autoencoders. In International Conference on Learning Representations (Workshop), 2017.

Arthur P Dempster, Nan M Laird, and Donald B Rubin. Maximum likelihood from incomplete
data via the em algorithm. Journal of the royal statistical society: series B (methodological),
39(1):1-22, 1977.

DOE. Bus breakdown and delays, 2023. url
https://data.cityofnewyork.us/Transportation /Bus-Breakdown-and-Delays /ez4e-fazm
Accessed on: 05.05.2023.

Justin Domke and Daniel Sheldon. Divide and Couple: Using Monte Carlo Variational
Objectives for Posterior Approximation. Advances in Neural Information Processing
Systems, 2019.

13


https://www.sciencedirect.com/science/article/pii/S1051200415001864
https://www.sciencedirect.com/science/article/pii/S1051200415001864

HEAP BOWYER AITCHISON

Jeffrey W Doser, Andrew O Finley, Marc Kéry, and Elise F Zipkin. spoccupancy: An r
package for single-species, multi-species, and integrated spatial occupancy models. Methods
in Ecology and Evolution, 13(8):1670-1678, 2022.

Simon Duane, Anthony D Kennedy, Brian J Pendleton, and Duncan Roweth. Hybrid monte
carlo. Physics letters B, 195(2):216-222, 1987.

Yousef El-Laham, Luca Martino, Victor Elvira, and Moénica F. Bugallo. Efficient Adaptive
Multiple Importance Sampling. In 2019 27th Furopean Signal Processing Conference
(EUSIPCO), pages 1-5, September 2019. doi: 10.23919/EUSIPCO0.2019.8902642. ISSN:
2076-1465.

Victor Elvira, Luca Martino, David Luengo, and Mobnica F. Bugallo. = General-
ized Multiple Importance Sampling. Statistical Science, 34(1):129-155, Feb-
ruary 2019. ISSN 0883-4237, 2168-8745. doi:  10.1214/18-STS668. URL
https://projecteuclid.org/journals/statistical-science/volume-34/issue-1/
Generalized-Multiple-Importance-Sampling/10.1214/18-STS668.full. Publisher:
Institute of Mathematical Statistics.

Adam Gayoso, Zoé Steier, Romain Lopez, Jeffrey Regier, Kristopher L Nazor, Aaron Streets,
and Nir Yosef. Joint probabilistic modeling of single-cell multi-omic data with totalVI.
Nature methods, 18(3):272-282, 2021.

Tomas Geffner and Justin Domke. Variational inference with locally enhanced bounds for
hierarchical models. In International Conference on Machine Learning, pages 7310-7323.
PMLR, 2022.

Andrew Gelman and Jennifer Hill. Data analysis using regression and multilevel/hierarchical
models. Cambridge university press, 2006.

F Maxwell Harper and Joseph A Konstan. The movielens datasets: History and context.
Acm transactions on interactive intelligent systems (tiis), 5(4):1-19, 2015.

Thomas Heap, Gavin Leech, and Laurence Aitchison. Massively parallel reweighted wake-sleep.
Uncertainty in Artificial Intelligence, 2023.

James Hensman, Nicold Fusi, and Neil D Lawrence. Gaussian processes for big data. In
Proceedings of the Twenty-Ninth Conference on Uncertainty in Artificial Intelligence, pages
282-290, 2013.

Matthew D Hoffman, David M Blei, Chong Wang, and John Paisley. Stochastic variational
inference. Journal of Machine Learning Research, 2013.

Michael I Jordan, Zoubin Ghahramani, Tommi S Jaakkola, and Lawrence K Saul. An
introduction to variational methods for graphical models. Machine learning, 37(2):183-233,
1999.

Mohammad Emtiyaz Khan and Didrik Nielsen. Fast yet simple natural-gradient descent for
variational inference in complex models. In 2018 International Symposium on Information
Theory and Its Applications (ISITA), pages 31-35. IEEE, 2018.

14


https://projecteuclid.org/journals/statistical-science/volume-34/issue-1/Generalized-Multiple-Importance-Sampling/10.1214/18-STS668.full
https://projecteuclid.org/journals/statistical-science/volume-34/issue-1/Generalized-Multiple-Importance-Sampling/10.1214/18-STS668.full

MASSIVELY PARALLEL EXPECTATION MAXIMIZATION FOR APPROXIMATE POSTERIORS

Diederik P Kingma and Jimmy Ba. Adam: A method for stochastic optimization. arXiv
preprint arXiw:1412.6980, 2014.

Diederik P Kingma and Max Welling. Auto-encoding variational Bayes. In International
Conference on Learning Representations, 2014.

Diederik P Kingma, Max Welling, et al. An introduction to variational autoencoders.
Foundations and Trends®) in Machine Learning, 12(4):307-392, 2019.

Tuan Anh Le, Adam R Kosiorek, N Siddharth, Yee Whye Teh, and Frank Wood. Revisiting
reweighted wake-sleep for models with stochastic control flow. In Uncertainty in Artificial
Intelligence, pages 1039-1049. PMLR, 2020.

Gavin Leech, Charlie Rogers-Smith, Joshua Teperowski Monrad, Jonas B Sandbrink, Benedict
Snodin, Robert Zinkov, Benjamin Rader, John S Brownstein, Yarin Gal, Samir Bhatt,
et al. Mask wearing in community settings reduces sars-cov-2 transmission. Proceedings of
the National Academy of Sciences, 119(23):€2119266119, 2022.

Richard A Levine and George Casella. Implementations of the monte carlo em algorithm.
Journal of Computational and Graphical Statistics, 10(3):422-439, 2001.

Jun S Liu, Faming Liang, and Wing Hung Wong. A theory for dynamic weighting in monte
carlo computation. Journal of the American Statistical Association, 96(454):561-573, 2001.

Jean-Michel Marin, Pierre Pudlo, and Mohammed Sedki. Consistency of the Adaptive
Multiple Importance Sampling, May 2014. URL http://arxiv.org/abs/1211.2548.
arXiv:1211.2548 [math, stat].

Radford M Neal. Mcmc using hamiltonian dynamics. arXiv preprint arXiv:1206.1901, 2012.

Radford M Neal and Geoffrey E Hinton. A view of the em algorithm that justifies incremental,
sparse, and other variants. In Learning in graphical models, pages 355—-368. Springer, 1998.

Cuong V Nguyen, Yingzhen Li, Thang D Bui, and Richard E Turner. Variational continual
learning. In International Conference on Learning Representations, 2018.

Luis E Ortiz and Leslie Pack Kaelbling. Adaptive importance sampling for estimation in
structured domains. Uncertainty in Artificial Intelligence, 2000.

Teemu Pennanen and Matti Koivu. An Adaptive Importance Sampling Technique. In Harald
Niederreiter and Denis Talay, editors, Monte Carlo and Quasi-Monte Carlo Methods
2004, pages 443-455, Berlin, Heidelberg, 2006. Springer. ISBN 978-3-540-31186-7. doi:
10.1007/3-540-31186-6 _ 27.

Phillip N Price, Anthony V Nero, and Andrew Gelman. Bayesian prediction of mean indoor
radon concentrations for minnesota counties. Health Physics, 71(LBL-35818-Rev), 1996.

Danilo Jimenez Rezende, Shakir Mohamed, and Daan Wierstra. Stochastic backpropagation
and approximate inference in deep generative models. In International conference on
machine learning, pages 1278-1286. PMLR, 2014.

15


http://arxiv.org/abs/1211.2548

HEAP BOWYER AITCHISON

Christian P Robert, George Casella, and George Casella. Monte Carlo statistical methods,
volume 2. Springer, 1999.

Reuven Y Rubinstein and Dirk P Kroese. The cross-entropy method: a unified approach to
combinatorial optimization, Monte-Carlo simulation, and machine learning, volume 133.
Springer, 2004.

Michalis Titsias and Miguel Lézaro-Gredilla. Doubly stochastic variational Bayes for non-
conjugate inference. In International Conference on Machine Learning, pages 1971-1979,
2014.

Richard Eric Turner and Maneesh Sahani. Two problems with variational expectation
maximisation for time series models. In David Barber, A. Taylan Cemgil, and Silvia
Chiappa, editors, Bayesian Time Series Models, pages 104-124. Cambridge Univer-
sity Press, 1 edition, August 2011. ISBN 978-0-521-19676-5 978-0-511-98467-9. doi:
10.1017/CB0O9780511984679.006. URL https://www.cambridge.org/core/product/
identifier/CB09780511984679A041/type/book_part.

Nick van Osta, Feddo P. Kirkels, Tim van Loon, Tijmen Koopsen, Aurore Lyon, Roel
Meiburg, Wouter Huberts, Maarten J. Cramer, Tammo Delhaas, Kristina H. Haugaa,
Arco J. Teske, and Joost Lumens. Uncertainty Quantification of Regional Cardiac Tissue
Properties in Arrhythmogenic Cardiomyopathy Using Adaptive Multiple Importance
Sampling. Frontiers in Physiology, 12, 2021. ISSN 1664-042X. URL https://www.
frontiersin.org/articles/10.3389/fphys.2021.738926.

Martin J Wainwright, Michael I Jordan, et al. Graphical models, exponential families, and
variational inference. Foundations and Trends®) in Machine Learning, 1(1-2):1-305, 2008.

Greg CG Wei and Martin A Tanner. A monte carlo implementation of the em algorithm
and the poor man’s data augmentation algorithms. Journal of the American statistical
Association, 85(411):699-704, 1990.

David Wingate and Theophane Weber. Automated variational inference in probabilistic
programming. arXiv preprint arXiv:1301.1299, 2013.

Cheng Zhang, Judith Biitepage, Hedvig Kjellstrom, and Stephan Mandt. Advances in
variational inference. IFEFE transactions on pattern analysis and machine intelligence, 41
(8):2008-2026, 2018.

16


https://www.cambridge.org/core/product/identifier/CBO9780511984679A041/type/book_part
https://www.cambridge.org/core/product/identifier/CBO9780511984679A041/type/book_part
https://www.frontiersin.org/articles/10.3389/fphys.2021.738926
https://www.frontiersin.org/articles/10.3389/fphys.2021.738926

MASSIVELY PARALLEL EXPECTATION MAXIMIZATION FOR APPROXIMATE POSTERIORS

Appendix A. Additional Background Details
A.1. “Global” importance weighting.

Importance weighting is an approach to approximating posterior moments. The standard
approach to importance weighting, called “Global” in Geffner and Domke (2022) is to sample
K times from the approximate posterior. We use z* € Z, for a single sample from the full
joint latent space, and use

z=(24,22,...,25) e 2K, (12)

for the collection of all K samples. We sample z by drawing K times from the approximate
posterior,

z) = H Q <2k> . (13)
kel

Here, K is the set of indices for the samples, K = {1,..., K}. The self-normalized global
importance weighted estimate is,

Tk:

mglobal =K Z g] b 1 k) (143)

kekc ~ &oP®

P (3:, zk)
re(2) = 14b
()= o0 (14b)
global - K Z Tk (14C)
ke

Here, 71(2) is the joint probability of z¥ and x under the generative model divided by the
probability of z¥ under the approximate posterior, and Pilobal () is an unbiased estimator of
the marginal likelihood,

X Zk
Eq(z) [Pelobal(2)] = Eq(#) [PQ((;’?))] = /dzk P (x,zk> =P (z).

The first equality arises by taking Eq. (14c¢), and noticing that each ri(z) term is IID.

A.2. Massively parallel importance weighting.

In standard “global” importance sampling above we reweighted K samples from the full joint
latent space. But in massively parallel methods, we exploit the fact that we have multiple
latent variables. Write zf € Z; for the kth sample of the ¢th latent variable. Thus all K
samples of the ith latent variable are written

f= (e ) € 2K (15)
and the collection of all samples of all latents is given by

z=(z1,...,2) € ZK. (16)
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Given indices k = (kq, ..., k,) € K™, we can therefore represent a single sample of the latents
as:

K=, k) ez (17)

Thus, z is all K samples for all n latents. z; is all K samples for the ith latent. z* is the kth
sample of all n latents. zf is the kth sample for the ith latent.

The massively parallel setting requires a slightly modified proposal distribution. In
particular, we define Qyp (2) with graphical model structure

Qump (2 HQMP (zilz; for j € qa (7)), (18)

=1

such that qa () is the set of indices of parents of z; under the graphical model. The conditional
distribution Qyp (2i|z; for j € qa(i)) over all K copies of the ith and jth latent variables,
i.e. z; and zj, is defined via a single-sample proposal (much like in the “global” setting) where

single copies of the ith and jth latents, 2] and z , are distributed as Q (z{ z§ for j € qa (z))
This required a scheme for choosing which of the K copies of a parent latent gets used in the
sampling of each K copy of the child latent. As discussed in Heap et al. (2023), many such
schemes are possible, such as a uniform mixture over the K parent samples or a permutation
(chosen uniformly at random) of the K parent samples. (In all experiments performed for

this paper the permutation strategy was used.)

Appendix B. The QEM M-step and massively parallel reweighted
wake-sleep

Perhaps the optimal approach for fitting an approximate posterior would be maximum
likelihood, under samples drawn from the true posterior. That would give an objective of
the form

£post = EP(z’|:v) [IOgQ (Z/)] ) (19>
which gives updates of the form,
An = €Ep |y [VU log Q (z’)] , (20)

where 7 are the parameters of the approximate posterior, and € is a small learning rate.
However, we cannot directly use these updates, as they require samples from the true
posterior. Instead, we can use an importance—weighted approximation to the updates,

— k
An=€— P 77 V log Q (z |x> (21)

where z is sampled from Q (z). These updates are used by massively-parallel reweighted
wake-sleep (Heap et al., 2023).
For exponential family approximate posteriors,

logQ () =n-T(z") — A(n) (22)

18



MASSIVELY PARALLEL EXPECTATION MAXIMIZATION FOR APPROXIMATE POSTERIORS

where 7 is the natural parameters, T'(z’) is the sufficient statistics, and A(n) is the log-
normalizing constant. Now, differentiate with respect to 7,

VylogQ (2') =T(2') — V,A(n) (23)
where,
VnA(n) =V, log/dz’ exp (n-T(z')) (24)
a2 T e (- T() )
Jdz" exp (n-T('))
= Bow [7() (20
=p (27)
are the mean-parameters of Q (2’). Thus,
VylogQ (2') =T(2') — . (28)
And we can write the updates as,
An(z) = e (mome e (z) ). (29)
where,
one iter o i Tk(z) ’
m (2) = K 2 PMP(Z)T z') (30)

is a moment estimate based on a single sample, z of K samples for all latent variables.
Here, the first term is the expected sufficient statistics of the massively parallel importance
weighted approximation of the true posterior, while the second term is the expected sufficient
statistics of the approximate posterior itself. Thus, for sufficiently small learning rates, €,
standard massively parallel reweighted wake sleep is at a fixed point when the approximate
posterior sufficient statistics are equal to the massively parallel importance weighted sufficient
statistics,

©= EQ(z) [mone iter(z)] (31)

This provides the inspiration for the QEM M-step updates, which directly set the expected
sufficient statistics of the approximate posterior to an the importance-weighted estimate of
the true posterior moments (which thus has the same fixed points). Specifically, the QEM
M-step updates are,

A,U, Y (mone iter(z) . H) ’ (32)

which obviously have the same fixed-point.
Note that these QEM M-step updates are equivalent to an EMA (Eq. 8). Importantly, we
would not get the same fixed points if we took an EMA over another quantity. For instance,

one iter

if we took 7 ,
An =X ("M (z) =), (33)
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would imply a fixed point of,

n= EQ(z) [none iter(z)] (34)

This is not the same as the fixed point in Eq. (31) as the mapping from natural, u, to mean,
71, parameters is nonlinear.

Appendix C. Convergence of QEM in the limit as K goes to infinity

As K — oo, (massively parallel) importance sampling gives the right moments under mild
conditions (Robert et al., 1999), such as the support of Q (2’) covering the support of P (2/|z).
In that setting, QEM converges in a single step.

Appendix D. Proof of Theorem 1
We can write the EMA in Eq. (8) as,

t

my=(1—N) Z )\t—ngne iter (35)
T=1
As mge 1T js unbiased, we have E [mge 1ter] = mirue,
¢
E[me = (1-X)> ATmbre, (36)

T=1

Using the standard expression for geometric series,

11—\
E [mt] = (1 _ )\)ﬁmtrue _ (1 _ )\t) mtrue. (37)
Consider \ increasing as t increases,
At) = (1 —tP)" (38)

To evaluate this limit, we use composition of limits', with

. t 71 )
lim A(t) = Jim exp (tlog(1 —t7P)) (39)

t—o0

We can compute the limit inside the exponential using the L’Hopital’s rule.

log \(t)" = tlog(1 —t7P) (40)
. -~ . log(1—1t7P)
— 7Py = =) Sl
tlg(r)lotlog(l ) tlggo t—1 (41)
pt—P~!
T 1—tP
= fm —t—2 (42)

1. e.g. https://mathcenter.oxford.emory.edu/site/math111/1imits0fCompositions/
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Using p < 0 < 1,

— ity —mt— Pl
= tllglo pt 0. (43)
Thus,
: t_ _ ty _
t]i)rélo A(t)" = exp (—log A(t)") =0 (44)
and,
: _ true
tllgloE [mye] = m™He. (45)
(46)
To compute the variance of m;, we need
Var [my] = E [(my — E [my])?] (47)
¢ t
_ (1 _ )\)QE (Z )\t—T(m?_ne iter mtrue)) (Z A~ i ( 2ne iter mtrue))] )
=1 T'=1
(48)
Pushing the expectation inside the sum,
Var [mt Z Z )\21& T—1' E mone iter __ true)(m?jle iter mtrue)] ) (49)

T=17'=1

All the terms for 7 # 7’ are zero. Taking only the terms for which 7 = 7/ and using
E [(mone iter __ mtrue)Q] = Var [mone iter] —_
T T ?

Var [mg] = (1 - 1) > A2y, (50)

T=1
As this is again a geometric series,

t

Var [my] = A)? Z (51)

=1
we have,
>\2t
Var [my] = (1 — )\) v (52)
We begin by noting (by analogy with the derivation for the mean),
lim A(#)* = lim (1 —t77)% =0, (53)

t—o0 t—o00
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s0 limy_y00 1 — A()% =1, and

| (1- )2
tli>I£l(> Var [mt] = 1_7)\211. (54)
And as,
. o _py
Jim A(t) = lim (1 —#77) =1, (55)
we have,
lim Var [m;] = lim M (56)
o H7ao1 1= a2 v
Applying L’Hopital’s rule,
_ . =2(1=X)
tlgloao Var [my] = )l\ﬂ —ox V= 0. (57)

Thus, the variance converges to zero.

However, it does not establish that reducing the KL-divergence will definitely reduce the
variance and reduce the required number of samples. For that result, we look to Chatterjee
and Diaconis (2018).

Appendix E. QEM is invariant to reparameterization

Consider “reparameterizing” a model by rewriting the original latent variable, 2’
7, (58)

as an alternative latent variable, Zz’, which is related to the original latent variable by a
multiplicative scaling.
The original model is given by,

P () =7(2) (59a)
P (z|) = f(,?) (59b)

where 7(2’) and f(z,2’) are functions giving the probability for the prior and likelihood. We
get exactly the same distribution over the data if we reparameterize by setting 2’ = az’,

P (Z) = ar(aZ') (60a)

P (z|Z) = f(z,aZ’) (60b)

Now, consider a family of exponential family approximate posterior densities, Q (2’;m) where
m is mean the parameters (e.g. for a Gaussian, m is the raw first and second moment). This

family must be closed under multiplication, in the sense that for 2’ and 2’ related by Eq. (58),
there must exist m and m such that,

2~ Q(25m), (61a)
7~ Q(F5m). (61b)
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The parameters of the distributions are related by a function, f,

(64)

f((ﬂ2iag;“>::(¢ngiaa> (65)

Note that while most standard distributions that are members of scale or location-scale
families that are closed under multiplication, not all are, with perhaps the easiest example
being the Poisson.

Finally, we need reparameterization-invariant sampling, in the sense that, sampling
proceeds by transforming an IID random variable, &,

"= <u2 v 02) (65)
)

2 =g(&m) ~Q(2sm), (66)
2 = g(&m) ~ Q (Z1m). (67)

such that,
9(§&m) = ag(&m) (68)

if m = f(m,«). This property holds for common sampling algorithms, e.g. when using
inverse transform sampling.

Theorem 2 QFEM is invariant to reparameterization, if three properties hold:
e The model is reparameterized in the sense of Eq. (59) and Eq. (60).
e Sampling is reparameterized in the sense of Eq. (68).

e The approximate posterior family is closed under multiplication, in the sense of Eq. (61)
and Eq. (62).

In the sense that if the initial parameters of the approximate posterior are reparameterized,
mo = f(mo, ), (69)

then the approzimate posterior parameters, m; and m; obtained by QEM at future timesteps
remain reparameterized at all future timesteps,

my = f(my, a). (70)
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Proof Here, we do a proof by induction, showing that if the parameters are reparameterized
(my = f(my, @) at timestep ¢, then they are also reparameterized at timestep ¢ + 1 (i.e. after
a QEM update; myy1 = f(Myr1,a)). The base case, mg = f(1mo, ), holds by assumption.

Now, if we start with a reparameterized approximate posterior, m; = f(1y, «), and
sampling is reparameterized, then all K samples of n latent variables in QEM, are related by
multiplication,

1k nk
z =z .

(71)
Under the reparameterized model, the importance weights are exactly the same under the
reparameterized model, as the importance weights depend only on ri(z), the ratio of the
generative to the approximate posterior probabilities,

B P (x,zk) B P (x,%k) B ~
) = T = e =) (72

because,

P (a:,ik) =aP <w,zk> (73)
Q (:c, 2k> =aQ (zk) . (74)

As the importance weights are the same and the samples are reparameterized, the moment
estimates are reparameterized in the sense that,

g e = J(ms ). (75)

Thus, if we just update the approximate posterior moments using the previous sample, then
the inductive argument holds.

While it might seem that the extension to the EMA case is straightforward, it actually
turns out to be surprisingly involved due to the nonlinearity of f(mg}q fter ). To prove that
reparameterization holds after the EMA, we need to note that the EMA can be understood as
computing the moments on a very large weighted sample. Specifically, substituting Eq. (30)

into Eq. (8),

my = 1I;nA 3 A= ) ey (76)

T7=1kekn PMP(Z)

This can be understood as a weight average over all samples at all timesteps. Again, the
importance weights at all timesteps are the same, and the samples are reparameterized, so
the moments are also reparameterized. |

To demonstrate this invariance empirically we learn approximate posteriors using QEM,
MP RWS and MP VI for a modified version of each aforementioned model where some latent
variables have been reduced by a factor of 107%,1072,1073 or 10~* (before being scaled back
up for use later in the graphical model). The full reparameterized model specifications can
be found in Appendix F.
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Figure 5 shows that QEM retains identical performance (barring some small numerical
differences in the occupancy model results) on these reparameterized models as on the
original parameterizations. MP VI and MP RWS, on the other hand, struggle to reach the
same ELBOs and predictive log-likelihoods as before, experiencing much noisier and slower
optimization.

Appendix F. Experimental datasets and models

F.1. Experiment details

To obtain the results discussed in section 5, we use graphical models for each dataset, defining
both a generative distribution P (:L', zk) and an approximate posterior/proposal distribution
Qump (zk) where z is data and z¥ represents a single sample from the joint latent space. We
then run 250 optimization steps of QEM, MP VI and MP RWS, at each iteration obtaining
ELBOs, predictive log-likelihoods (averaged over 100 predictive samples) and posterior
moment estimates using the massively parallel approach devised in Bowyer et al. (2024).
This was repeated five times with different random seeds, with means and standard errors
reported over these five runs. Similarly we repeated HMC runs five times using the BlackJAX
NUTS implementation (Cabezas et al., 2024), using default hyperparameters. To adapt the
parameters of NUTS we used 100, 300 and 1000 warm-up iterations, and drew 1000 samples
for MovieLens and 3000 for both Bus Breakdown and Radon.

Table 1: Memory consumption and time comparison for QEM, MP RWS and MP VI on
each of the models (with maximum K values used per model).

Model Method ~ Memory Used (GB) Time for 250 Iterations
Bus Breakdown K =30 QEM 0.05 11.7s
MP RWS 0.06 18.6s
MP VI 0.06 19.7s
Movielens K = 30 QEM 1.10 19.8s
MP RWS 1.11 49.6s
MP VI 1.11 62.7s
Occupancy K = 30 QEM 8.80 116.9s
MP RWS 8.80 223.4s
Radon K = 30 QEM 0.01 13.4s
MP RWS 0.01 13.3s
MP VI 0.01 15.5s
Covid K =10 QEM 2.76 13.4s
MP RWS 2.77 18.2s
MP VI 2.77 20.8s
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Learning rates for QEM, MP VI and MP RWS were chosen from {0.3,0.1,0.03,0.01, 0.003, 0.001 }

based on which led to the highest ELBO after 125 iterations.

For the MovieLens QEM, MP VI and MP RWS experiments, we split the dataset along
the “user” dimension every 20 users during the calculation of approximate posterior updates
in order to reduce the memory requirement at any one time during execution.

All experiments were performed on a 24GB NVIDIA RTX 3090, with memory consumption
reported in Table 1 alongside the time taken to perform one run of 250 approximate posterior
updates.

Note that more preliminary experiments were performed. In total, the compute time for
all experiments used in generating the results of paper was approximately 250 GPU hours.

F.2. Bus delay dataset

This experiment involves modelling New York school bus journeys delays,? using data supplied
by the City of New York (DOE, 2023). Given the year, y, borough, b, bus company, ¢
and journey type, j, the aim is to predict whether a given delay is longer than 30 minutes.
In particular, the data comprises 57 bus companies supplying 6 journey types (e.g. pre-
K /elementary school route, general education AM/PM route etc.) over the years 2015 — 2022
(inclusive) in the five New York boroughs (Brooklyn, Manhattan, The Bronx, Queens, Staten
Island) and other surrounding areas (Nassau County, New Jersey, Connecticut, Rockland
County, Westchester). We subsample the dataset at random to select Y = 2 years and
B = 3 boroughs, constructing a training set of I = 150 delayed buses for each borough-year
combination and an equally-sized test set of a further 150 delayed buses per combination on
which to calculate predictive log-likelihood. As such, we can uniquely indentify each delay
by the year, y, the borough, b, and the index, 4, giving delay,;; The delays are recorded as
an indicator: 1 if the delay is greater than 30 minutes, 0 otherwise.

To model the impact of each feature (year, borough, bus company and journey type) on
the delaying of a bus, we use a hierarchical latent variable model in which the presence of a
delay is modelled as a Bernoulli random variable. The expected presence of a delay is then
described by a latent variable, logits,;;, with one logit for each delayed bus. The logits are
modelled as a sum of three terms which are themselves latent variables to be inferred: one
for the borough and year jointly, one for the bus company and one for the journey type.

The first term considers the year and borough jointly: YearBoroughWeight, ;. This has
a hierarchical prior: we begin by sampling a global mean and variance, GlobalMean and
GlobalVariance; then for each year, we use GlobalMean and GlobalVariance to sample a mean
for each year, YearMean,. Additionally, we sample a variance for each year, YearVariance,,.
Finally, we sample YearBoroughWeight, ;, from a Gaussian distribution with a year-dependent
mean, YearMean,,, and variance exp(BoroughVariance).

The two other terms that contribute towards the logits are the weights for the bus
company and journey type, which are modelled similarly. We have one latent weight for
each bus company, CompanyWeight,., with ¢ € {1,...,57}, and for each journey type,
JourneyTypeWeight ;, with j € {1,...,6}. Given the bus company, by, and journey type,
Jybi, for each delayed bus journey (remember that a particular delayed bus journey is uniquely

2. Dataset: http://data.cityofnewyork.us/Transportation/Bus-Breakdown-and-Delays/ez4e-fazm
Terms of use: http://opendata.cityofnewyork.us/overview/#termsofuse
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identified by the year, y, borough, b and index i), we use a table to pick out the right
company weight and journey type weight, CompanyWeightcybi and J ourneyTypeWeightjybi
which then contribute towards the sum giving us logitsyy,;. The final generative model is
given by

P (GlobalVariance) = N (GlobalVariance; 0, 1)
P (GlobalMean) = N (GlobalMean; 0, 1)
P (YearMean,|GlobalMean, GlobalVariance) = N (YearMean,; GlobalMean
exp(GlobalVariance)),
P (YearVariance,) = N (YearVariancey; 0, 1)

P (YearBoroughWeightyb}YearMeany, YearVarianceb) =N (YearBoroughWeight, ;;
YearMean,,
exp(YearVariancey))

P (CompanyWeight,) = N (CompanyWeight,; 0, 1),
P (JourneyTypeWeightj) = N (JourneyTypeWeight; 0, 1)
logits,;; = YearBoroughWeight, ,,
+ CompanyWeightcybi
+ JourneyTypeWeight Fybi

P (delay,, [logits,,;) = Bernoulli(delay, ;;; logits,y, ),
(77)

where y € {1,...,Y},be{l,...,B},ce{l,...,C} and j € {1,...,J}. The correspond-
ing graphical model is given in Figure 6. We initialise the factorised approximate posterior
Q) very similarly:

Q (GlobalVariance) = N (GlobalVariance; 0, 1)
Q (GlobalMean) = N (GlobalMean; 0, 1)
Q (YearMean,) = N (YearMean,; 0, 1)
Q (YearVariancey) = N (YearVariancey; 0, 1) (78)
(
(
(

Q (YearBoroughWeightyb) N YearBoroughWeight,;; 0, 1)
Q (CompanyWeight,) = N (CompanyWeight,; 0, 1)

Q (JourneyTypeWeightj =N JourneyTypeWeight ;; 0, 1)

C

F.2.1. REPARAMETERIZED BUS DELAY MODEL

To provide a reparameterized bus delay dataset we simply rescale the mean and standard
deviation of the YearBoroughWeight,; latent variable, then apply the inverse scaling after
sampling:
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GlobalMean

—

YearMean,

JourneyTypeWeight; YearVariance,

Company Weight,,

B Boroughs

J
Y Years

Figure 6: Graphical model for the NYC Bus Breakdown dataset

P (GlobalVariance) = N(GlobalVariance; 0, 1)
P (GlobalMean) = N (GlobalMean; 0, 1)
P (YearMean,|GlobalMean, GlobalVariance) = N (YearMean,,; GlobalMean,
exp(GlobalVariance))
P (YearVariancey) = N (YearVariancey; 0, 1)

P (YearBoroughWeightyb‘YearMeany, YearVarianceb) =N (YearBoroughWeightyb;

1
YearMean,, * 1000°
1
1000
P (CompanyWeight,.) = N (CompanyWeight,; 0, 1)
P (JourneyTypeWeightj) = N (JourneyTypeWeight ;; 0, 1)

logits,;; = YearBoroughWeight, ;, * 1000

)

exp(YearVariancey) *

+ CompanyWeightcybi
+ JourneyTypeWeight Jybi

P (delayybi|logitsybi) = Bernoulli(delay;; logits,;,;),
28 (79)
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and the approximate posterior distribution @) is initialised as so:

Q (GlobalVariance) = N (GlobalVariance; 0, 1)
Q (GlobalMean) = N (GlobalMean; 0, 1)
Q (YearMean,) = N (YearMean,;0,1)
Q (YearVariance,) = N (YearVariancey; 0, 1)
(
(
(

N (YearBoroughWeight

1
yb» 07 1000)
Q (CompanyWeight N (CompanyWeight,; 0, 1)

Q (JourneyTypeWeightj =N JourneyTypeWeight;; 0,1)

Q (YearBoroughWeightyb)
)

C

F.3. Movielens dataset

The MovieLens100K? (Harper and Konstan, 2015) dataset contains 100k ratings from 0 to
5 of N=1682 films from among M =943 users. Following Geffner and Domke (2022), we
binarise the ratings into likes and dislikes by mapping user-ratings of {0, 1,2, 3} to 0 (dislikes)
and user-ratings of {4,5} to 1 (likes), and assume binarised ratings of 0 for films which users
have not previously rated.

The probabilistic graphical model of the full generative distribution is given in Figure 7.
We specify films using the index n and specify users via the index m. Each film has a
known feature vector, x,, € {0,1}'®, indicating which of 18 genre tags (Action, Adventure,
Animation, Children’s, etc.) the film matches (each film may have multiple genre tags).
Similarly, we model each user with a latent weight-vector, z,, € R'®, describing whether
or not they like any given feature. We model the probability of a user m liking a film n
as 0(zmXy)), where o(-) is the sigmoid function. Thus the generative distribution may be
written as

N(M 0187 I)a
N(¢7 0187 I)a
N (2Zm; p, exp(9)I)

= Bernoulli(Rating,,,,,; 0(z],x,))

P (p

P (3

P (zm|p, ¥

P (Rating,,,,,|Zm, Xn

(81)

~— — — —

where m € {1,...,M} and n € {1,...,N}. Note that we also have latent vectors for the
global mean, p, and log-variance, 1, of the weight vectors.
The factorised approximate posterior distribution @ is initialised as:

Q (1) = N(p; 01, 1),
Q (¥) = N(9;055,1), (82)
Q (zm) = N(zm; 015, I)
To ensure high levels of uncertainty, we subsample the dataset to obtain a training set of

N =5 films and M = 300 users for our experiment. An equally sized but disjoint subset of
users is held aside as a test set for calculation of the predictive log-likelihood.

3. Dataset and license: http://files.grouplens.org/datasets/movielens/ml-latest-small-README.
html
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Y
Rating, ..,
N Films
M Users

Figure 7: Graphical model for the MovieLens dataset

F.3.1. REPARAMETERIZED MOVIELENS MODEL

The reparameterized model is as follows,

(H) = N(“701871)7
P (4) = N(9; 015, 1),
_ B exp(dh) (83)
(Zm|p’7 ) _N( Zom; ﬁv 100 I)
) =

P (Rating,,,,,|Zm, X») = Bernoulli(Rating,,,,,; o(100 * z] x,,))

The corresponding factorised approximate posterior distribution () is then initialised as

Q (1) = N (1018, 1),
Q (¢) = N(9;015,1), (84)
Q (o) = N (o O35, 751)

F.4. Occupancy dataset

The aim of occupancy modelling is to infer the presence of an animal at a given observation
site from repeated samples, accounting for the possibilities of non-detection or false-detection
(Doser et al., 2022). In this experiment we fit a modified multi-species occupancy model
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to the North American Breeding Bird Survey data?, which records over 700 species of bird
across the contiguous United States and the 13 provinces and territories of Canada. The
readings are collected along thousands of randomly selected road-side routes, taken at half
mile intervals along the 24.5 mile routes for a total of 50 readings per route.

The survey is taken once per year, during peak breeding season, usually in June. The
dataset we use covers the years 1966-2021, excluding 2020. We obtain R = 5 repeated
samples from each route by taking the unit step function of the sum of every 10 readings
(for a given route, year and species). From the main dataset, we obtain a training set by
subsampling a set of J = 12 bird species, M = 6 years and I = 200 routes. A distinct test set
for predictive log-likelihood calculation is obtained using the same values of J and M, but a
different set of I = 100 routes. Our model takes into consideration two sets of covariates:
Weather j,,,; gives the temperature at site ¢ on year m (replicated for each bird species); and
Quality j,,,; indicates whether a particular series of readings at site j on year m followed all
the recommended guidelines for recording birds.

We use a Bernoulli random variable to model the recording of a particular species j
of bird in a particular repeated measurement (given the route i and year m) using logits
which are calculated as the product of the quality covariate Quality,,;, an inferred quality
weight QualityWeight,.;, and another inferred latent variable zj,; which indicates the true
presence of bird species j along route ¢ in year m, as well as including some probability of a
false-positive bird sighting. This variable zjy,; is also modelled by a Bernoulli distribution,
with logits calculated as the product of the weather covariate Weather j,,;, an inferred weather
weight WeatherWeight,,,;, and the latent variable BirdYearMeanj,, which represents the
mean frequency of a specific species in a given year. Covariate weights, WeatherWeight, ,;
and QualityWeight,,,,;, are modelled via separate Gaussian distributions, each of which
have standard Gaussian hyperpriors for their mean and log-variance. The BirdYearMean,,
variable also has an hierarchical prior: it comes from a Gaussian distribution with unit
variance whose mean is the variable BirdMean;, representing the mean frequency of species
7 regardless of year or route, which in turn has its mean and log-variance modelled via
standard Gaussian hyperpriors. The full model may be written as

4. Dataset: https://www.sciencebase.gov/catalog/item/625f151ed34e85fa62b7£926, licensing informa-
tion is included with the dataset.
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P (NBirdMean HUBirdMean 07 1)7

P (UBirdMean OBirdMean» 07 1)7

p (MQualityWeight HQualityWeight 5 0, 1)7

P (NWeatherWeight HWeatherWeight 5 Oa 1)7

I
ZZZZZZZ

O WeatherWeight ; 07 ]-)7

(
(
(
(0QualityWeight; 0, 1),
(
P (0weatherWeight (
(

) =
)
)
P (o QualityWeight)
)
)
)=

P (Quality Weight ;| qualityWeight» TQuality Weight Quality Weight ;; f1Quality Weight
exp(a QualityWeight ) )
P (WeatherWeight; | fiweatherWeight » O WeatherWeight) = N (WeatherWeight ;; fiweatherWeight
exP (O WeatherWeight ) )
P (BirdMean;|(BirdMean, OBirdMean) = N (BirdMean;; (BirdMean,
exp(0BirdMean))
P (BirdYearMean ,, |BirdMeanj,,) = N (BirdYearMean ,,,; BirdMean,, 1)
logits},,; = BirdYearMeanj,, * WeatherWeight ;
* Weather j,,;
P (z]mz‘loglts

Bernoulli(2;ym; logits = logits;

Jml) Jml)

logits?, .. = Zjmi * QualityWeight; * Quality ;,,;,
+ (1 — iji) * (—10)

logitsj?’mir> Bernoulli(y;mir; logits = logits:

Jmir

p (yjmir

Jmlr)
(85)

where j € {1,...,J},m e {1,...,M},i € {1,...,1} and r € {1,...,R}. The corres-
ponding graphical model is presented in Figure 8.
The factorised approximate posterior distribution @) is initialised as:

Q (,UBlrdMean HBirdMean O> 1)a

Q (UBlrdMean OBirdMean > Oa 1)7

Q (,UfQuahtyWelght HQualityWeight 5 07 1)a

Q (UQuahtyWelght O QualityWeight ; 0, 1)7

Q (NWeatherWelght HWeatherWeight 5 0, 1)7

(86)

Q (QuahtyWelght
Q (WeatherWeight
Q (BirdMean;

Q (BirdYearMean,,

QualityWeight ;; 0,1)
WeatherWeight ;; 0, 1)
BirdMean;; 0, 1)

N (BirdYearMean,; 0,1)

J

I
222222222

) = N(
) (
) = N(
) (
) (
Q (O WeatherWeight) (0WeatherWeight; 0, 1),
) = N(
) = N(
) (
) (
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F.4.1. REPARAMETERIZED OCCUPANCY MODEL

The reparameterized occupancy model is as follows:

P (HBirdMean UBirdMean; 0, 1)

P (oBirdMean OBirdMean; 0, 1),

P (HQualityWeight MQualityWeight 5 0, 1)

I
222222

P (MWeatherWeight MWeatherWeight > 0 1)
O WeatherWeight ; O 1)

uality Weight ;; f1Quality Weight

P (U WeatherWeight

) = N(
) (
) (
P (0QualityWeight) (0 QualityWeight; 0, 1),
) (
) = N(
) = N(Q

N(Q

P (QualityWeight 4 |MQualityWeight » T Quality Weight
exp(0Quality Weight ) )
P (Weatherweightj‘,UzWeatherWeight’ O'WeatherWeight) =N (Weather Weight ;; ttweatherWeight

exXp (UWeatherWei ght ) )
P (BirdMeanijirdMean, UBirdMean) = N(BirdMeanj; MBirdMean
exp (JBirdMean ) )
P (BirdYearMean,, | BirdMean,,) = N (BirdYearMeanjm;
1
——BirdM
1000 irdMeanjm, 1555)

logits?,,,; = 1000 * Bird YearMean;,
* WeatherWeight i+ Weather,;

P (ijz lloglts

¥ i) = Bernoulli(zj,,;; logits = logits?

i)

jmi

loglts]mw = zjmi * QualityWeight; * Quality ;.
(1 2jmi) * (~10)

p (yjmir

logitsjymir) = Bernoulli(y;jmr; logits = logltsjmlr)

(87)

The factorised approximate posterior distribution () is initialised as:
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Q (iBiraMean) = N (UBirdMean; 0, 1),
Q (OBirdMean)

Q (,U'QualityWeight)

OBirdMean; 0, 1)7
HQualityWeight 5 0, 1)7

I
zzzzxz=z2x

Q (UQualityWeight) O QualityWeight ; 0, 1) )

Q (,UfWeatherWeight )

OWeatherWeight 5 0,1 )7 (88>
QualityWeight ;; 0, 1)
WeatherWeight ;; 0, 1)

N (BirdMean;; 0, 1)

Q (0WeatherWeight)

Q (QualityWeightj)
Q (WeatherWeight j)
Q (BirdMean;)

1

(
(
(
(
(U WeatherWeight; 05 1),
(
(
(
(
( 1000

Q (BirdYearMeanj,,) = N (BirdYearMean,; 0 )

F.5. Radon model

The radon dataset Price et al. (1996) consists of 12,777 home radon measurements in 9
states® Each reading is accompanied with information about which floor the reading was
taken on, and county level soil uranium readings in parts per million. We take a subset of
S = 4 states and R = 300 readings. We split this dataset in half, taking the results from 150
readings (per state) as our training set whilst the other 150 readings (per state) form our
test set for the evaluation of predictive log-likelihood. The radon measurements are in log
trillionth of a Curie per litre.

We model these readings as draws from a Gaussian distribution, with mean given
by the sum of a per state mean StateMeangs and weighted basement and log uranium
readings, and a per state variance StateVariance;. The weights and StateVariance, are
drawn from independent Normal distributions also in a per state fashion. The prior for
StateMeang, is given by a Gaussian distribution with a global mean GlobalMean and variance
GlobalVariance, both of which are drawn from Normal distributions. A graphical model
representation can be found in Figure 9. This can be written as

5. Dataset: http://www.stat.columbia.edu/ gelman/arm/examples/radon/ from Gelman and Hill (2006).
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Figure 8: Graphical model for the Bird Occupancy dataset

P (GlobalVariance) = N (GlobalVariance; 0, 1),

P (GlobalMean) = N (GlobalMean;0, 1),

HQuality Weight

O QualityWeight

P (StateMeans|GlobalMean, GlobalVariance) = N (StateMeans; GlobalMean,

P (Radong,|RadonMeans,, CountryVarianc%Z) = N (Radong,; RadonMean,.,
exp(StateVariancey))

exp(GlobalVariance))
P (StateVariance;) = N (StateVarianceg; 0, 1)

P (UraniumWeight,) = A (UraniumWeight,; 0, 1)

P (BasementWeight,) = N (BasementWeight; 0, 1)

RadonMeang, = StateMeang

+ UraniumWeight * Uranium

+ BasementWeight * Basementg,
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where s € {1,...,S} and r € {1,...,R}. We initialise our approximate posterior
distribution @ as follows:

Q (GlobalMean)

Q (GlobalVariance)
Q (StateMeany)

Q (StateVariancey)

Q (UraniumWeight
Q (BasementWeight

GlobalMean

v

StateMean,

N (GlobalMean; 0, 1),

N (GlobalVariance; 0, 1),
N (StateMeans; 0, 1)
(
(
(

N (StateVarianceg; 0, 1) (90)
N (UraniumWeight,; 0, 1)
N (BasementWeight ; 0, 1)

5)
5)

GlobalVariance

StateVariance,

UraniumWeight BasementWeight

R Readings

S States)

Figure 9: Graphical model for the Radon model
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F.5.1. REPARAMETERIZED RADON MODEL

The reparameterized radon model is as so:

P (GlobalMean) = N (GlobalMean;0, 1),
P (GlobalVariance) = N'(GlobalVariance; 0, 1),
GlobalMean

1000 ’
exp(GlobalVariance) )

1000
P (StateVariance;) = N (StateVariances; 0, 1)

P (UraniumWeight,) = N (UraniumWeight,; 0, 1)
P (BasementWeight,) = N (BasementWeight; 0, 1)
RadonMeang, = 1000 * StateMean,

+ UraniumWeight, * Uraniums,

P (StateMeans|GlobalMean, GlobalVariance) = N (StateMeans;

+ BasementWeight, * Basementg,
P (Radong,|RadonMean,, CountryVariance,) = N (Radon,; RadonMeans,,

exp(StateVariances))
(91)
We initialise our approximate posterior distribution @) as follows:
Q (GlobalMean) = N (GlobalMean; 0, 1),
Q (GlobalVariance) = N (GlobalVariance; 0, 1),
1
Q (StateMeang) = N (StateMeans; 0, m)
Q (StateVariance;) = N (StateVariances; 0, 1) (92)
Q (UraniumWeight ) = N (UraniumWeight ; 0, 1)
Q (BasementWeight,) = N (BasementWeight,; 0, 1)

F.6. Covid model

The Covid dataset we use consists of D = 137 daily Covid-19 infection measurements from
R = 92 regions around the world Leech et al. (2022).° In addition the dataset contains
region and day level information about average mobility, mask wearing, and other non-
pharmaceutical interventions (NPIs). We model the observed Covid-19 infection numbers as
a Negative Binomial random variable. The total count parameter of the Negative Binomial
distribtion is sampled from a region level log-Normal distribution and the logits are given by
a autoregressive Gaussian timeseries where, after the initial timestep which is sampled from

6. Dataset and license: https://github.com/g-leech/masks_v_mandates
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a region level Gaussian distribution, each timestep is sampled from a Gaussian with a mean
given by the sum of the previous timestep, a global mean term and a term depending on
weighted average mobility, mask wearing and NPIs. The weights themselves are sampled
from Gaussian distributions. The variance of this Gaussian distribution is sampled from
a region level Gaussian, for which the mean and variance are sampled from global level
Gaussian distributions.

We use the first D = 109 days of data as our training set and leave the remaining 28
days to form the test set on which we’ll calculate predictive log-likelihood.

A graphical model representation of the model can be see in Figure 10. The model can
be written as:

P (anp1s) = N(anpis; 09, 1),
P (aWearing) = N (Wearing; 0, 0.4),
P (aMobility) = N (@Mobility; 1.704,0.44))
P (GlobalMean) = N (GlobalMean; 1.07,0.6)
P (InitialSizeMean) = N (InitialSizeMean; log(1000), 0.5)
P (InfectedNoiseMean) = N (InfectedNoiseMean; log(0.01),0.25)
P (MeanlInfected, 1 |InitialSizeMean) = N (MeanlInfected, 1;

InitialSizeMean, 0.5)
P (InfectedNoise, |InfectedNoiseMean) = N (InfectedNoise, ;

InfectedNoiseMean, 0.25)

P (¢r) = N(ir; 0,1)

NPI, 4 = GlobalMean + anpisNPIs, 4
+ QWearing * Wearing, 4
+ aMobility * Mobility,.

NewMean, 4 =NPI, ; + Meanlnfected, 41
P (MeanlInfected, q|NewMean,. 4, InfectedNoise, ) = N (MeanInfected, 4; NewMean, 4,

exp(InfectedNoise, ))

P (Infected, 4|¢), MeanInfected, ;) =NegativeBinomial(Infected, 4; exp(¢),
exp (1) — MeanInfected, 4) + 1
+1077)

(93)

where r € {1,...,R} and d € {2,...,D} (note that the initial time step, d = 1, is
dealt with separately from subsequent time steps). We initialise our approximate posterior
distribution () as follows:

38



MASSIVELY PARALLEL EXPECTATION MAXIMIZATION FOR APPROXIMATE POSTERIORS

Q (anp1s) = N (anprs; 09, Iy),
O'Wearing ; 0, 1)

OMobility ; 0, 1))
GlobalMean;0, 1)

InitialSizeMean; 0, 1)

(
Q (aWearing (
(
(
(
(InfectedNoiseMean; 0, 1)
(
(
(
(

(aMOblllty
Q (GlobalMean

) =

) =

) =

)

Q (InitialSizeMean)

Q (InfectedNoiseMean)
)

)

)

)

I
222222

Q (MeanlInfected, ;
Q (InfectedNoise,

Q (¥r
Q (MeanlInfected,. 4

)

MeanlInfected, 1;0,1)
N (InfectedNoise,; 0, 1)

¢r;0,1)

N
N MeanInfectedrd,O 1)

InitialSizeMean

GlobalMean InfectedNoise,. MeanlInfected,

Infected, 4

D Days
J

Q/@’

R Regions
J

Figure 10: Graphical model for the Covid model
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F.6.1. REPARAMETERIZED COVID MODEL

The reparameterized covid model uses the following generative distribution

P (anp1s) = N(anpis; 09, I9),
P (0earing) = A (0Wearing 0: 7000 ).
P (aMobility) = N (@Mobility; 1.704,0.44))
P (GlobalMean) = N (GlobalMean; 1.07,0.6)
P (InitialSizeMean) = AN (InitialSizeMean; log(1000), 0.5)
P (InfectedNoiseMean) = N (InfectedNoiseMean; log(0.01),0.25)
P (MeanlInfected, ; |InitialSizeMean) = N (MeanlInfected, 1;

InitialSizeMean, 0.5)
P (InfectedNoise, |InfectedNoiseMean) = N (InfectedNoise, ;

InfectedNoiseMean, 0.25)

P () = N (1,0, 1)

NPI, 4 = GlobalMean + anpisNPIs, 4
+ 10000 * arwearing * Wearing,.
+ anMobility * Mobility, 4

NewMean, 4 =NPI, ; + Meanlnfected, 41
P (MeanlInfected, q|NewMean,. 4, InfectedNoise, ) = N (MeanInfected, 4; NewMean, 4,

exp(InfectedNoise, ))

P (Infected, 4|¢), MeanInfected, ;) =NegativeBinomial(Infected, 4; exp(¢),
exp (1) — MeanInfected, 4) + 1
+1077)

(95)

We initialise the reparameterized approximate posterior distribution @ as follows:
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Appendix G. Train-Test Splits for Experimental Evaluation

For our experimental evaluation, we carefully constructed train-test splits for each dataset to
ensure robust assessment of model performance. Below we detail the specific splits used for
each model:

G.1. Bus Breakdown Dataset

The NYC Bus Breakdown dataset was subsampled to include ¥ = 2 years and B = 3
boroughs. For each borough-year combination, we constructed a training set of I = 150
delayed buses and an equally-sized test set of an additional 150 delayed buses for calculating
predictive log-likelihood. Each delay was uniquely identified by the year, borough, and index.

G.2. MovieLens Dataset

From the MovieLens100K dataset, we constructed a training set consisting of N = 5 films
and M = 300 users. An equally sized but completely disjoint subset of users was held out
as a test set for evaluating predictive log-likelihood. All ratings were binarized, with user
ratings of {0, 1,2,3} mapped to 0 (dislikes) and ratings of {4,5} mapped to 1 (likes).

G.3. Bird Occupancy Dataset

For the North American Breeding Bird Survey data, we created a training set containing
J = 12 bird species, M = 6 years, and I = 200 routes. The test set for predictive log-
likelihood calculation used the same species and years but a different set of 100 routes. We
obtained R = 5 repeated samples from each route by taking the unit step function of the
sum of every 10 readings along each route.

41



HEAP BOWYER AITCHISON

G.4. Radon Dataset

We used a subset of the radon measurement dataset consisting of S = 4 states and R = 300
readings per state. This was split evenly, with 150 readings per state forming the training
set and the other 150 readings per state constituting the test set for evaluating predictive
log-likelihood.

G.5. Covid Dataset

The Covid dataset contained D = 137 daily Covid-19 infection measurements from R = 92
regions worldwide. The first 109 days of data were used as the training set, while the
remaining 28 days formed the test set for calculating predictive log-likelihood. This temporal
split allows us to evaluate the model’s predictive performance on future infection rates.
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