Variational autoencoders with flexible priors enable robust distribution
learning on single-cell RNA sequencing data
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Abstract
Generative modeling in single cell transcriptomics
allows the efficient construction of latent spaces
for denoising, batch-effect removal and prediction
of experimental perturbations. To obtain biologically informative latent representations, recently
established methods, however, rely on adapting
the variational autoencoder (VAE) loss through
down-weighting the Kullback-Leibler divergence
term. These adaptations can limit the model’s
ability to learn the underlying data distribution.
Here, we adapt two enhanced VAE architectures
to the scRNA-seq setting which do not require
tuning the loss: (i) a VAE with inverse autoregressive flow (IAF) and (ii) a VAE with a Variational Mixture of Posteriors (VAMP) prior. We
assess the models’ ability to learn biologically
informative embeddings using four metrics in a
large-scale comparison on 16 public scRNA-seq
datasets from 9 tissues with over 700,000 cells.
We find that in particular the VAE with a VAMP
prior is capable of learning biologically informative embeddings without compromising on generative properties. This suggests that the VAEVAMP is a useful starting point for improved generative modelling of scRNA-seq data.

1. Introduction
Generative modelling tools are becoming increasingly popular for a range of tasks in the analysis of scRNA-seq
data. This includes visualisation, clustering (Grønbech
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et al., 2020), batch-correction, differential expression analysis (Lopez et al., 2018) as well as modelling drug perturbation and out-of-sample prediction (Lotfollahi et al.,
2019b;a). Such models generally employ a VAE-based
generative framework to learn the latent distribution of
the data (Kingma & Welling, 2014). Compared to nongenerative autoencoder (AE)-based modelling of scRNAseq data (Eraslan et al., 2019), VAE-based models face difficulties with generating biologically meaningful embeddings.
This is likely caused by the poor match of the unimodal
prior to inherently mulitmodal scRNA-seq data. To overcome these problems, all previously mentioned generative
tools use a modified loss-function during training. Either the
KL-term of the loss function is scaled down by a constant
factor between 5e−5 and 5e−7 (Lotfollahi et al., 2019b;a),
or the scaling constant is linearly increased over training,
starting from a default value of 2.5e−3 (Lopez et al., 2018).
In our study, the contribution of the unscaled KL-term to the
total loss was 0.5 – 1.0 %, and reducing this further can lead
to unwanted effects. In particular, with too little contribution of the KL-term, regularisation through the prior is not
enforced anymore. One would therefore no longer sample
from the learned data distribution when sampling the prior.
A generative model which is able to learn a good posterior
while conserving biological information in its latent space
would hence be of great help for modelling scRNA-seq data.
Many approaches to improving the VAE-framework have
been previously suggested. Here, we evaluated two of them
for their ability to produce biologically informative latent
representations. The first VAE-adaptation uses inverse autoregressive flows (IAF) to learn more flexible posterior
distributions (VAE-IAF) (Kingma et al., 2016; Boyeau et al.,
2019). The second model introduces a ”Variational Mixture
of Posteriors” (VAMP) prior for learning richer latent representations of the data (VAE-VAMP) (Tomczak & Welling,
2018). We adapted both models to fit the negative-binomial
noise distribution found in droplet-based scRNA-seq data
(Svensson, 2020). We evaluated both models for four different properties: (i) solving the KL over-regularisation
problem, (ii) conserving biological variation in the latent
representation, (iii) goodness of fit to the data and (iv) learning compact latent representations. We based our evaluation
on data from 9 tissues with a total of 720 thousand cells.
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2. Methods
We adapt three generative neural-network architectures in
this study: a vanilla VAE, (Kingma & Welling, 2014), a
VAE with inverse autoregressive flow (Kingma et al., 2016)
and a VAE with a VAMP prior (Tomczak & Welling, 2018).
As a non-generative reference model, we employ an AE
with a negative-binomial noise model (Eraslan et al., 2019).
We use the same negative-binomial reconstruction objective
to adapt the three generative models to better fit scRNA-seq
data.
The reconstruction loss (RL) of all our models therefore
corresponds to the sum of the negative log-likelihoods of the
negative-binomial distribution (−LN B ), over n cells and p
genes, parameterized by the learned mean and dispersion
parameters (µ, θ), given the input data X:

RL (X, M, Θ) =

p
n X
X

Table 1. Comparison metric results computed on full dataset: First
value: number of active units in the model bottleneck (Eq. 2);
Second value: minimum number of principal components (PCs)
required to explain 95 % of the variance in the latent space PCA.
Bold: best performance across the generative models (VAE, IAF,
VAMP). Abbreviations as in Fig. 1
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the activity metric introduced by Burda et al. (2016), to
quantify the empirical variance of the expected latent space:
−LN B (µi,j , θi,j |xi,j )

(1)


Az = diag Covx Eq(z|x) [z]

i=0 j=0

While training of the AE optimises RL, training
of the VAE optimises the Evidence Lower Bound
(ELBO) (Kingma & Welling, 2014).
The VAE
training objective is hence defined as: M̂, Θ̂ =
arg minM,Θ (RL (X, M, Θ) + DKL (q(z|x)||p(z))
The VAE-VAMP introduces a more flexible formulation of
the prior compared to the Gaussian prior used in standard
VAE models (Tomczak & Welling, 2018). The prior uses
an adapted form of the aggregated posterior and is defined
based on KPlearnable pseudo-inputs:
K
1
p(z) = K
k=1 q(z|uk ). K = 500 was used in this work.
For all models, we mapped each dataset input gene space
to the GRCh38 Ensembl97 human genome (protein-coding
only), replacing any missing expression values with zeros.
We also introduced an additional layer at the input of each
model which normalised all counts to 10000, followed by a
ln(1 + x) operation.
We trained all models using Tensorflow 2.0 with the following model architecture: (512, 256, 128, 256, 512). We
used a tanh activation after every dense layer except the
bottleneck and the last decoder layer, scaled and centered
batch-normalisation and dropout (rate: 0.2) after each nonlinearity. We used L1 and L2 regularization (5e-4 each), a
learning rate of 5e-5 (Adam optimizer) with 50 % learning
rate decay after 10 epochs without improvement of the validation loss. We used early stopping with a patience of 100
epochs and held-out a random selection of 10 % validation
data, and 10 % test data from training. We used 5 flow
layers in the VAE-IAF model. VAE-IAF and VAE-VAMP
training took roughly twice as long as AE and VAE training.
For data points x(n) and a latent space z(n) ∈ RD , we use

(2)

A latent unit i is considered active if Azi > 0.01.
We use the average silhouette width (ASW) (Rousseeuw,
1987) to measure the how well cells of the same cell-type
group together in our embeddings. For the mean intra-celltype distance a and the mean nearest-cell-type distance b
for each sample: ASW = (b − a) / (max(a, b)).

3. Results
3.1. VAE-VAMP and VAE-IAF models alleviate the
inactive latent unit problem of vanilla VAEs for
scRNA-seq data
A common problem with using vanilla VAEs for representation learning is the inactivity of a large number of latent
space units. This can dramatically reduce the biological
variation captured by a latent space embedding generated
with such a model (cp. Spleen embedding Fig. 1). VAEVAMP models have previously been shown to alleviate this
problem by regularising the latent space with a richer prior
than the standard Gaussian one used in vanilla VAEs (Tomczak & Welling, 2018). To investigate whether this also
holds for our adapted VAE-VAMP model on scRNA-seq
data, we computed the empirical variance of the expected
latent space (Eq. 2) for each model. As previously observed
by Burda et al. (2016), we found that in vanilla VAE models,
less than 20 % of the latent units are active in more than
half the models we trained (Table 1). In the VAE-VAMP
model this problem is dramatically reduced while it does
not occur at all for the VAE-IAF model. Additionally, the
covariance of the latent spaces (Fig. 2) is higher in the
VAE-VAMP model. These results suggest, that the VAEIAF and VAE-VAMP model alleviate the issue of inactive
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Figure 1. UMAP (McInnes et al., 2018) visualisations of the model bottleneck. Colours represent biological cell-type. AE: autoencoder,
VAE: variational autoencoder, IAF: VAE with inverse autoregressive flow, VAMP: VAE with a Variational Mixture of Posteriors prior.

Figure 2. Latent-space covariance matrices for Colon data. A similar trend was observer for data from other organs. Note the different
colour scales. Abbreviations as in Fig. 1

units. Furthermore, the VAE-VAMP model is the only generative model that is allows for covariance between its latent
units which might enable the VAE-VAMP model to learn
meaningful embeddings more efficiently.
3.2. VAE-VAMP models robustly generate more
biologically informative latent space embeddings
from scRNA-seq data
One main purpose of generating latent-space representations
of high-dimensional scRNA-seq data is to distil biologically
relevant features from a very large input space. A criterion
for a useful latent representation would hence be its ability
to separate biologically distinct cell-types while maintaining
proximity between cells from the same biological cell-types.
To assess this ability in the studied models, we computed

the average silhouette width (ASW) with respect to the celltype label for each embedding. A high ASW indicates an
embedding where cells of each cell-type are tightly clustered
together while being well separated from cells of other celltypes. We also visually assessed UMAP (McInnes et al.,
2018) visualisations of the learned latent representations.
We found that while for some organs all models are able to
conserve biological variation in the embedding (cp. Colon
embedding Fig. 1), for other organs the VAE-VAMP model
is the only generative one that is able to produce finelyresolved embeddings (cp. Spleen and Liver embedding Fig.
1). This is also reflected in the ASW (Table 2). These
results indicate that our adapted VAMP-VAE model is able
to learn latent representations which are competitive with
embeddings learned by conventional AE-based embedding
models while retaining the generative properties of VAEs.
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Table 2. Comparison metric results for all four evaluated models: (i) Reconstruction loss (Eq. 1) of the test-data; (ii) Average Silhouette
Width (ASW) over all samples from full dataset with respect to provided cell-type labels, no cell-type labels were available for Blood and
Bone. Bold: best performance across the generative models (VAE, IAF, VAMP). Italics: AE shows better performance than all generative
models. Abbreviations as in Fig. 1
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3.3. VAE-VAMP and VAE-IAF models are able to fit
scRNA-seq datasets better than vanilla VAEs
Besides various regularisation terms, the reconstruction loss
(Eq. 1) is the core part of the loss function in any AEtype learning framework. The lower the reconstruction loss,
the better the model has fitted the data. Generally, AEs
tend to fit the data better due to the absence of competing
regularisation terms in the loss function as present in any
VAE-based model. We compared the reconstruction loss
of all four models (Table 2) and found that, as expected, in
most cases the AE model was able to achieve the lowest
reconstruction loss on the test-set. Among the VAE-based
models, the VAE-IAF and VAE-VAMP outperformed the
vanilla VAE for data from all but one human organ. This
indicates that both approaches of improving the VAE - more
flexible priors and more flexible posteriors - allow the VAE
model to better fit the data compared to vanilla VAEs.
3.4. VAE-VAMP models learn more compact latent
representations than VAE-IAF, VAE and AE
A key feature of an AE-type embedding model is the ability
to capture variability in the data with a number of latent
units, much smaller than the dimensionality of the input
space. While different datasets require different latent-space
complexity, the number of latent units in an autoencoder is
typically unchanged for different input data. We therefore
assess the ability of the models to learn a compact representation, even when the number of latent units is higher
than needed. To assess the latent-space compactness of the
different models, we compared the number of principle components (PCs) required to capture 95% of the latent space
variation for each model (Table 1). We consistently found
the VAE-VAMP model to require fewer PCs for this than
the other models. Combined with the higher covariance of
the VAE-VAMP latent spaces (Fig. 2), this result suggests,
that the VAE-VAMP model is the only model in our com-
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parison that is able to learn a compact representation of the
data by allowing for co-varying latent units. This makes the
VAE-VAMP model particularly suitable for scenarios where
the embedding model is trained with very diverse data such
as when assembling complex single-cell atlases.

4. Conclusion
In this work, we adapted three VAE-based generative models
to fit scRNA-seq data. We evaluated them for their ability
to improve the quality of the learned latent representation of
the data. We found that both the VAE-IAF model and VAEVAMP model alleviate the inactive unit problem during VAE
training and produce better model fits. Based on the ASW
as well as visual inspection of the generated embeddings,
the VAE-VAMP model outperforms the other generative
models in preserving biological information in the latent
representation, which we also found to be more compact.
An interesting next step would be to quantify the reduction
in generative performance caused by the established downscaling of the of the KL loss. Moreover, we see scope
for further improving the embedding quality of generative
models by combining the complimentary approaches taken
by the VAE-IAF and VAE-VAMP in a single model.
In conclusion, the richer prior of the adapted VAE-VAMP
model make it particularly suitable for distribution learning
on highly multimodal data as found in scRNA-seq experiments. The VAMP prior allows the model to capture biological variation in the latent representation nearly as well
as standard AE-based learning methods while fully retaining generative capabilities. We also expect the richer latent
representation of the VAE-VAMP model to provide better
reconstruction performance with a linear decoder network,
therefore enabling the use of more interpretable models. We
expect this model to be a useful starting point for future atlasscale distribution-learning tasks in single-cell genomics.
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