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Variational autoencoders (VAEs) are the state-of-the-art model for recommendation with implicit feedback signals. Unfortunately,
implicit feedback suffers from selection bias, e.g., popularity bias, position bias, etc., and as a result, training from such signals produces
biased recommendation models. Existing methods for debiasing the learning process have not been applied in a generative setting. In
this work, we address this gap by introducing an inverse propensity scoring (IPS) based unbiased training method for VAEs from
implicit feedback data, VAE-IPS, which is provably unbiased w.r.t. selection bias. Our experimental results show that the proposed
VAE-IPS model reaches significantly higher performance than existing baselines.
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1 INTRODUCTION

Recommender systems rely on user feedback signals to infer user preferences [7, 24]. It is well-known that such data
suffers from various forms of bias, and consequently, it generally does not reflect the true user preferences but is a
biased indicator of it [9, 10, 15, 17]. To mitigate the negative effects of selection bias, existing work has proposed the
usage of inverse propensity scoring (IPS), a counterfactual estimation technique [21]. Recently, the IPS approach has
been extended to optimize matrix factorization (MF) models from implicit feedback [20]. While MF methods [6, 7], and
the more recent neural MF-based methods [5, 29], have a long tradition in the recommendation field, state-of-the-art
methods for learning from implicit feedback data use variational autoencoders (VAEs) instead [13, 22, 25]. Despite the
importance of bias mitigation on the one hand, and the strong performance of VAEs for recommendation from implicit
feedback on the other hand, existing work has overlooked the issue of bias in a generative setting [12, 20, 21]. We call
attention to this problem and address this gap in the literature by introducing VAE-IPS, an IPS debiasing method for
VAE optimization from implicit feedback that optimizes the ideal generative objective in expectation. Specifically, our
main contribution is to model generative user-item relevance in an unbiased fashion, building on the BiVAE framework
[25].
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2 METHOD: VAE-IPS ESTIMATOR

In this section, we introduce the user behavior model that we use, the ideal generative objective for relevance, the naive
click-based objective, before defining our IPS-corrected unbiased generative VAE-IPS estimator.
Click model. We assume a simple click model, where the click probability (𝑃 (𝑐𝑢,𝑖 = 1)) is a product of the probability
of observance (𝑜𝑢,𝑖 ) and that of relevance (𝑟𝑢,𝑖 ) [2, 16, 19, 20, 26]: 𝑃 (𝑐𝑢,𝑖 = 1) = 𝑃 (𝑜𝑢,𝑖 = 1) · 𝑃 (𝑟𝑢,𝑖 = 1) = 𝜌𝑢,𝑖 · 𝛾𝑢,𝑖 ,
where 𝜌𝑢,𝑖 and 𝛾𝑢,𝑖 are the observation and relevance probability, respectively.
Variational autoencoder for click feedback. The ideal relevance generative objective can be described as follows:

𝐿rel𝑢,𝑖 ≥ E𝑞𝜙 (𝑧𝑢,𝑖 ) log
[
𝑝\ (𝑟𝑢,𝑖 |𝑧𝑢,𝑖 )

]︸                             ︷︷                             ︸
Conditional likelihood

−𝐷
(
𝑞𝜙 (𝑧𝑢,𝑖 )∥𝑝 (𝑧𝑢,𝑖 )

)︸                   ︷︷                   ︸
KLD-regularizer

= 𝐿ideal𝑢,𝑖 , (1)

where we define a lower-bound of the log-likelihood, 𝐿ideal
𝑢,𝑖

, also known as the evidence lower bound objective (ELBO)
in the autoencoder literature [11, 25]. Here, 𝑞𝜙 (𝑧𝑢,𝑖 ) is the posterior distribution over the user-item latent variable 𝑧𝑢,𝑖 .
This is the ideal distribution, since the ELBO is the quantity that is optimized in VAEs instead of the log-likelihood
(𝐿rel
𝑢,𝑖

) [11].
Given that relevance is a binary random variable for implicit feedback data (𝑟𝑢𝑖 ∈ [0, 1]), plugging it into Eq. 1, we

obtain:

𝐿ideal𝑢,𝑖 = E𝑞𝜙 (𝑧𝑢,𝑖 )
[
𝑟𝑢𝑖 log(𝜋\ (𝑧𝑢,𝑖 )) + (1 − 𝑟𝑢,𝑖 ) log(1 − 𝜋\ (𝑧𝑢,𝑖 ))

]
− 𝐷

(
𝑞𝜙 (𝑧𝑢,𝑖 )∥𝑝 (𝑧𝑢,𝑖 )

)
, (2)

where 𝜋\ (𝑧𝑢,𝑖 ) is the relevance score for the pair (𝑢, 𝑖). For the sake of brevity, we refer the reader to [25] for a more
detailed treatment of the ELBO. BiVAE makes use of clicks, instead of relevance, which results in the following loss
function:

𝐿click𝑢,𝑖 = E𝑞𝜙

[
𝑐𝑢𝑖 log(𝜋\ (𝑧𝑢,𝑖 )) + (1 − 𝑐𝑢,𝑖 ) log(1 − 𝜋\ (𝑧𝑢,𝑖 ))

]
− 𝐷

(
𝑞𝜙 (𝑧𝑢,𝑖 )∥𝑝 (𝑧𝑢,𝑖 )

)
. (3)

This is a biased estimator, where the bias w.r.t. 𝑜𝑢,𝑖 , can be defined as E𝑜 [𝐿click𝑢,𝑖
]:

E𝑜 [𝐿click𝑢,𝑖 ] − 𝐿ideal𝑢,𝑖 = E𝑞𝜙

[
(𝜌𝑢,𝑖 − 1)𝑟𝑢,𝑖 log

(
𝜋\ (𝑧𝑢,𝑖 )

1 − 𝜋\ (𝑧𝑢,𝑖 )

)]
. (4)

From Eq. 4 it is clear that the click-based estimator will be unbiased only if 𝜌𝑢,𝑖 = 1, for all (𝑢, 𝑖) pairs, which is clearly
an unfeasible condition with the prevalence of selection bias in interaction data. Next, we will introduce our proposed
estimator VAE-IPS, which corrects for this bias using IPS.

2.1 Proposed estimator

We propose an unbiased generative estimator for VAE, in a similar vain as existing IPS corrections for existing biases
[1, 8, 27]. Our proposed estimator VAE-IPS, an unbiased estimate of the true generative objective, is defined as follows:

𝐿
ips
𝑢,𝑖

= E𝑞𝜙

[
𝑐𝑢,𝑖

𝜌𝑢,𝑖
log(𝜋\ (𝑧𝑢,𝑖 )) +

(
1 −

𝑐𝑢,𝑖

𝜌𝑢,𝑖

)
log(1 − (𝜋\ (𝑧𝑢,𝑖 )))

]
− 𝐷

(
𝑞𝜙 (𝑧𝑢,𝑖 )∥𝑝 (𝑧𝑢,𝑖 )

)
. (5)

This estimator is an unbiased estimate of the true relevance based objective (Eq. 2). To prove this, we derive the expected
value of the estimator with respect to the observation variable:

E𝑜

[
𝐿
ips
𝑢,𝑖

]
+ 𝐷

(
𝑞𝜙 (𝑧𝑢,𝑖 )∥𝑝 (𝑧𝑢,𝑖 )

)
= E𝑜,𝑞𝜙

[ 𝑐𝑢𝑖
𝜌𝑢,𝑖

log(𝜋\ (𝑧𝑢,𝑖 )) +
(
1 − 𝑐𝑢𝑖

𝜌𝑢,𝑖

)
log(1 − 𝜋\ (𝑧𝑢,𝑖 ))

]
(6)
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= E𝑞𝜙

[
E𝑜

[ 𝑐𝑢𝑖
𝜌𝑢,𝑖

]
log(𝜋\ (𝑧𝑢,𝑖 )) +

(
1 −E𝑜

[ 𝑐𝑢𝑖
𝜌𝑢,𝑖

] )
log(1 − 𝜋\ (𝑧𝑢,𝑖 ))

]
(7)

= E𝑞𝜙

[
𝑟𝑢,𝑖 log(𝜋\ (𝑧𝑢,𝑖 )) + (1 − 𝑟𝑢,𝑖 ) log(1 − 𝜋\ (𝑧𝑢,𝑖 ))

]
. (8)

Thus, in expectation it is equal to the ideal relevance-based objective from Eq. 2. This proves that the introduced
VAE-IPS estimator is unbiased.

3 EXPERIMENTAL RESULTS

We assess the performance of VAE-IPS using the unbiased relevance prediction task, with a real-world and a semi-
synthetic setup. We use the following baseline methods: (i) Binary Matrix Factorization: We use the matrix factor-
ization model for implicit feedback dataset from [7], where the squared loss is replaced with the cross-entropy loss
to account for the clicks being Bernoulli distributed. (ii) Rel-MF: The binary matrix factorization model trained with
IPS weighted loss from [20]. (iii)MF-DR: A doubly-robust variant of the IPS matrix factorization model, which uses
a control variate to reduce the variance of the IPS method [28]. (iv)MF-DU: The dual unbiased matrix factorization
model for implicit feedback data. To the best of our knowledge, it is the current state-of-the-art method for debiasing
implicit feedback data [12]. (v) VAE: We use the BiVAE framework developed to model dyadic data [25], which is
more suitable for pointwise predictions. This VAE baseline is optimized with the proposed alternate coordinate descent
style optimization method, where the posteriors for user and items are optimized alternately. (vi) VAE-IPS: This is
our proposed method, the BiVAE model optimized with the unbiased VAE-IPS objective (Eq. 5). Practically, with the
alternative coordinate descent optimization, we use the IPS correction alternately for both user-based and item-based
loss functions in the BiVAE framework. For variance reduction we apply propensity clipping [20, 23], and for propensity
estimation we use the item’s relative click frequency in the training dataset and make the assumption that propensity
scores are uniform across all users [20].

3.1 Experimental setup

Real-world dataset experimental setup.We evaluate VAE-IPS on a real-world dataset, where the test set interactions
are from a truly uniform-random policy. We use the Yahoo! R3 dataset [14], which consists of interactions from a music
recommendation service. The randomized test set ensures that it is free from the selection bias present in the training
set.
Semi-synthetic experimental setup. We als evaluate VAE-IPS using the MovieLens-1M dataset [4]. To convert
an explicit feedback dataset into an implicit feedback dataset, we consider all ratings with a value over 4 as positive
interactions and rest of the interactions as unlabelled instances. We follow the experimental setup from [18]. We use
50% of the dataset as test set. To simulate an unbiased test set, we re-sample 30% data from the test set with a sampling
probability as 1/𝑝𝛼

𝑖
, where 𝑝𝛼

𝑖
is the item’s normalized frequency in the training dataset, and 𝛼 is used to control the

selection bias in the test set. A value of 𝛼 = 1 ensures the least selection bias and other values simulate controlled
randomization.
Further details. To get a validation set, we split the training set in both of the datasets in accordance to a 80/20%
randomized split. We use the validation dataset to tune the hyper-parameters for the baselines and VAE-IPS. We use
DCG@5 as the metric for hyper-parameter tuning, and tune the hyper-parameters using the self-normalized importance
sampling (SNIPS) version of the DCG@5 metric [21]. We use NDCG@𝑘 and MAP@𝑘 as evaluation metrics with varying
cut-off lengths (𝑘 = 1, 3, 5). For calculating the normalizing factor of the DCG@𝑘 , we follow the advice from [3]. Our
evaluation metrics follow the definitions of earlier work on Rel-MF [20].
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Table 1. Performance of different methods on real-world the dataset (Yahoo! R3). Significant improvements over the baseline (MF-DU)
are marked with † (𝑝 < 0.01). Reported numbers are all percentages (%).

MAP NDCG

Method @1 @3 @5 @1 @3 @5

MF 0.502 0.977 1.235 0.502 0.830 0.997
MF-DR 0.431 0.752 0.925 0.431 0.615 0.720
Rel-MF 0.678 1.333 1.634 0.678 1.136 1.312
MF-DU 0.890 1.638 2.013 0.890 1.367 1.588
VAE 0.829 1.534 1.887 0.829 1.282 1.493
VAE-IPS 1.101† 1.949† 2.356† 1.101† 1.603† 1.828†

4 RESULTS AND DISCUSSION

For the real-world experimental setting, using the Yahoo! R3 dataset, the results are presented in Table 1. VAE-IPS
outperforms all other methods by a significant margin. It is interesting to note that Rel-MF is outperforming vanilla MF
across all metrics in this dataset. We speculate that this is due to the test set coming from an unrealistic truly uniform
random logging policy, where the assumptions of Rel-MF hold. Consistent with the results on the MovieLens-1M on
which we report below, MF-DU outperforms all MF-based baselines and VAE without IPS. VAE-IPS clearly provides
significantly higher performance than all other tested methods, across all metrics.

Due to space constraints, the results for the unbiased relevance prediction task on the semi-synthetic experimental
setting using the MovieLens-1M dataset are presented in Appendix A (Table 2). Again, the VAE-IPS method consistently
outperforms all methods by a significant margin across all metrics. The results hold for different settings of 𝛼 indicating
the robustness of VAE-IPS w.r.t. different degrees of selection bias. A higher 𝛼 value corresponds to a higher selection
bias; and for this setting, most of the baseline methods’ performances drop considerably, whereas the performance of
VAE-IPS is only moderately reduced. Interestingly, the performance of the baseline MF-DU is consistent across different
settings of 𝛼 . We speculate that this is because of the unbiased negative click loss in the MF-DU model, as opposed to a
biased negative click loss in Rel-MF [12]. Given that the majority of clicks in a real-world setting are negative, with an
unbiased negative loss, MF-DU performs better than the other baselines. Interestingly, Rel-MF and MF-DR perform
worse than the vanilla MF model across all settings of 𝛼 . We speculate that this is because of the biased negative loss in
the Rel-MF formulation and the MF-DR model formulation primarily aimed for explicit feedback data. VAE outperforms
Rel-MF, and MF-DR, possibly due to it being a generative model, capable of capturing more complex patterns in the
dataset. Nonetheless, it is still clearly outperformed by VAE-IPS.

5 CONCLUSION

In this paper, we addressed an important gap in the literature on unbiased recommendation: bias in a generative VAE
model for implicit feedback. We investigated the application of IPS techniques for debiasing the state-of-the-art VAE
recommendation models in the implicit feedback setting, viz. VAE-IPS, a novel IPS correction for the VAE loss. Our
proposed method allows for the combination of VAE recommendation models with the IPS debiasing method, and is
provably unbiased w.r.t. selection bias in clicks. We evaluated VAE-IPS on two public datasets across various metrics
and observed that it outperforms every baseline across all metrics by a significant margin. Future work could consider
propensity estimation for implicit feedback in recommendation: a limitation of existing IPS methods is that they require
accurate propensity scores, and thus errors in propensity estimation can propagate to later debiasing steps.
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A SEMI-SYNTHETIC EXPERIMENTAL RESULTS

The results from our semi-synthetic experimental setup, with different experimental settings (𝛼 values) are reported in
this section.

Table 2. Performance of different methods on the unbiased relevance prediction task on the MovieLens dataset. Significant improve-
ments over MF-DU are marked with † (𝑝 < 0.01), and over VAE are marked with ∗. Reported numbers are all percentages (%).

Exp. setting Method MAP@1 MAP@3 MAP@5 NDCG@1 NDCG@3 NDCG@5

𝛼 = 0.5

MF 3.036 5.441 6.667 3.036 3.831 3.899
MF-DR 0.888 1.588 2.014 0.888 1.117 1.191
Rel-MF 2.902 5.160 6.377 2.902 3.613 3.725
MF-DU 2.492 4.607 5.783 2.492 3.278 3.436
VAE 4.183 7.493 9.234 4.183 5.273 5.408
VAE-IPS 5.434†∗ 9.903†∗ 12.202†∗ 5.434†∗ 7.015†∗ 7.181†∗

𝛼 = 1.0

MF 1.097 1.960 2.470 1.097 1.376 1.456
MF-DR 0.832 1.510 1.921 0.832 1.067 1.140
Rel-MF 1.157 1.992 2.381 1.157 1.383 1.366
MF-DU 2.562 4.686 5.872 2.562 3.321 3.476
VAE 1.687 3.137 3.944 1.687 2.237 2.347
VAE-IPS 3.885†∗ 7.090†∗ 8.717†∗ 3.885†∗ 5.023†∗ 5.128†∗

𝛼 = 1.5

MF 0.326 0.652 0.866 0.326 0.477 0.532
MF-DR 0.865 1.580 2.014 0.865 1.119 1.198
Rel-MF 0.255 0.551 0.731 0.255 0.412 0.457
MF-DU 2.482 4.615 5.773 2.482 3.292 3.432
VAE 0.539 1.191 1.582 0.539 0.896 0.994
VAE-IPS 3.344†∗ 6.123†∗ 7.516†∗ 3.344†∗ 4.345†∗ 4.424†∗

𝛼 = 2

MF 0.189 0.299 0.379 0.189 0.200 0.216
MF-DR 0.865 1.585 1.986 0.865 1.126 1.177
Rel-MF 0.055 0.169 0.245 0.055 0.139 0.165
MF-DU 2.478 4.605 5.761 2.478 3.282 3.423
VAE 0.292 0.635 0.818 0.292 0.476 0.509
VAE-IPS 3.151†∗ 5.631†∗ 6.918†∗ 3.151†∗ 3.959†∗ 4.044†∗
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