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Abstract
This work presents simple and fast structured Bayesian learning for matrix and
tensor factorization models. An unblocked Gibbs sampler is proposed for factorization machines (FM) which are a general class of latent variable models subsuming matrix, tensor and many other factorization models. We empirically show
on the large Netflix challenge dataset that Bayesian FM are fast, scalable and more
accurate than state-of-the-art factorization models.
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Introduction

Many different problems in machine learning such as computer vision, computational biology or
recommender systems deal with complex problems in sparse data. For those problems, e.g., the
Netflix prize problem1 , sparse representations such as latent variable models are typically used.
The most basic version are matrix factorization models, extensible to tensor factorization models
for more than two categorical dimensions. In [5], Rendle generalizes these factorization models to
Factorization Machines (FM) and shows how a simple input vector consisting of the appropriate
predictors is enough to mimic most factorization models. The general principle is the same as for
standard linear regression. For instance factorizing a matrix containing the rating of a user u ∈ U
represented in row r = 1, . . . , |U | for a specific item i ∈ I represented in column c = 1, . . . , |I| can
be generated by defining an input vector of length p = |U | + |I| consisting of p indicator variables.
Within the first |U | indicators exactly one indicator is on - the one identifying the current user.
Within the last |I| indicators again exactly one is on - now for the current item.
Typically, the number of latent dimensions k for latent variable models is not known. Too small k
underfit, too high k overfit the data. Structured Bayesian methods using hierarchical priors overcome
brute force grid search for k, e.g., [7, 9] for matrix factorization, [11] for tensor factorization, and
[10] multi-relational learning. Each paper derived its own learning algorithm. In this work we come
up with one structured Bayesian learning algorithm for a much wider class of factorization models
– among others subsuming matrix, tensor or multi-relational factorization models. Moreover, the
runtime complexity of existing algorithms is typically non-linear in k. A first attempt to tackle this
issue is made by Zhu et al. [12]. They adapt the Gibbs sampler of BPMF [7] by unblocking some
sampling steps leading to a final runtime complexity of O(nk + k 2 (|U | + |I|)). In our work, we
derive a fast and unblocked Gibbs sampler where each iteration is linear in k. The improvement
is based on the work of Rendle et al. [6] where a linear time learning algorithm for FMs using
alternating least-squares is presented. As posterior mean and variance of factors are closely related
to the (conditional) least-squares solution of [6], we can transfer these ideas to derive fast Bayesian
FMs.
1

http://www.netflixprize.com/
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Figure 1: Comparison of the probabilistic interpretation of standard Factorization Machines (left) to
Bayesian Factorization Machines (right). BFM extend the standard model by using hyperpriors.
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2.1

Bayesian Factorization Machines
Factorization Machines (FM)

Factorization Machines [5] are a regression model for a target y using p explanatory variables x ∈
Rp as:
y(x) := w0 +
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where second and higher order parameters wj1 ,...,jd are factorized using PARAFAC[2]:
wj1 ,...,jd :=
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FM subsume (among others) D-way tensor factorization which is representable by engineering the
input features x. Engineering x = (x1 , . . . , xD ) as a sequence of disjoint subsequences xi =
xi,1 , . . . , xi,pi where i = 1, . . . , D and ∃!j ∈ xi : xi,j = 1, xi,¬j = 0 ∀i = 1, . . . , D gives a D-way
tensor factorization model. Note that, FM are more complex than tensor factorization models as x
may consist of real valued predictor variables.
2.2

Bayesian Factorization Machines

So far FM lack Bayesian inference. For obvious reasons such as better accuracy, automatic hyperparameter learning (no grid search) or no learning hyperparameter, e.g., learn rate for gradient
descent, we want to enhance FM with structured Bayesian inference. Bayesian theory [1] suggest
Bayesian models with hierarchical hyperpriors as they regularize underlying model parameters. The
intuition behind this is that additional (hierarchical) structure put on model parameters shrinks them
towards each other as long as no evidence in the data clearly indicates the opposite. Without loss of
generality but for better readability, we present Bayesian FM (BFM) of order D = 2.
Our hierarchical Bayesian model adds to the standard regularized regression model Gaussian hyperpriors for each mean µθ of all model parameters θ ∈ Θ = {w0 , w1 , . . . , wp , v1,1 , . . . , vp,k } but
µw0 as well as Gamma hyperpriors for each prior precision α and λθ but λw0 . The standard L2regularized regression model with hyperparameters ΘH = {λθ , µθ : θ ∈ Θ} is for a sample of n
observations (yi , xi ) ∈ R1+p :
p(Θ|y, X, ΘH ) ∝

n
Y
√

2
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α e− 2 (yi −y(xi ,Θ))

i=1

Yp

λ θ e−

λθ
2

(θ−µθ )2

(3)
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Figure 1 depicts the graphical representations of the standard and our hierarchically extended
Bayesian model: we define two regularization populations, i.e. one for all linear effects wi and
another one for the latent variable v1,1 , . . . , vp,k .
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2.3

Inference: Efficient Gibbs Sampling

Since posterior inference for FM is analytically intractable we use Gibbs sampling to draw from
the posterior. Standard Gibbs sampling is blocked Gibbs sampling, i.e. all inferred variables Θ and
ΘH b are divided into b disjoint blocks consisting of r1 , . . . , rb variables. However, blocked Gibbs
sampling for our hierarchical Bayes approach leads to higher time complexities in the final Gibbs
sampler as for each block of size ri matrices need to be inverted which is O(ri3 ). Therefore, we
propose single parameter Gibbs sampling. For notational readability, we exploit the multi-linear
nature of FM, i.e. for each θ ∈ Θ eq. 1 can be rewritten as [6]:
y(x|Θ) = gθ (x) + θ hθ (x) ∀θ ∈ Θ

(4)

where gθ , hθ respectively comprise all terms additively, multiplicatively connected to θ (see [6]
for details). Using this notation and parameters Θ0 = {γ0 , µ0 , α0 , β0 , αλ , βλ } of the conjugate
hyperpriors the conditional posterior distributions for each θ, µθ , λθ , and α resulting from our
hierarchical Bayesian model are:
p(θ|y, X, Θ \ {θ}, ΘH , Θ0 ) = N (µ∗θ , σθ2 ),

p(µθ |y, X, Θ, ΘH \ {µθ }, Θ0 ) = N (µµθ , σµ2 θ )

p(λθ |y, X, Θ, ΘH \ {λθ }, Θ0 ) = Γ(αθ , βθ ),

p(α|y, X, Θ, ΘH \ {α}, Θ0 ) = Γ(αn , βn )

with:
µ∗θ
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The final algorithm iteratively draws samples for hyperparameters ΘH and model parameters Θ.
Sampling of hyperparameters
using eq. 6-8 is simple. With a straight-forward implementation it
Pn
is done in O( i=1 k m(Xi. )) = O(k Nz )2 . Efficient computation of posterior mean and posterior
variance of eq. 5 is more complicated. However the posterior mean is identical to the alternating
least squares solution for which an efficient algorithm has already proposed [6] with an overall
complexity of O(k Nz ) for an update of all model parameters.
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Evaluation

We evaluate BFM on the Netflix challenge dataset which is well-known in the recommender systems
community. It consists of n = 100, 480, 507 ratings of 480, 189 users for 17, 700 movies. The
train/test split is the same as in the challenge. This allows direct comparison with existing results
reported in [8, 7, 3, 11]. For the parameters of the hyperpriors Θ0 we have chosen trivial values:
α0 = β0 = γ0 = αλ = βλ = 1, µ0 = 0. Please note, due to the high number of explanatory
variables their impact on the Gibbs sampler is negligible (cf. eq. 6-8).
With the derivation of BFM it is possible to learn many different models (e.g. matrix/tensor factorization) Bayesian by appropriate specification of the input data x. Exploiting this flexibility, we
tested several models by compiling the feature vector x from the following components: (1) binary
indicators: for each user (u), each item (i), each day of rating (t), each u and t of rating combination
(ut), each i and t combination (it)3 , each integer value of the logarithm of the rating user’s rating
frequency on the day of rating (f ), each i and f combination (if ), and for items the current user has
2

m(Xi. ) is the number of non-zero elements in the i-th row of the design matrix X. Nz :=
is the number of non-zero elements in X.
3
Time is binned in 50 days intervals (following [4]).

3

Pn

i=1

m(Xi. )

0.915

●
●
●

RMSE
0.90

●
●
●
●

SGD KNN256
SGD KNN256++
BFM KNN256
BFM KNN256++
SGD PMF
BPMF
BFM (u,i)
BFM (u,i,t,f)
BFM (u,i,ut,it,if)
BFM Ensemble

●

0.88

●

0

50
100
k (#latent Dimensions)

●
●

RMSE
0.895 0.905

●

150

0.885

0.92

Netflix

BPMF k=30
BFM (u,i) k=32
BFM (u,i,t,f) k=200

●
●
●
●

0

●

100

●

200 300 400
#Samples

●

500

Figure 2: Predictive accuracy of various instances of Bayesian Factorization Machines (BFM)
compared to state-of-the-art baselines: SGD PMF [8], BPMF [7], SGD KNN/KNN++ [3]. Right
panel: Convergence of unblocked Gibbs sampling (BFM) is comparable to blocked Gibbs sampling
(BPMF [7]).

co-rated (++). (2) Real-valued variables: the rating values for the co-rated items (KNN)4 . We index
BFM with the features they use, e.g., BFM (u, i) is a Bayesian matrix factorization model using the
user and item indicators u and i. It is similar to BPMF [7]. BFM (u, i, t) uses time information
like the Bayesian PARAFAC model BPTF [11]. BFM KNN and BFM KNN++ are the Bayesian
equivalent to SGD KNN(++) [3], etc.
Figure 2 plots the quality with a varying amount of factorization dimensions k. As expected, posterior averages in BPMF and BFM (u, i) outperform posterior modes in standard matrix factorization.
For the same reason BMF KNN(++) outperform SGD KNN(++). Besides, the Bayesian approaches
achieve this without a hyperparameter search. Next, we compare our generic BFM approach to the
corresponding specialized models where Gibbs samplers [7, 11] already exist. Comparing BFM
(u, i) to BPMF [7], shows that BFM outperforms BPMF slightly. The reason for this are the additional linear effects in BFM. For the time-aware Bayesian factorization model BPTF [11], the best
value the authors report is an RMSE value of 0.9044 for k = 30. For comparison we also run an
BFM (u, i, t) and largely outperform this with 0.8958 (k = 32) and 0.8909 (k = 64). Moreover, in
contrast to BPMF and BPTF using blocked Gibbs, BFM achieve these results with a Gibbs sampler
of lower computational complexity. Encouraged by the quality of the single factorization models we
also computed a linear ensemble of three BFM: a BFM (u, i, t, f ) with k = 200, a BFM KNN256++
and a BFM (u, i, ut, it, if ) with k = 64. The result of this ensembled BFM is 0.8772.
The right panel of figure 2 depicts the convergence rate of blocked5 and unblocked Gibbs sampling. Surprisingly, the number of iterations for similar models (matrix factorization, k ≈ 30) using
unblocked and blocked Gibbs sampling are comparable.

4

Conclusion

We proposed BFM, a computationally efficient Gibbs sampler for FM. Instead of cubic complexity
BFM are linear in k. Empirically tested on the Netflix challenge, BFM converge as fast as models
using blocked Gibbs sampling. Thus, BFM combine high accuracy and more scalable learning with
the generality of FM which subsume many matrix/tensor factorization models and other (factorized)
polynomial regression models like KNN models.
4
For ++ and KNN we follow the pruning step of [3] and took only the 256 most similar items with respect
to the target item.
5
Parameters are grouped in blocks of size k.
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