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Abstract

Matrix factorization as a popular technique for collaborative filtering in recommendation systems computes the latent factors
for users and items by decomposing a user-item rating matrix. Most matrix factorization methods including probabilistic
matrix factorization that projects (parameterized) users and items probabilistic matrices to maximize their inner product
suffer from data sparsity and result in poor latent representations of users and items. To alleviate these problems, we
propose a novel deep generative model, namely Neural Variational Matrix Factorization, that incorporates side information
(features) of both users and items to capture better latent representations of them for more effective collaborative-filtering
recommendation. Our model consists of two end-to-end variational autoencoder neural networks, namely user neural
network and item neural network respectively, that are capable of learning complex nonlinear distributed representations of
users and items through our proposed variational inference. We present a Stochastic Gradient Variational Bayes estimator to
estimate the intractable posterior distributions of latent factors of users and items and parameters of our model, and derive
the variational evidence lower bounds of the model. Experiments conducted on three publicly available datasets show that
our model significantly outperforms the state-of-the-art methods on recommendation accuracy measured by Hit Ratio and
Normalized Discounted Cumulative Gain respectively.
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1 Introduction the users, and have been widely used in RS due to their
impressive performance.. Matrix factorization (MF) is one
of the most successful and popular CF approaches that first

infers users’ and items’ latent factors from a user-item rating

Recommendation systems (RS) are of paramount impor-
tance in social networks and e-commerce platforms. RS

aims at inferring users’ preferences over items by utilizing
their previous interactions. Traditional methods for RS can
be categorized into two classes [1]: content-based and col-
laborative filtering (CF). Content-based methods make use
of the features of users and items and recommend items
that are similar to the items that the users have liked before.
CF methods utilize previous rating information obtained
from users with similar interest to recommend items to
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matrix and then recommends items to users who share sim-
ilar latent factors to the items [2]. Most matrix factorization
methods including probabilistic matrix factorization (PMF)
that projects (parameterized) users and items probabilistic
matrices to maximize their inner product suffer from the
problems of poor latent representations of users and items
and data sparsity.

To overcome these problems, we propose a novel
deep generative model, namely Neural Variational Matrix
Factorization (NVMF), that incorporates side information
(features) of both users and items to capture better latent
representations of them for more effective collaborative-
filtering recommendation. Our NVMF infers the posterior
distribution (Bayesian estimation) of the latent factors
of users and items through two end-to-end variational
autoencoder neural networks, namely “user neural network”
and “item neural network”, consisting of a generative
network (i.e., decoder) and a inference network (i.e.,
encoder) respectively,


http://crossmark.crossref.org/dialog/?doi=10.1007/s10489-019-01469-6&domain=pdf
http://orcid.org/0000-0002-3663-6591
mailto: hongsh01@gmail.com
mailto: cstengxiao@gmail.com

Neural variational matrix factorization for collaborative filtering in recommendation systems 3559

to model the generative process of user’s latent factor and
item’s latent factor. The main contributions of this paper are:

e We propose a novel deep generative model, namely
neural variational matrix factorization (NVMF), that
incorporates side information via a novel deep gener-
ative process to capture more subtle relations between
latent factors and side information. To the best of our
knowledge, this is the first work which combines deep
generative model with matrix factorization for collabo-
rative filtering.

e To effectively infer NVMF, we propose an inference
algorithm applying Stochastic Gradient Variational
Bayes estimation on user and item neural networks to
approximately compute parameter of our NVMF and
infer latent factors of users and items, which improves
the solution quality by following traditional inference
methods that optimizes the variational parameters one
by one. We derive the variational evidence lower
bounds for our proposed model.

e We extensively conduct experiments and performance
evaluation. The experiment results show that our
proposed NVMF method outperforms major state-of-
the-art CF methods on recommendation accuracy.

The paper is organized as follows: Section 2 introduces
related work; Section 3 gives preliminaries and problem
statement; Section 4 describes the deep generative process
of our user and item neural networks; Section 5 presents
the inference process for estimating the posterior probability
distributions of latent variables of users and items;
Section 6 shows the results of experiments and performance
evaluation. Section 7 concludes the paper. A conference
version containing some preliminary results has been
accepted by PAKDD 2019 [35].

2 Related work

On matrix factorization (MF) for collaborative filtering
(CF), a series of improved methods have been proposed,
including non-negative matrix factorization (NNMF) [3],
max-margin matrix factorization [4] and, most remarkably,
probabilistic matrix factorization (PMF) [5] that projects
(parameterized) users and items probabilistic matrices to
maximize their inner product. To overcome the data sparsity
problem suffered by these methods, hybrid methods that
enjoy the advantages of different categories of CF methods
have been proposed. Some hybrid methods [6—10] take
the advantages of both content-based and PMF methods,
and incorporate side information, such as demographics
of a user, type of an item, etc., into PMF. Regardless of
their better performance compared to the PMF, we find
that most of hybrid methods apply Gaussian or Poisson

distributions to model the generative process of users’
ratings and may result in learning poor representations of
users and items from complex data. Furthermore, most of
these hybrid methods also incorporate side information via
a linear regression way which hinders themselves from
capturing the complex relations between latent factors and
side information.

On the other hand, deep learning has achieved state-of-art
results in various fields such as natural language processing
[11], computer vision [12] and speech recognition [13,
14] due to its powerful ability of representation. Thus,
some researchers have applied deep learning to the task
of CF. Deep collaborative Filtering (DCF) [15] is a
general deep architecture for hybrid CF by integrating PMF
with deep neural networks. Wang et al. [16] proposed
collaborative deep learning (CDL) to integrate stacked
denoising autoencoder (SDAE) into probabilistic matrix
factorization which get state-of-the-art result over real world
datasets. In order to solve the matrix sparsity and cold start
problems, Collaborative Filtering Neural network (CFN)
[17] incorporates the side information to mitigate sparsity
and cold start problems. Recently, Dong et al. [18] proposed
the additional stacked denoising autoencoder (aSDAE). The
aSDAE combines autoencoder with matrix factorization and
incorporates side information into each layer of the neural
network, which makes itself able to obtain the best possible
result. However, these deep learning-based methods are
all deterministic and unable to capture the uncertainties
of the latent representations of users and items. For these
models, using very deep stacked neural network makes
the models themselves too deep to train and are easy to
overfit the data. Thus, how to learn effective and robust
latent representations of users and items needs to be further
investigated.

Recently, the deep generative model [19-21] has
attracted significant research efforts since it has both non-
linearity of neural network, and can obtain more subtle
latent representations of users and items due to its Bayesian
nature. Li et al. [22] proposed Collaborative Variational
Autoencoder (CVAE), which utilizes VAE to extract latent
item information and incorporates it into matrix factoriza-
tion. Liang et al. [23] proposed the VAE-CF model to the
CF task. Chen et al. proposed a collective VAE [24] which
incorporates side information into VAE-CF. However, these
VAE-based methods do not consider side information of
both users and items. They simply use the same Gaus-
sian priors for all users and items, which is unrealistic for
most cases and could lead to poor latent representation
and suffer from the Posterior-collapse problem [25] of VAE.

In this paper, we solve the above problems by proposing a
new CF method of neural-network based variational matrix
factorization that models the relationship of latent factor and
side information by a novel deep generative process so as
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to alleviate the data sparsity problem and effectively learn
latent representations. In addition, our proposed method
as a variant of variational autoencoder for MF differs
from the existing neural network based hybrid methods
by taking the neural network as a complete Bayesian
probabilistic framework to combine the advantages of both
deep learning and probabilistic matrix factorization for the
purpose of capturing more subtle latent representations and
the uncertainties of latent representations.

3 Preliminaries

We first introduce Probabilistic Matrix Factorization and
then give our problem definition.

3.1 Probabilistic matrix factorization

Our proposed neural variational matrix factorization method
is built on the well-know probabilistic matrix factorization
(PMF) [26] that can be viewed as parameterized projection
of two given probabilistic matrices such that their inner
product is maximized. The goal of PMF is to find two low-
rank latent factor matrices U and V to approximate the user-
item feedback matrix: R ~ U " V. PMF gives a probabilistic
framework to learn the latent factor matrices by assuming a
linear model with Gaussian observation noise and Gaussian
priors on the latent factors (see Fig. 1 left) to minimize the
sum-of-squared-errors between observed feedback matrix
R and the inner product of latent factors (U, V) with two
quadratic regularization terms from the object function (3).
Specifically, PMF considers the conditional distribution of
the observed rating matrix R given latent factors U and V,
and the prior distribution of U and V as follows:

M N
Lij
PRIV, V. ) = [T [V Rilui T a™H] " )
i=1j=1
M N
pWlen) = [ [N@il0,e7' D, p(View) = [[N(@)10,e5' D), (2)

i=1 j=1

Fig. 1 Graphical models of aq
Probabilistic Matrix

where A/ (-, -) represents a Gaussian distribution with means
and precision, and /;; represents user i has rated on item
j is not empty entities in R. «, o), op are parameters
for precisions in the corresponding Gaussian distributions.
PMF is learned by finding (Maximizing a posterior) MAP
estimation. Maxing the posterior distribution is equivalent
to minimizing the following loss function:

M N
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argminl(U, V) = 3 Zzlij(Rij —u;'v))?
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where ||-|| p denotes the Frobenius norm, A; = o/« and
A2 = an/a. Some improved methods based on PMF have
been proposed such as Bayesian matrix factorization [8,
9] and Hierarchical Bayesian Matrix factorization [7] to
incorporate side information into PMF and learn the full
posterior of latent factors U and V. However, these
model incorporate side information via a linear regression
ways which hinders them to capture subtle and non-linear
relations between latent factors of users and items between
their side information. The variational parameters in these
models [7-9] are also too many to store or optimize
local variational parameters. To address the drawbacks
above, in the following section (Section 4), we propose
a neural variational matrix factorization (NVMF) that
integrates side information into probabilistic MF via a
deep generative model and propose a Stochastic Gradient
Variational Bayes [19] inference algorithm for our NVMF to
avoid the optimization of the every variational parameters.

3.2 Problem definition and notations

The problem we address in this paper is to infer the posterior
latent factors of users and items and predict the missing
value in user-item feedback matrix R given R, F and G via
probabilistic matrix factorization. Accordingly, our neural-
network based neural variational matrix factorization,

a

Factorization (left) and our
model NVMF (right), where
shaded nodes are observed
variables

@) )
st )
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NVMF, is essentially a function E that satisfies the
following:

RF.G-SU.V. 4)

where R is a feedback matrix such as rating matrix with
M and N being the total number of users and items,
respectively, F € RP”*M and G € RZ*N are the side
information matrix of all users and items, respectively, with
P and QO being the dimensions of each user’s and item’s
side information, respectively; U = [uy, ...uy] € RDxM
and V = [vy,..vx] € RP*N are the two rank matrices
serving for users and items, respectively, with D denoting
the dimensions of latent factor space..

There are two types of feedback matrix which are
explicit feedback (R € RM*N) and implicit feedback
(R € {0, l}M xN ). Like recent recommendation methods
[22, 27], we focus on implicit feedback in our paper
as this is a more challenging situation. For convenient
discussion, we represent each user i’s rating scores
including the missing/unobserved ones over all items as
st = [Ri1, ..., Riy] € RV where R;j is an element in
R. Similarly, we represent each item j’s rating scores from
all users including those who do not provide rating for j
as s’]’. = [Ryj, ..., Rujl € RMx*1 wWe call s? and s? as the
collaborative information of user i and item j, respectively.
Obviously, our task is to infer each user’s and item’s latent
factors, #; and v; through R, F and G. Then we can use u;
and v; to predict the missing R;;.

Like most probabilistic models [7, 9, 10], our model
requires three steps of implementation: 1) Define a
generative model to describe the generative process of the
observed variables (R); (2) infer the posterior of the latent
variables (U and V') conditioned on the observed variables;
3) use the inferred posterior to predict the missing value
in R. Note that, unlike traditional MF methods [2] which
gets the point vector of latent factors, the Bayesian matrix
factorization mentioned above and our model is to infer the
full posterior distributions of latent factors and then uses the
inferred posteriors to predict missing value.

Table 1 is a list of mathematical symbols used in the

paper:

4 The generative process

The generative process of the probabilistic graphic model of
our NVMF is shown in Fig. 1 (right). Unlike other matrix
factorization models (Fig. 1 (left)) that directly utilize the
rating value R;; in user-item matrix R to infer the latent
factors users and items, our NVMF model considers a more
general situation that the i-th user latent factor u; can be
jointly inferred by both user’s rating history on all items s
(the collaborative information of user i ) and user’s features

Table 1 Glossary

Symbol Description

user-item rating (feedback) matrix
user latent factor matrix
item latent factor matrix

user feature matrix

Q"< o x

item feature matrix

=
~.

the element in the i-th row and j-th column of R

~=

the collaborative information of user i

el k<l
~

the collaborative information of item j
the latent vector for s¥

the latent vector for f;

the latent vector for s;

the latent vector for g ;

the feature of user i

the feature of item j

the matrix serving for all latent vectors a;
the matrix serving for all latent vectors b;
the matrix serving for all latent vectors c;
the matrix serving for all latent vectors d ;
the set of all latent variables

ST aAaRER AL &8

the set of all observed varibles
u; the latent factor of user i
v the latent factor of item j
0, o and y
T,f and ¥

the parameters of the user network
the parameters of the item network

f:. Similarly, the j-th item latent factor v; can be jointly
inferred by both users’ rating history on the item s? (the
collaborative information of item j) and its own features
g;- Under this consideration, we first model the features of
users and items through latent variable model. Although we
do not know the real distributions of user features and item
features, we know that any distribution can be generated
by mapping the standard Gaussian through a sufficiently
complicated function [28].

Thus for user 7, given a standard Gaussian latent variable
b; assigned to the user, his features f; are generated from its
latent variable b; through a neural network, which is called
“user generative network” (see Fig. 2), and are governed by
the parameter 6 in the network such that we have:

bi ~ N, Ik, fi~ po(filbi), &)

where Ik, is the covariance matrix, K, is the dimension
of b;, and the specific form of the probability of generating
fi given b;, po(f;|b;), depends on the type of data.
For instance, if f; is binary vector, po(f;|b;) can be a
multivariate Bernoulli distribution Ber(Fy(b;)) with Fy(-)
being the highly no-linear function parameterized by the
parameter 6 in the neural networks. Similarly, for item j,
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User network

»»»»»»»»»»»»»»»»» Inference network Generative network

————— Direction of propagation

Item network

——> Obtaining inferred vector

Fig. 2 The architecture of NVMF: user network (left) and item network (right) infer latent factors for users and items, shaded rectangles are

observed vectors

its features g ; are modeled to be generated from a standard
Gaussian latent variable d; through another generative
network, which is called “item generative network™ (see
Fig. 2), and are governed by a parameter 7 in the network
such that we have:

where I g, is the covariance matrix and K is the dimension
of d ;. Traditional PMF assumes the prior distributions of
user latent factor u; and item latent factor v; are standard
Gaussian distributions and predict rating only through
collaborative information such as the user-item feedback
matrix. In our model, to further enhance the performance,
besides the collaborative information, we believe the user’s
features f; can also positively contribute to the inference of
his latent factor u;. Similarly, for better inferring the j-th
item’s latent factor v, we also fully utilize user’s features
g Unlike most MF methods [7, 8, 29] that incorporate
side information via linear regression, in order to get more
subtle latent relations, we consider the conditional prior
p(;lf;) and p(v; |g ;) are Gaussian distributions such that
we have p(u;| f;) = N(Ml{(fi)? %y (f;)) and P(vj|gj) =
N(uy(g ), Zu(g;)), where

mwu(f) = F,U,u(fi)v
(€)= Gp,(g)),

S (f) = diag(exp(Fs, (f ), (7)
%.(g;) = diag(exp(Gs, (g ). (8)

where F,, (), Fs, (), are the two highly non-linear functions
parameterized by u, and §, in the neural network, i.e., the
user prior network, serving for all users, and G, (-) and
Gs, (+) are the two non-linear ones parameterized by u, and
8y in another neural network, i.e., the item prior network,
serving for all items, respectively. For simplicity, note that
we set y = {uy, §,} and ¥ = {uy, 8,}. For the collaborative
information of user i (s}'), we assign a standard Gaussian
latent variable a; to it and believe user latent factor u; can
potentially affect user collaborative information. Then we

@ Springer

consider s is generated from both a standard Gaussian
latent variable a; and user latent factor u;, and is governed
by the parameter « in the generative network (see Fig. 2 and
the caption in the figure) such that we have:

a; ~N(O,Ig,), si~ pa(sila;, u;), 9)

where I g, is the covariance matrix and K, is the dimension
of a;. Similarly, the j-th item’s collaborative information,
s}f, is generated from its standard Gaussian latent variable ¢
and item latent factor v, and is governed by the parameter
B in the generative network such that we have:

¢j ~N(O,Ig), s~ pg(silej, v)), (10)

where I g_ is the covariance matrix and K is the dimension
of ¢;. Similar to the form of the probability distribution,
po(filbi), in (5), the specific forms of the probability
distributions in (6), (9) and (10) depend on the type of
data. The rating R;; is drawn from the Gaussian distribution
whose mean is the inner product of the user i and item j
latent factor representations such that we have:

p(Rijlui, vj) = N[ v;, ;1. (an

where Cl.; s the precision of Gaussian distribution, and
similar to the collaborative topic modeling [27], C;; serves
as a confidence parameter for rating R;;, which is defined
as:

) it Ri; #0,
Clj - {(pz if Rij = O, (12)

where ¢ and ¢, are the parameters satisfying ¢1 > @2 > 0,
the basic reason behind which is that if R;; = 0 it means the
user i is not interested in the item j or the user i is unaware
of it. Figure 1 shows the graph model corresponding to the
generative process defined above (i.e., (11), (10), (9), (8),
(7), (6) and (5)). Based on the generative process, the joint
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probability of all observation and the latent variables can be
written as follows:

M N

P(R.F,G,Z:0,a,y,7,8,9) =[] p@)p®po(filbi) py il fi) pa(silai, u;) -

i=1j=1

for users
p(cj)p(d;)p-(g;ld;)py(vjlg;)pp(silc;, v;) p(Rijlui, v;), (13)
for items
Thus the marginal distribution of all observed variables
(R, F and G) is:
M N
p(R,F,G:0,a,y,7,p.9) = / TTIT pt@p®ipe(filbi) py @il fi) palstiai, ui)
i=1j=1 for users
p(cj)p(d;)px(g;ld;)py(vjlg;)pp(silc;, v;) p(Rijlui, vj)dZ, (14)

for items

where Z = {U,V, A, B,C, D} is the set of all latent
variables in (15) that need to be inferred, and Z;; =
{ui,vj,ai,bi.c;.d;}.

5 The inference process

We now show how to infer the posterior distributions over
the latent variables Z and parameters (0, c«, y, T, B8, V)

M N

to maximize the marginal distribution in (16), optimize
parameters, and predict rating of R.

5.1 Estimation of latent variables and parameters
Based on the generative process defined in last section, the

joint probability of all observation and the latent variables
can be written as follows:

P(R.F,G,Z:0,a,y,7,8,9) =[] r@)p®po(filbi) pywil fi) pa(silai, u;) -

i=1j=1

p(c))p(d;)px(g;ld;))py(vjlg;))pp(silc;, v;) p(Rijlui, v;),
————

item part

user part

s)

PMF part

From (15), we can view our NVMF as three parts, i.e., the
user part, the item part and the PMF part. The user part
and item part mainly model the inner relations between
side information and latent factors in users and items,
respectively. The PMF part models the across interactions
between latent factors of users and items. Based on the joint
distribution of all variables (15), the marginal distribution of
all observed variables (R, F and G) is:

M N
PR, F.G:0.a,y,7,8,¥)= f]"[ [1r@)pr@pe

i=1j=1
X (fi|bi) py il fi) pa(s{lai, u;) -
p(c)p(d;)p:(g;ld;))py(v;lg ) pp(silc;, v;))p(Rijlui, vj)dZ, (16)

where Z = {U,V, A, B,C, D} is the set of all latent
variables in (15) that need to be inferred, and Z;; =
{ui,v;,a;i, bi,c;,d;}. We focus on inferring the posterior
distributions of the latent variables (U and V) in Z and
find parameters (0, «, ¥, T, B, ¥) to maximize the marginal
distribution of observed variables (R, F and G) in (16).
However, it is difficult to infer latent variables in Z by
using traditional mean-field approximation since we do not
have any conjugate probability distribution in our model
which requires by the traditional mean-field approach [30]
and the integral in marginal distribution of observed
variables (R, G and F) in (16) is also intractable. Inspired
by VAE [19], we use Stochastic Gradient Variational Bayes
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(SGVB) estimator to estimate posteriors of the latent
variables related to user (a;, b;, u;) and latent variables
related to item (c;, d;, v;) by introducing two inference
networks, i.e., the user inference network and the item
inference network (see Fig. 2), parameterized by ¢ and A,
respectively.

To do this, we first decompose the variational distribution
g of latent variables in Z into two categories of variational
distributions used in the two networks in our NVMF model
— user inference network and item inference network
(see Fig. 2), q¢ and g;, by assuming the conditional
independence:

q(ZijlX;, Vi, Rij) = qp(ui|X)qe(ai|Xi)qebilX;)

for users
g (v | Y)an (el Vg (d;1Y;), (17)
for items
where X; = (s}, f;) represents the set of user observed
variables, and YV; = (s?, g j) represents the set of item

observed variables.

Like VAE [19], the variational distributions are chosen
to be a Gaussian distribution A/ (., X), whose mean p and
covariance matrix X are the output of the inference network.
Thus, in our NVMF, for latent variables related to the i-th
user, we set:

g il X)) = N (1g,, (X)), diag(exp(8g,, (X)), (18)
qg(ailX;) = N (ug, (X;), diag(exp(3g,, (X)), (19)
¢ (bilX;) = N (ng,, (X)), diag(exp(8g,, (X)), (20)

where the subscripts of © and § indicate the parameters in
our user inference network corresponding to u;, a; and b;,
respectively. Similarly, for j-th item:

ACHNDE N(H«AU]. (V). diag(exp(8y,, (Vj)))), 21
g.(c;jlY)) = N(mcj (), diag(exp(8,, (V). (22)
a.d;j|Y;) = J\/'(Mdj (28 diag(exp(&,xdj NN, (23

where the subscripts of u and § indicate the parameters
in item inference network corresponding to v;, ¢; and d,
respectively.

Thus, the tractable standard evidence lower bound
(ELBO) of variational distribution ¢(Z;;|&;, Y;, R;;) for
the inference can be computed as follows:

L(g) = Eqllog p(O, Z) —logq(Z|0)]

M N
=Y > (Li(gy) + L(qx) + Eqllog p(Rijlui. v )], (24)
i=1 j=1

@ Springer

where O = (F, G, R) is a set of all observed variables. g
and g;, are user term and item term in (17), respectively. For
user i and item j, we have:

Li (qp) = L(p, 2, 0,y; X)) = By, a;.u;1 %) [10g po (57 @i, ui)]
+Ey, ;12 [log po (f16i)] — KL(gy (a; | XD p(ai)) (25)
—KL (g4 (bi | X)) p (b)) — w1 KL(gg (i | XD py ;| f1)).

Lj (q) =LA B 1, ¥: V) =Eyc;0,1vpllog palsile;, v)]
+Ey, @;1vlog p:(g;1d )] — KL(g.(c; 1Y)l p(c))) (26)
—KL(ga(dj|Y)IIp@})) — w2 KL(gr (v |V py (vjlg;))s

where in the standard ELBO, the free parameters w; and
wy are 1, and KL(gy(u;|X;) ||py (u;] f;)) is the Kullback-
Leibler divergence between the approximate posterior
distribution ¢gg(u;|X;) and the prior p,(u;|f;). The
variational distribution g4 (u;|X;) acts as an approximation
to the true posterior p(u;|®) when maximizing (25).
Similarly, ¢;(v;|);) acts as an approximation to the
true posterior p(v;|O) when maximizing (26). And like
discussed in VAE [19], maximizing the ELBO also means
maximizing the marginal distribution of observed variables
(0).

Inspired by B-VAE and the previous work [23, 31],
we use two free trade-off parameters w; and w; for the
last terms in (25) and (26), respectively, in the ELBO to
control the KL regularization instead of directly applying
w; = wy = 1 (other KL terms in (25) and (26) do
not need to apply the trade-off parameters as they are not
related to our final latent factors u; and v;). Since we
assume the posteriors of all latent variables in Z are all
Gaussian distribution, the KL terms in (25) and (26) have
analytical forms. However, for the expectations terms in
(25) and (26), we can not compute them analytically. To
handle this problem, we use Monte Carlo method [20] to
approximate the expectations by drawing samples from the
posterior distribution of latent variables Z. By using the
reparameterization trick [20], the ELBO for user network is
given:

K

1
L (@ o6,y )~ > (log pa(silaf, uf) +log ps (fi1b]) (27)
k=1

—KL(gg¢(a;i| X)) p(ai)) — KL(gg (b;i|X)| | p(bi))
—w1 KL(qe (i | X)) py il 1)),

where K is the size of the samplings, af = p, +3, O
e’;, bf =, +dp @e’lj, uf.‘ =, +68, Qel,j, @® is an element-
wise multiplication and e’a‘, eﬁ, efl are samples drawn from
standard multivariate normal distribution AN'(0, I). The

superscript k denotes the k-th sample. The ELBO for item
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network, L(A, B, T, ¥; YV i), can be derived similarly, and
thus we omit it here.

Algorithm 1 Overview of the training for NVMF.

Input: user-item feedback matrix R, user feature matrix F,
item feature matrix G, parameters w| and w,.
Randomly initialize ¢, &, 6, v, A, B, T, ¥.

while not converged do

Sample a R;; from R.

For R;;, extracting the i-th user’s features f;, and
the j-th item’s features g ;, the i-th user’s and the j-th
item’s collaborative information, s and s%.

5: Compute the KL terms in (25) and (26), the matrix
factorization loss (29) by the output of user and item
inference networks.

6: For every expectation terms in (25) and (26), sample
€ from standard multivariate normal distribution and
compute them via reparameterization trick.

7: Update ¢, «, 0, y, A, B, T, ¥ by back-propagation.

8: end while

9: return ¢, o, 0, vy, A, B, T, V.

L

5.2 Optimizing parameters

Since minimizing the objection function is equivalent to
maximizing the log likelihood of the observed data. Based
on L(¢,a,0,y; ) in (28) and LA, B, T,v¥;))), the
objective function is:

N
Z(£(¢, @, 0.y X))+ LA BT, Y5 )

Jj=1

o] O ':'.MR

=L gy i1 20, 0, 0 [(Rij — 4] v)%D), (28)

where the expectation term is given by:

B i1 %0q 0y ¥ L(Rij — ] ©)*1 = RY; — 2R;jElu;] " Elv;]
+tr(E[v;1Ev;17 + ) ) + Efw; 1T (E[v;1E[v;]17 + Z)E[x;], (29)

where tr(-) denotes the trace of a matrix. Since NVMF is
a fully end-to-end neural network, the whole parameters of
the model are the weight matrix of entire network, we can
use back-propagation algorithm to optimize the weights of
the user network and the item network.

5.3 Prediction of ratings

After the training is converged, we can get the posterior
distributions of u; and v; through the user and item

inference networks, respectively. So the prediction R;; can
be made by:

E[R;;|0] = E[u;|O] E[v,|O]. (30)

Specifically, given a user, an item and the correspond-
ing observed collaborative information and the features,
sf‘, fis s}? and g j» our NVMF makes the rating prediction
for the user on the item, R;;, as R;; = E[R;;|O] with
Elu;|0] = ng,, (A1) (see (18)) and E[v;|0] = g, (V))
(see (21)), respectively. For ranking prediction, we rank a
list of items based on these prediction ratings.

5.4 Discussion

The computational complexity of training NVMF in each
iterationis O(2(N + P)L + PL +2(M + Q)L + Q- L +
J - L? + D?), where J is the total number of layers in user
and item networks, L is the average dimensions of these
layers, O(2(N + P)L), O(PL), O2(M + Q)L), O(QL),
O(J - L?) and O(D?) are the complexities of the encoder
input layer and the decoder output layer in the user network,
the input layer in the user prior network, the encoder input
layer and the decoder output layer in the item network, the
input layer in the item prior network, all the latent layers in
NVMF, and the matrix factorization, respectively. Thus, the
complexity of proposed NVMF is at the same level as the
previous recommendation methods [15, 16].

6 Performance evaluation

We first give our experimental environment settings and
then present the results of performance evaluation of
experiments.

6.1 Experimental setting
6.1.1 Dataset

We use three benchmark datasets in our experiments
which are commonly used to previous recommendation
algorithms.

e MovieLens-100K! (ML-100K) : Similar to [15, 18],
we extract the features of users and movies provided by
the dataset to construct our side information matrices F
and G respectively. The user’s feature contains user’s id,
age, gender, occupation and zipcode, corresponding to
the movie’s feature contains movie’s title, release data
and 18 categories of movie genre.

Thttps://grouplens.org/datasets/movielens/100k/
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e MovieLens-1M? (ML-1M): Similar to ML-100K, we
can get side information of users and items.

e Bookcrossing®: For this dataset, we also extract the
features of users and book provided by the dataset. We
encoded the user and book feature into binary vector of
length 30 and 30 respectively. Since we will evaluate
our model performance on implicit feedback. Thus,
following to [15, 18], we interpret three datasets above
as implicit feedback.

6.1.2 Baselines and experimental settings

For implicit feedback, as demonstrated in [16, 22], the
hybrid collaborative filtering model incorporating side
information outperforms the other method without side
information. So the most baselines we choose are hybrid
models. The baselines we use to compare our proposed
method are listed as follows:

1) CMF [32]: This model is a MF model which decom-
poses the user-item matrix R, user’s side information
matrix F, and item’s side information matrix G to get
the consistent latent factor of user and item.

2) CDL [16]: This model is a hierarchical Bayesian model
for joint learning of stacked denoising autoencoder and
collaborative filtering.

3) CVAE [22]: This model is a Bayesian probabilistic
model which unifies item feature and collaborative
filtering through stochastic deep learning and proba-
bilistic model.

4) aSDAE [18]: This model is a deep learning model
which can integrate the side information into matrix
factorization via additional stack denoising autoen-
coder.

5) NeuMF [33]: This model is a state-of-the-art collabo-
rative filtering method for implicit feedback.

Since the implicit feedback matrix R € {0, 1}M*V,

we set po(f;1b;) and pe(g jlej) as multivariate Bernoulli
distribution. We set w1, w» and the learning rate n to 0.05,
0.05 and 0.0001. The value of ¢, ¢» and A,, are set to 1,
0.01 and 0.0001, respectively. The dimensions K,, Kp, K,
K4 are all chosen to be 20. The inference and generative
networks are both two-layer network architectures and the
last layer of generative network is a softmax layer. Similar
to explicit feedback, the prior network of user and item are
both set to one layer. We also set the dimensions of use and
item latent factor D as 30. We use 80% ratings of dataset
to train each method, 10% as validation, and the remaining
10% for testing. We repeat this procedure five times and
report the average performance.

Zhttps://grouplens.org/datasets/movielens/1m/

3https://grouplens.org/datasets/book-crossing/

@ Springer

6.1.3 Evaluation metrics

For evaluation, we use the Hit Ratio (HR) [34] and the
Normalized Discounted Cumulative Gain (NDCG) [33] as
our evaluation as metrics. For each user, we sort the top-K
items based on the predicted ratings.

K 2rel,- 1

i=1

#hits@K
IGT|

HR@K = @31

where GT denotes the Ground Truth in test list set, rel; is the
graded relevance value of the item at position i and Zj is the
normalization. For top-K recommendation, rel; € {0, 1}.
We report the average recall scores over all users in our
experimental analysis.

6.2 Results and analysis

We now show the results of performance comparisons
between our proposed model NVMF and baselines on
different experimental settings.

6.2.1 Performance comparison with baselines

Table 2 shows the experiment result that compare CMF,
CDL, CVAE, aSDAE and NeuMF using three datasets. As
we can see, our proposed methods NVMF significantly
outperform the compared methods in all cases on both
ML-100K, ML-1M and BookCrossing datasets. Compared
with other methods that have a deep learning structure,
CMF achieves the worst performance. This demonstrates
the deep learning structure can learn more subtle and
complex representation than the tradition MF method. We
also observe that although CDL and CVAE both have a
deep learning structure, CVAE achieves better performance
than CDL. This is because CDL is based on denoising
autoencoder which can be seen as point estimation, however
CVAE is fully deep probabilistic model which make it
hard to overfit the data. From Table 2, we observe the
strongest baseline in our experiment is aSDAE which
outperforms the other baselines. Although aSDAE is not a
probabilistic model, it incorporates user’s side information
(user’s features) into matrix factorization which CDL and
CVAE does not. By incorporating both user’s feature and
item’s feature and applying deep generative model, our
model NVMF outperform all the baselines. Specifically,
the average improvements of NVMF over the state-of-the-
art method. Compared to other datasets, our model has the
greatest performance improvement on Bookcrossing which
is most sparse matrix among three datasets. This shows
NVMF can more effectively alleviate the sparsity problem
on implicit feedback than aSDAE.
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Table 2 Recommendation performance comparison between our NVMF and baselines
Datasets Metrics CMF CDL CVAE aSDAE NeuMF NVMEF(ours)
ML-100K HR@5 0.4121 0.4564 0.4721 0.4981 0.4942 0.5083
NDCG@5 0.2124 0.2991 0.3012 0.3156 0.3351 0.3417
HR@10 0.5587 0.6123 0.6421 0.6871 0.6692 0.6982
NDCG@10 0.3387 0.3654 0.3871 0.4231 0.4103 0.4358
ML-1M HR@5 0.4237 0.5011 0.5141 0.5411 0.5211 0.5681
NDCG@5 0.2578 0.3362 0.3621 0.4124 0.4011 0.4325
HR@10 0.5921 0.6557 0.6874 0.7321 0.7202 0.7412
NDCG@10 0.3328 0.3547 0.3864 0.4121 0.4025 0.4205
Bookcrossing HR@5 0.1565 0.1714 0.1921 0.2234 0.2123 0.2354
NDCG@5 0.0523 0.0717 0.0921 0.1121 0.1024 0.1244
HR@10 0.2347 0.2654 0.2876 0.3097 0.3012 0.3142
NDCG@10 0.1024 0.1451 0.1612 0.1911 0.1876 0.2087
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Table 3 Recommendation performance comparison with different percentages of training dat on ML-100K

Datasets Percentages Metrics CMF CDL CVAE aSDAE NeuMF NVMF(ours)
ML-100K 30% HR@5 0.2125 0.2367 0.2431 0.2679 0.2565 0.2768
NDCG@5 0.0834 0.1012 0.1123 0.1335 0.1231 0.1621
50% HR@5 0.3132 0. 3421 0.3517 0.3865 0.3721 0.3921
NDCG@5 0.1452 0.1617 0.1762 0.1891 0.1832 0.2076
80% HR@5 0.4121 0.4564 0.4721 0.4981 0.4942 0.5083
NDCG@5 0.2124 0.2991 0.3012 0.3156 0.3351 0.3417

6.2.2 Performance comparison on different model
configurations

Figure 3 shows performance comparison in term of different
dimension D. We can observe that larger dimension leads
to better performance. According to Fig. 3 , our NVMF
outperforms other baselines on different dimensions. We
also can find our NVMF achieve best performance when
D=40 on MLI100K and ML100M datasets, D=50 on
BookCrossing. Figure 4 shows the contours of NDCG@5
for NVMF on three datasets. When the parameters equals
l,ie w; = 1 and wp = 1, it means we directly optimize
the standard ELBO -which has a degraded performance and
this confirmed in Fig. 4b. When we decrease w; to 0.1
at fixed wy, we find NVMF’s performance improves(small
w1 implies we want condense more user’s collaborative
information into user’s latent factor). Similar observation
can be made for varying w; at fixed w;. Moreover, It
can be observed that there is a region of values of w;
and w; (near (0.1,0.1)), around which NVMF provides
the best performance in terms of recall. Altogether, Fig. 4
shows treating w; and w, as trade-off parameters can
yields significant improvement in performance of the
recommendation.

6.3 Performance comparison on different sparsity
conditions

To further evaluate our proposed NVMF on different
sparsity conditions, we train each compared baseline
method with different percentages (30%, 50%, 80%) of
feedbacks on ML-100K datasets. Note that we do not
conduct the experiment on ML-1IM and BoorCrossing
Datasets, since they are already very sparse ( 95.8%
and 99.9% sparsity respectively). Table 3 shows the
results. From Table 3, we can find: 1) Our proposed
model outperforms all baselines on all sparsity conditions,
which demonstrates our model can effectively handle the
data sparsity problem. 2) The models which incorporate
both uses’ and items’ side information (i.e., NVMF and
aSDAE) outperform others (i.e., CDL and CVAE), which
demonstrates again that incorporating both users’ and

@ Springer

items’ side information can effectively handle data sparsity
problem. 3) Our model NVMF outperforms many baselines
(i.e., aSDAE and NeuMF) at extreme sparsity condition
(30%) by a large margin.

7 Conclusion

In this paper, we study the problem of how to learn
subtle and complex latent factors from the feedback
matrix with side information for collaborative filtering in
recommendation systems. We propose a neural variational
matrix factorization model NVMF  which is a novel
deep generative model to learn the latent factors of users
and items. NVMF possesses the merits of both deep
learning and probabilistic generative models. It can learn
more subtle and complex representations than traditional
probabilistic matrix factorization, and is more robust than
other deep neural network models such as autoencoder
(AE) and denoising autoencoder (DAE). In addition,
NVMF incorporates the features of users and items into
matrix factorization through a novel generative process,
which enables it to effectively handle the data sparsity
and cold start problems. We present a complete end-to-
end network architecture so that back-propagation can be
applied for efficient parameter estimation, and a Stochastic
Gradient Variational Bayes (SGVB) estimator to infer latent
factors and parameters in our model. We also derive a
variational lower bound to show the quality guarantee
of the model. Experiments conducted on explicit and
implicit (user-item rating) feedbacks have demonstrated
our model’s effectiveness in learning the latent factors and
its outperformance on recommendation accuracy over the
state-of-the-art methods for recommendation.

The complete architecture of model generation and
parameter inference makes the proposed model easy to be
extended to handle other types of data such as images and
videos.
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