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ABSTRACT

KEYWORDS

Factorization Machines (FMs) are widely used for feature-based
collaborative filtering tasks, as they are very effective at modeling
feature interactions. Existing FM-based methods usually take all
feature interactions into account, which is unreasonable because
not all feature interactions are helpful: incorporating useless feature
interactions will introduce noise and degrade the recommendation
performance. Recently, methods that perform Feature Interaction
Selection (FIS) have attracted attention because of their effectiveness at filtering out useless feature interactions. However, they
assume that all users share the same feature interactions, which
is not necessarily true, especially for collaborative filtering tasks.
In this work, we address this issue and study Personalized Feature
Interaction Selection (P-FIS) by proposing a Bayesian Personalized Feature Interaction Selection (BP-FIS) mechanism under the
Bayesian Variable Selection (BVS) theory. Specifically, we first introduce interaction selection variables with hereditary spike and slab
priors for P-FIS. Then, we form a Bayesian generative model and derive the Evidence Lower Bound (ELBO), which can be optimized by
an efficient Stochastic Gradient Variational Bayes (SGVB) method
to learn the parameters. Finally, because BP-FIS can be seamlessly
integrated with different variants of FMs, we implement two FM
variants under the proposed BP-FIS. We carry out experiments on
three benchmark datasets. The empirical results demonstrate the
effectiveness of BP-FIS for selecting personalized interactions and
improving the recommendation performance.

Personalized Feature Interaction Selection; Bayesian Variable Selection; Factorization Machines; Recommender Systems
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1

INTRODUCTION

Factorization Machines (FMs) [39, 40] are a generic supervised
learning approach that combines the advantage of Support Vector
Machines (SVMs) [48] with factorization models [25]. FMs account
for interactions between features with factorized parameters [5, 46].
Feature interactions are crafted as combinations of individual features [12]. For example, in the movie recommendation scenario, the
features for the movie “Spider-Man” can be “comics”, “marvel” and
“avengers”. Accordingly, feature interactions can be combinations
such as, e.g., “(comics, marvel)”, “(comics, avengers)”, etc.
FMs are widely applied in predictive analytics, ranging from
recommendation [41], computational advertising [18], to search
ranking [30] and toxicogenomics prediction [59]. FMs have been
well studied for recommendations, due to their effective use of
historical interactions between users and items [39]. FMs can incorporate additional information associated with users or items,
including content descriptions [60], context information [43], social networks [7, 10], sequential dependencies [26]. While the wide
availability of auxiliary data provides rich sources that may help
reveal user preferences, they also increase the dimensionality of
the feature space [9]. The problem of high-dimensionality is particularly severe for FMs, because FMs consider feature interactions.
Hence, the complexity of FM models grows exponentially with
the order of feature interactions. But not all feature interactions
are helpful [11]; incorporating unnecessary feature interactions
may bring in noise, which adversely impacts the recommendation
accuracy and increases the difficulty of interpreting outcomes [58].
Feature Interaction Selection (FIS) has been proposed to select
useful feature interactions and filter out useless feature interactions.
Existing FIS methods can be divided into two classes: wrapper methods [31] and embedded methods [11, 58]. Wrapper methods evaluate
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Figure 1: Feature Interaction Selection and Personalized Feature Interaction Selection. x 1, . . . , x 4 are features and x 1 ·
x 2, . . . , x 3 · x 4 are feature interactions. The 4 × 4 matrices indicate masks for the selection of feature interactions. x i ·x j will
pass through the grid in the i-th row and j-th column or the
j-th row and i-th column. The white grids of the matrices
filter out feature interactions. FIS selects identical feature
interactions for u 1 and u 2 while P-FIS selects feature interactions for u 1 and u 2 separately.
subsets of feature interactions by training a model with each subset
and scoring on a held-out set. Although wrapper methods are more
flexible as they do not depend on the recommendation model to
use, they suffer from poor scalability. Embedded methods perform
interaction selection during model training, which is more efficient
and effective. Sparse Factorization Machines (SFMs) [37, 58, 62] are
an example of embedded methods; they utilize sparsity regularization [49, 53] to achieve FIS. Existing FIS-based methods, including
SFMs, overwhelmingly select a common set of interactions for all
users non-personally, on the assumption that the same feature interactions are equally powerful to predict user’s behavior. This
assumption may not be valid, as it overlooks the individuality and
personality of user’s behavior, especially for recommendation tasks.
We introduce and study Personalized Feature Interaction Selection (P-FIS). As shown in Figure 1, unlike FIS, P-FIS aims to achieve
adaptive FIS for each individual user. P-FIS is a more challenging
task than non-personalized FIS since we have a limited number of
instances associated with each user to select user-specific feature interactions. Although we can train a particular Sparse Factorization
Machine for each user, this is problematic for at least two reasons.
First, it is both time and storage inefficient since we would need to
maintain a model for each user. Second, it is less effective because
estimating a model separately for each user fails to take advantage
of collaborative filtering. To this end, we propose a Bayesian Personalized Feature Interaction Selection (BP-FIS) mechanism for FMs.
First, instead of learning expensive and less effective personalized
feature embeddings for each user, we estimate a single set of feature embeddings shared by all users to preserve the advantage of

collaborative filtering. We achieve P-FIS by introducing personalized interaction selection variables and employ Bayesian Variable
Selection (BVS) to estimate the selection variables, which allows
us to avoid expensive cross-validation required by sparsity regularizations [49]. The widely used sparsity priors [3] for BVS are
not ideal since they assign zero probability mass to events associated with weights having zero value [50]. Instead, we propose
a Hereditary Spike-and-Slab Prior (HSSP), a variant of the commonly used spike and slab priors in BVS [2, 15, 34]. We formulate
the BP-FIS as a probabilistic hierarchical generation procedure and
derive the Evidence Lower Bound (ELBO). Inspired by Variational
Auto-Encoders (VAEs) [23, 28], we use a Stochastic Gradient Variational Bayes (SGVB) estimator to approximate posteriors of the
latent variables and propose an efficient algorithm to optimize the
model. BP-FIS can be seamlessly integrated into both traditional
FMs (linear) and neural FMs (nonlinear).
We summarize the contributions of this paper as follows:
• To the best of our knowledge, we are the first to study Personalized Feature Interaction Selection (P-FIS) for FMs to improve
recommendation performance.
• We propose hereditary spike and slab priors to assign non-zero
probabilities to zero values while preserving hereditary relations.
• We formulate the BP-FIS task as a probabilistic hierarchical generation procedure and conduct variational inference to derive
the ELBO for optimization.
• We implement two FM variants under our proposed Bayesian
Personalized Feature Interaction Selection (BP-FIS) mechanism
and verify their effectiveness through extensive experiments.

2

PRELIMINARIES

Table 1 summarizes the notation used in this paper.

2.1

Factorization machines

In the recommendation scenario, FMs try to predict the rating of
an item based on its feature vector x ∈ Rd . A general formulation
is shown in Eq. (1):
rˆ(x) = b0 +

d
Õ
i=1

wi xi +

d Õ
d
Õ

wi j xi x j ,

(1)

i=1 j=i+1

where rˆ(x) is the predicted rating for x; x i ∈ x is the i-th feature
of x; b0, w i , w i j are the parameters, where b0 models the global
bias, w i models the first-order interaction, i.e., the interaction between the feature i and the target, and w i j models the second-order
interaction, i.e., the interaction between feature i and j. Instead
of learning a fixed interaction parameter w i j , FMs factorize it as
w i j = vTi v j , where v i ∈ Rk is the embedding of feature i and k is
the dimension of the latent space.

2.2

Bayesian variable selection

Variable selection is an important problem in statistical analysis,
which selects a subset of variables that should be taken into consideration [49]. Bayesian Variable Selection (BVS) attempts to estimate the marginal posterior of a variable as the probability that
the variable should be selected. Depending on the definition of
priors, various Bayesian Variable Selection (BVS) methods have

n

Bayesian variables

Sets and numbers

Table 1: Summary of symbols and notation.
Description

U
F
X
R
m
d
n
k

Set of users
Set of features
Set of feature vectors
Set of ratings
Number of users, i.e., m = |U|
Number of features, i.e., d = |F |
Number of ratings, i.e., n = |X| = |R|
Dimension of feature embedding

x ∈ Rd
r (x) ∈ R

Feature vector
Rating associated with feature x
Personalized first-order feature interaction
weight of user u for feature i
Personalized second-order feature interaction
weight of user u between feature i and j
Set
 of interaction weights, i.e., W = {wui } ∪
wui j
Variables to reformulate wui , i.e., wui = sui w̃ i
Variables to reformulate wui j , i.e., wui j =
sui j w̃ i j
Set of variables
for reformulation,

 i.e., S =
{sui } ∪ sui j and W̃ = {w̃ i } ∪ w̃ i j

wui
wui j
W
sui , w̃ i
sui j , w̃ i j
S, W̃

Parameters

r

Notation

v i ∈ Rk
V ∈ Rd ×k
bu
π
ρ

u = 1, . . . , m

Embedding for feature i
Embeddings of all features
Parameter for user bias of user u
Variational parameters for S
Variational parameters for W̃

distribution with mean µ and variance σ 2 ; δ 0 is the spike prior,
which is modeled using a Dirac delta mass function centered at zero.
The Dirac delta function is a generalized distribution that is used
to model the density of an idealized point mass as a function equal
to zero everywhere except for zero and whose integral over the
entire real line is equal to one. SSP can assign non-zero probability
for the event w = 0 (p(w = 0) = 1 − π ). Therefore, SSP is the ideal
distribution for variable selection. However, the presence of the
Dirac delta function δ 0 in the SSP complicates inference. Titsias
and Lázaro-Gredilla [50] reformulate SSP as follows:
(2)

This brings two additional variables, w̃ and s, where w̃ represents
the weight of the variable and s indicates whether to select the variable. The SSP in Eq. (2) is amenable to approximate inference [50].
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w̃ i

sui

sui j

MODEL DESCRIPTION

We first present a personalized FM framework. Then, we propose a
Bayesian Personalized Feature Interaction Selection (BP-FIS) method

j = 1, . . . , d

w̃ i j

i = 1, . . . , d
Figure 2: Graphical model of BP-FIS. Nodes represent random variables and edges represent dependencies between
variables.
within this framework. To incorporate collaborative filtering into
BP-FIS, we propose Hereditary Spike-and-Slab Priors (HSSPs). Finally, we present the loss function of BP-FIS by conducting variational inference.

3.1

Personalized factorization machines

To incorporate P-FIS for FMs, we reformulate Eq. (1) as a personalized FM by introducing personalized feature interaction parameters,
as indicated in Eq. (3):
d
Õ

wui x i +

d Õ
d
Õ

wui j x i x j .

(3)

i=1 j=i+1


Here, bu , {wui } , wui j are the personalized coefficients of user u,
and wui and wui j reflect the preferences of user u over first- and
second-order feature interactions. While the FM in Eq. (1) can also
account for personalization by taking user ID as features, it fails to
personalize every interactions, which is required by FIS.

3.2

where N (µ, σ 2 ) is the slab prior, which is modeled using a Gaussian

w = w̃ · s.

wui j

i=1

w ∼ π N (µ, σ 2 ) + (1 − π )δ 0,

w̃ ∼ N (0, 1),

wui

rˆ(x) = bu +

been proposed [14]; Spike-and-Slab Priors (SSPs) [55] have been
widely studied.
A variable w following SSP is sampled from a linear combination
of two distributions:

s ∼ Bernoulli(π ),

xi

Bayesian personalized feature interaction
selection

We formulate a Bayesian generation model, BP-FIS, for Eq. (3). The
graphical model of BP-FIS is depicted in Figure 2. According to
BP-FIS, each rating in Eq. (3) is generated withthe procedure detailed in Algorithm 1. Note that we treat {wui } , wui j as variables
and bu as the parameter.
In the first part of the generation (line 1–9), we generate personalized feature interaction weights wui and wui j for all users.
We reformulate wui by sui · w̃ i and wui j by sui j · w̃ i j as suggested
by [50]. Through the reparameterization, we can take advantage
of collaborative filtering by learning a single set of feature interaction weights W̃ = {w̃ i } ∪ w̃ i j for all users and operationalize
P-FIS by learning
the personalized interaction selection variable

S = {sui } ∪ sui j . The generation of sui j is conditioned on sui and
su j , which captures the hereditary relation between the first- and
second-order interactions; see §3.3 for details on sui and su j .
In the second part (line 10–12), we calculate the rating prediction by Eq. (3) and generate the rating r (x), following p(r | rˆ(x)).
The distribution of r (x) determines the likelihood function for optimization. For example, if we assume r (x) to follow a Gaussian

Algorithm 1 Generation procedure
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:

According to strong heredity, we have:

for each user u ∈ U do
for for each feature i ∈ F do
draw first-order interaction selection variable sui ∼
Bernoulli(π1 );
draw first-order interaction weight w̃ i ∼ N (0, 1);
wui = sui · w̃ i .
for for each feature pair i, j ∈ F do
draw second-order interaction selection variable sui j ∼
p(sui j | sui , su j );
draw second-order interaction weight w̃ i j ∼ N (0, 1);
wui j = sui j · w̃ i j .
for for each feature vector x ∈ X do
calculate the rating prediction rˆ(x) by Eq. (3);
draw r (x) ∼ p(r | rˆ(x)).

if sui = 1 or su j = 1 then sui j = 1.
Definition 3.2 (Weak heredity). Given a FM, weak heredity is
the constraint that if one of the first-order interactions x i or x j
is selected for the FM, then the second-order interaction of their
combination (x i , x j ) will have a non-zero probability to be selected.
According to weak heredity, we have:
if sui = 1 or su j = 1 then p(sui j = 1) > 0.
Based on the definitions of strong heredity and weak heredity, we
derive the HSSP by modifying the priors for sui j of SSP:
p(sui = 1) = p(su j = 1) = π1
p(sui j = 1 | sui su j = 1) = 1
p(sui j = 1 | sui + su j = 1) = π2
where π1, π 2 ∈ [0, 1] are constant values.

(4)

x ∈X

If r (x) follows a Bernoulli distribution Bernoulli(ˆr (x)), the logistic
log-likelihood can be derived:
Õ
r (x) log σ (ˆr (x)) + (1 − r (x)) log (1 − σ (ˆr (x))) .
(5)
x ∈X

The likelihood functions in Eq. (4) and (5) correspond to the squared
loss and cross entropy loss, which are widely used by collaborative
filtering methods [28]. Besides, ranking loss can also be derived, e.g.,
pairwise ranking loss [42] or listwise ranking loss [60]. However,
deriving the proper likelihood function for optimization is beyond
the scope of this paper. In this work, we employ the Gaussian
likelihood of Eq. (4) for optimization.

3.3

(Weak heredity)

p(sui j = 1 | sui + su j = 0) = 0,

distribution N (ˆr (x), 1), we can derive the Gaussian log-likelihood:
Õ 1
(r (x) − rˆ(x))2 .
2

(Strong heredity)

Hereditary spike-and-slab prior

Although we can learn the personalized parameters in Eq. (3) for
each user separately, there are two disadvantages to this. First, selecting interactions directly based on Eq. (3) fails to take advantage
of collaborative filtering. Second, Eq. (3) raises some challenges for
optimization due to the large number of parameters (O(md 2 )).
Therefore, we reparameterize wui by sui · w̃ i (line 6) and wui j
by sui j · w̃ i j (line 10) in the generation procedure in §3.2. In order to model sui , sui j , we propose the Hereditary Spike-and-Slab
Prior (HSSP), which optimizes over SSP by capturing heredity constraints [13] between first- and second-order interactions. The intuition is that there are natural hereditary constraints among the firstand second-order interactions [32], i.e., feature i and feature j are
the “parents” of feature interaction (i, j). The hereditary constraints
help to dramatically reduce the number of candidate interactions.
The HSSP is based on two hereditary constraints: strong heredity
and weak heredity, where we define as follows based on FMs.
Definition 3.1 (Strong heredity). Given a FM, strong heredity is the
constraint that if the first-order interactions x i and x j are selected
for the FM, the second-order interaction of their combination, i.e.,
(x i , x j ) will also be selected.

3.4

Variational inference

To optimize BP-FIS, we need
p(W̃ , S |

 to maximize the posterior
R, X), where S = {sui } ∪ sui j and W̃ = {w̃ i } ∪ w̃ i j . However,
exact inference for p(W̃ , S | R, X) requires an infeasible combina2
torial search over O(2md ) possible models. To speed up the process, we conduct variational inference to approximate the posterior
p(W̃ , S | R, X) by a variational distribution q(W̃ , S). The closeness
of the posterior and the variational distribution is measured by
the Kullback Leibler (KL)-divergence, i.e., KL(q(W̃ , S) ∥ p(W̃ , S |
R, X)). The KL-divergence can be derived as follows:
KL(q(W̃ , S) ∥ p(W̃ , S | R, X))
(6)


= − Eq log p(W̃ , S, R, X) − log q(W̃ , S) + log p(R, X),


where L = Eq log p(W̃ , S, R, X) − log q(W̃ , S) is the Evidence
Lower Bound (ELBO); log p(R, X) is the marginal likelihood which
does not depend on q(W̃ , S). Eq. (6) states that minimizing the KLdivergence is the same as maximizing the ELBO. To maximize the
ELBO, we first discuss the variational distribution q(W̃ , S).
Variational distribution. To ensure the quality of approximation, we assume the hereditary constraints also hold in the variational distributions. Therefore, q(W̃ , S) can be factorized as follows:
q(W̃ , S) =

d Ö
d
Ö
i=1 j=i+1

q(w̃ i )q(w̃ i j )

m
Ö

q(sui )q(sui j | sui , su j ).

(7)

u=1

The factorized distributions are modeled as follows:
q(w i | µ i , σi ) = N (µ i , σi )
q(w i j | µ i j , σi j ) = N (µ i j , σi j )
q(sui | πui ) = Bernoulli(πui )
q(sui j | sui su j = 1) = sui j
q(sui j | sui + su j = 1, πui j ) = Bernoulli(πui j )
q(sui j | sui + su j = 0) = 1 − sui j ,


where ρ = {µ i , σi } ∪ µ i j , σi j and π = {πui } ∪ πui j are the
variational parameters.

Table 2: Statistics of the datasets.

Evidence lower bound. Given the variational distribution q(W̃ , S |
ρ, π ), the ELBO can be derived as follows:


L = Eq log p(W̃ , S, R, X) − log q(W̃ , S | ρ, π )


Õ
=
Eq [log p(r (x) | rˆ(x))] − KL q(W̃ , S | ρ, π ) ∥ p(W̃ , S) ,
x ∈X

where Eq [·] stands for the expectation w.r.t. q(W̃ , S | ρ, π ). In the
ELBO, KL(q(W̃ , S | ρ, π ) ∥ p(W̃ , S)) can be analytically derived
(see Appendix A.1 for details). However, it is problematic to derive
Eq [log p(r (x) | rˆ(x))]. Therefore, we approximate the expectation
with Monte Carlo estimation as follows:
L
2
Õ
1ÕÕ 1
Eq [log p(r (x) | rˆ(x))] ≈
r (x) − rˆ(x)(l ) , (8)
L
2
l =1 x ∈X

x ∈X

where rˆ(x)(l ) is calculated by Eq. (3) with the l-th sampling W (l ) .
We write log p(r (x) | rˆ(x)(l ) ) as a Gaussian log-likelihood as we
assume r (x) to follow N (ˆr (x), 1) (Eq. (4) in §3.2).
Reparameterization. When sampling wui and wui j , we apply
the reparameterization trick [23]:
ϵ1, ϵ2 ∼ Uniform(0, 1), ε 1, ε 2 ∼ N (0, 1)
sui = Jϵ1 ≥ πui K
sui j = sui su j + (1 − sui su j )(sui + su j )Jϵ2 ≥ πui j K
w̃ i = µ i + ε 1 σi

(9)

wui = w̃ i · sui ,

By doing so, the stochasticity in the sampling
 process is isolated
and the gradient with respect to {µ i , σi } , µ i j , σi j can be backpropagated through the sampled wui and wui j . Unfortunately,
 the
above procedure fails to take the gradient of {πui } and πui j

due to the discrete nature of {sui } and sui j . We follow [51] by
marginalizing out the variable of interest (see Appendix A.2).
Faster inference. To further speed up the variational inference,
we factorize the variational parameter πui j as πui πu j . In this way,
we only need to preserve {πui } for each user, decreasing the learning parameters from O(md 2 ) to O(md). For w̃ i j , we introduce
feature embeddings V ∈ Rd ×k and replace the variational parameters for w̃ i j as follows:
σi j = σ (v i , v j ),

where µ(·) and σ (·) are the transformation functions, and v i , v j ∈
Rk are the embeddings for feature i, j, respectively. Note that we
can have different definitions for µ(·) and σ (·). Inspired by [17, 57],
we define the transformations as follows:
µ(v i , v j ) = µT fϕ (v i ◦ v j ),

σ (v i , v j ) = σ T fϕ (v i ◦ v j ),

#Item

#Feature

#Rating

MLHt
LastFM
Delicious

2,112
1,892
1,867

5,682
17,632
69,223

11,945
29,200
77,735

731,215
341,104
372,609

Prediction. Once the model has been trained, we can generate
predictions via point estimation in Eq. (11):
E [ˆr (x)] = bu +

d
Õ

E [wui ] x i +

i=1

d Õ
d
Õ



E wui j x i x j ,

(11)

i=1 j=i+1



where E [wui ] = πui µ i and E wui j = [πui πu j +(1−πui πu j )(πui +
πu j )πui πu j ]µ i j .

EXPERIMENTAL SETUP

We evaluate BP-FIS using the top-N recommendation task.

wui j = w̃ i j · sui j .

µ i j = µ(v i , v j ),

#User

estimating gradients of ρ and π are different, we propose to optimize
the variational parameter π and ρ alternatively. Specifically, at
iteration t, by fixing ρ (t −1) , we train π (t ) to update the probabilities
that a user will select the specific feature interactions. Then by
fixing π (t ) , rather than training ρ (t ) based on ρ (t −1) , we train ρ (t )
from scratch. This is because when π is updated, we will have
different user preferences of feature interactions, where ρ should
be optimized accordingly. As we have experimented, adapting ρ
fitting for π (t −1) to π (t ) could adversely bias the learning.

4

w̃ i j = µ i j + ε 2 σi j

Dataset

(10)

where ◦ is the element-wise product operation and fϕ (·) is the
transformation parameterized by ϕ, which transforms a vector from
Rk to Rh ; µ and σ are the vectors in Rh . Note that µ(·) and σ (·)
can be either linear transformations, e.g., fϕ (v) = v, or non-linear
transformations, e.g., fϕ (·) is a neural network. The variational
parameter for W̃ is ρ = {ϕ, µ, σ, V }.
Learning. We propose to learn BP-FIS via Stochastic Gradient
Variational Bayes (SGVB). As the reparameterization procedures for

4.1

Research questions

We seek to answer the following research questions: (RQ1) Does
P-FIS help to improve the performance of FMs on the top-N recommendation task? Specifically, how well does BP-FIS perform
against state-of-the-art FMs? (RQ2) How does the embedding size
impact the ability of BP-FIS to improve the performance of FMs?
(RQ3) How does the alternating optimization procedure affect the
performance of BP-FIS? (RQ4) How can BP-FIS provide explainability for the recommendations generated by the FMs?

4.2

Dataset

We use three benchmark recommendation datasets from HetRec [6]
in our experiments. Summary statistics are provided in Table 2.
• MovieLens Hetrec (MLHt) – Extends the MovieLens10M [16]
dataset.1 It links the movies of the MovieLens dataset with their
corresponding web pages at the Internet Movie Database (IMDb)2
and Rotten Tomatoes movie review systems.3 MLHt only contains
users with both rating and tagging information.
• LastFM – Contains social networking, tagging, and music artist
listening information from the Last.fm online music system.4
Each user has a list of most listened music artists, tag assignments,
and friend relations within the social network.
• Delicious – Contains social networking, bookmarking, and tagging information from the Delicious social bookmarking system.5
1 http://www.grouplens.org
2 http://www.imdb.com
3 http://www.rottentomatoes.com
4 http://www.last.fm
5 http://www.delicious.com

Each user has bookmarks, tag assignments, and contact relations
within the social network.
For MLHt, users rate each movie with stars, on a scale from 1 to 5.
We treat ratings of at least 3 as positive (r = 1 if rating ≥ 3) and treat
all other ratings as missing (r = 0) [20, 56]. For LastFM, we regard
user’s listening history of artists as implicit ratings, i.e., r = 1 if
the user listened to a song by the artist. Similarly for Delicious, we
regard the bookmarks added by the users as implicit ratings. The
side information of these datasets is utilized as additional features,
i.e., user tags, movie genres and social networks. Ratings with
less than 10 non-zero feature values are discarded. Therefore, our
statistics may slightly differ from the original datasets.

4.3

Baselines

To evaluate the effectiveness of BP-FIS, we provide two implementations, namely BP-FM and BP-NFM. They differ in the definition
of fϕ (·) in Eq. (10): fϕ (·) is an identify transformation for BP-FM
and a stack of fully connected network layers for BP-NFM. We implement BP-FM and BP-NFM using PyTorch.6 We compare BP-FM
and BP-NFM with the following baseline methods:
FM The Factorization Machine (FM) is originally proposed by Rendle [39]. The official implementation is specifically optimized for the
rating prediction task, whereas we evaluate the performance with
top-N recommendation metrics. Therefore, we provide a PyTorch
implementation of FM for a fair comparison.
SFM The Sparse Factorization Machine (SFM) is learns sparse firstand second-order interactions [37, 58, 62] study SFMs. We implement SFM, on top of the implementation of FM, to utilize general
features for top-N recommendation, where all feature embeddings
are penalized by group Lasso regularizations.
AFM The Attentional Factorization Machine (AFM) [57] learns
the importance of each feature interaction from data via an attention network. We utilize the tensorflow implementation7 of AFM
released by the authors in our experiments.
NFM The Neural Factorization Machines (NFM) [17] models higher-order interactions through neural networks, which is the stateof-the-art neural extension of factorization machines. We utilize
the tensorflow implementation8 of NFM released by the authors.

4.4

Evaluation

We adopt the leave-one-out evaluation, which has been widely used
in the literature [21, 36]. For each user, we randomly hold-out one
of her interactions as the test set and utilize the remaining data for
training. Since it is too time-consuming to rank all items for every
user during evaluation, we follow the common strategy [25, 28]
which randomly samples items that are not interacted with by the
user, ranking the test item among 100 items. The recommendation
quality is measured using Hit Rate (HR) and Average Reciprocal
Hit-Rank (ARHR). HR is defined as follows:
HR =

#Hit
,
#User

ARHR =

#Hit
1 Õ 1
,
#User i=1 pi

6 https://pytorch.org/
7 https://github.com/hexiangnan/attentional_factorization_machine
8 https://github.com/hexiangnan/neural_factorization_machine

where #User is the total number of users, and #Hit is the number
of users whose item in the test set is recommended (i.e., a hit) in
the size-N recommendation list. pi is the position of the item in the
ranked recommendation list, if an item of a user is among the list.
ARHR is a weighted version of HR and it measures how strongly
an item is recommended, in which the weight is the reciprocal of
the hit position in the recommendation list.

4.5

Implementation details

For a fair comparison, we have the following identical experimental
settings for all compared methods. (1) All models are optimized
using Adam [22]. Adam computes individual adaptive learning
rates for different parameters. Therefore, we do not need to tune
the learning rate. In practice, setting the initial learning rate as
0.001 provides a good default value. (2) All models are optimized
by the mean square loss, accounting for the fairness of comparison
and efficiency of training. (3) We hold-out ratings from the training
set for validation. We tune parameters of all methods and select the
ones with the best performance. (4) We set the maximum training
epochs to 50. We apply early-stop for all methods, where we stop
training if no further performance gain is observed for 4 successive
epochs. (5) Feature embeddings are randomly initialized according
to N (0, 0.01). (6) We tune the parameter k (the latent dimension of
feature embeddings) from 64, 128, 256.
For BP-FIS, we set π1 = π2 = 0.5 as we presume no prior knowledge about the selection. For the baselines, we follow the experimental settings in [17, 57] to tune parameters. We tune the ℓ2 norm regularization parameter for FM in 1e −6, 5e −6, . . . , 1e −1 . Similarly, we tune the ℓ2,1 -norm regularization parameter for SFM in
1e −6, 5e −6, . . . , 1e −1 . We use dropout for NFM and AFM. For NFM,
we fix the dropout rate of the hidden layers as 0.8 and tune the
dropout rate for Bi-interaction layer in 0.1, 0.2, . . . , 1.0. For AFM,
we use dropout for the embedding layer, which is searched from
0.1, 0.2, . . . , 1.0. As suggested by the author, we tune the ℓ2 -norm
regularization parameter for the attention layer in 0, 0.5, 1, 2, 4, 8, 16.
For the network structure of NFM and BP-NFM, we follow [17]
and set identical dimensions for hidden layers. According to [17],
NFM with one hidden layer generates the best performance. Therefore, we also use one hidden layer for NFM and BP-NFM in our
experiments. We use ReLU as the activation function.

5

EXPERIMENTAL RESULT AND ANALYSIS

We answer the research questions listed in §4.1 in four subsections.

5.1

RQ1: Results

We report the recommendation performance of all models in Table 3,
in terms of HR@1, HR@10 and ARHR@10. Table 3 shows that BPFM and BP-NFM consistently outperform the other methods. This
proves the effectiveness of BP-FIS for improving the performance
of both linear and non-linear FMs for top-N recommendation.
To answer RQ1, we analyze the results by separating the comparison between linear and non-linear models. Among linear models, SFM outperforms FM and AFM on the LastFM and Delicious
datasets. This supports the need for conducting FIS for FMs. However, SFM cannot always improve over FMs. It fails to beat FM on
MLHt. In contrast, BP-FM achieves improvements over FM on the

Table 3: Comparison of top-N recommendation methods.

Delicious

NFM
BP-NFM
FM
SFM
AFM
BP-FM
NFM
BP-NFM

0.1
0.01
2
–

–
–
0.1
–

64
64
64
128

0.6028
0.6052
0.4273
0.7070**

0.3398
0.3351
0.1969
0.3932**

–
–

0.2
–

256 0.2180 0.6257
128 0.2519** 0.6831**

0.3389
0.3814**

0.1
0.05
8
–

–
–
0.7
–

64
256
256
256

0.6403
0.6542
0.6126
0.6798**

0.3215
0.3449
0.3332
0.3581**

–
–

0.6
–

64 0.2150
256 0.2257

0.6798
0.6910

0.3563
0.3660

0.1
0.1
2
–

–
–
0.1
–

64
128
64
128

0.0202
0.0229
0.0274
0.0278

0.1147
0.1212
0.1169
0.1240**

0.0440
0.0465
0.0494
0.0509*

–
–

0.1
–

64 0.0229
128 0.0268

0.1065
0.1289**

0.0426
0.0504**

HR@1 HR@10 ARHR@10

0.1894
0.2118
0.2166
0.2209

Boldface scores indicate best results for linear and non-linear FMs on each
metric. We conducted two-sided tests for the null hypothesis that the best
and the second best have identical average values. ∗ and ∗∗ indicate that the
best score is significantly better than the second best score with p < 0.1
and p < 0.05, respectively.

k=128

k=256

0.20

HR@1

0.2371
0.2294
0.1138
0.2401*

0.15
0.10
0.05
0.00
0.6

HR@5

FM
SFM
AFM
BP-FM

k

0.4
0.2
0.0
AFM
FM
SFM
NFM
BP−FM
BP−NFM

0.6

HR@10

LastFM

NFM
BP-NFM

drop

0.4
0.2
0.0

ARHR@5

FM
SFM
AFM
BP-FM

λ

0.3
0.2
0.1
0.0
0.4

ARHR@10

MLHt

Method

k=64
0.25

0.3
0.2
0.1
0.0

same dataset. This shows that selecting or weighing a single set of
feature interactions for all users might overlook the personalization
over features, and conducting P-FIS is required. Except for HR@1
on LastFM and Delicious, the improvement achieved by BP-FM is
significant, especially HR@10 on MLHt, where BP-FM improves
FM by 17.286%. This demonstrates the efficacy of BP-FIS.
The comparison between non-linear models, i.e., NFM and BPNFM, shows similar results. BP-NFM steadily achieves better performance than NFM on all datasets and all metrics, which shows that
the improvement achieved by P-FIS is orthogonal to the non-linear
modeling of interactions.

Figure 3: Performance comparison w.r.t. different embedding sizes. ARHR@1 is actually HR@1.
increasing the embedding size for FMs. Interestingly, while BP-FM
performs better than BP-NFM for most metrics, the performance
gain achieved by BP-NFM is more remarkable on HR@1. Similar
performance levels are seen when k = 256, except that BP-NFM
does not outperform BP-FM. This might be because BP-NFM has
far more parameters than BP-FM when the embedding size is large,
which brings extra difficulty to avoid overfitting.

5.3
5.2

RQ2: Impact of embedding size

To answer RQ2, we analyze the performance of all models with
different embedding sizes. Specifically, we plot figures to show
results w.r.t. HR@1, HR@5, HR@10, ARHR@5 and ARHR@10 of
all models on the MLHt dataset, as shown in Figure 3. Generally,
we can see that BP-FM and BP-NFM achieve better a performance
than the other models. This demonstrates the robustness of BP-FIS
as it constantly improves the performance of FMs, regardless of the
embedding size and evaluation metric.
Specifically, for the setting k = 64, almost all models show a competitive performance. This is because the space for the performance
improvement is limited when k = 64 on the MLHt dataset. P-FIS has
insignificant effect on FMs due to the restricted embedding size. In
contrast, for the setting k = 128, while FM, SFM and NFM achieve
comparable results, BP-FM and BP-NFM significantly outperform
them. This means that the effect of P-FIS can be better expressed by

RQ3: Impact of training

To analyze alternative training procedure of BP-FIS, we show the
performance of BP-FM and BP-NFM after each iteration in Figure 4.
A general trend could be revealed by Figure 4 that the recommendation performance of both BP-FM and BP-NFM grows initially
and fluctuate successively. Although BP-NFM can mostly achieve
better performance than BP-FM, it also shows higher variation.
When k = 64, BP-FM outperforms BP-NFM w.r.t. HR@1 and
performs competitively with BP-NFM w.r.t. HR@5 and HR@10.
When k = 128, we can witness a relatively stable growth in BP-FM,
especially for HR@5 and HR@10. While a certain level of convergence can be witnessed for HR@5 and HR@10, BP-NFM still
fluctuates more than BP-FM during the training procedure. These
observations might suggest that the training of BP-FIS shows better
robustness for linear FMs than non-linear ones. BP-NFM is more
unstable in terms of HR@5 and HR@10 when k = 256, the performance of which drops sharpely during the 9-th iteration. Thus,

k=64

k=128

k=256

user 1

HR@1

0.225

user 2

user 3

a
b

0.200

cl

0.175

co

0.150
0.57

se

0.75
0.50
0.25
0.00

HR@5

f
sp
a b cl co f se sp

0.54
BP−FM
BP−NFM

0.51
0.48
0.45

HR@10

0.700
0.675

a b cl co f se sp

a b cl co f se sp

Figure 5: Visualization of second-order feature interaction
selection w.r.t. the case studies in Table 4. The color depth
corresponds to the probability of selecting the corresponding interaction. (a, b, cl, co, f, se, sp) are the abbreviations of
the features listed in Table 4.

0.650
0.625
0.600
0.575

0 1 2 3 4 5 6 7 8 910 0 1 2 3 4 5 6 7 8 910 0 1 2 3 4 5 6 7 8 910

epoch

Figure 4: Training procedure of BP-FM and BP-NFM on
LastFM dataset.
Table 4: Case study.
48 Hrs.
√
√
√
√

action (a)
buddy (b)
clever (cl)
comedy (co)
funny (f)
sequel (se)
special effects (sp)

Spider-Man
√

Lethal Weapon
√
√
√

√
√
√

True Lies
√
√
√
√

√
√

user 1
–
top-5
top-1
top-10
user 2
–
top-5
top-5
top-10
user 3
–
–
–
–
Ticks indicate whether a movie has the feature. We also indicate for each user
whether the movie is within the top-1, top-5 or top-10 recommendation.

more iterations do not help a lot for improving the performance but
might adversely harm the performance. Another observation is that
the training procedure of BP-FM and BP-NFM varies with different
embedding sizes. Training BP-FM and BP-NFM with k = 128 provides the most stable procedure. This shows that a proper selection
of embedding size can further extend the potential of BP-FIS.

Figure 5 shows the diverse selections of feature interactions
for the three users. All interactions are unlikely to be selected for
user 3. Therefore, the four movies sharing these features are not
recommended to her. In comparison, several interactions have high
probabilities to be selected for user 1 and user 2. Some interactions
are predictive for both users, e.g., (sequel, special effects), (comedy,
sequel), (buddy, comedy), and some are useful only for a specific
user, e.g., (action, buddy), (action, comedy), (action, sequel) for user
1 and (buddy, clever), (buddy, comedy) for user 2.
The commonality of feature interactions for user 1 and user
2 explains the recommendation of “Spider-Man” and “True-Lies”.
“Spider-Man” has (sequel, special effects) and “True-Lies” has (buddy,
commedy), which have been selected for both users. The personalization of feature interactions explains the recommendation of
“Lethal Weapon”. While the movie has the interaction (buddy, comedy) that was selected for both users, it also has the specific interaction (action, comedy) that is only selected for user 1. Therefore,
“Lethal Weapon” is the top-1 item for user 1 and the top-5 item for
user 2. On the other hand, “48Hrs.” is not recommended to any user.
Although the movie has (action, buddy) and (action, comedy) selected for user 1 or (buddy, clever) and (buddy, comedy) selected for
user 2, it has no interactions like (comedy, sequel) or (sequel, special
effects), which might account largely for the recommendation.
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6.1
5.4

RQ4: Explainability for recommendation

To answer RQ4, we provide a case study based on the experiments
on the MLHt dataset. We select four movies (“48 Hrs.”, “SpiderMan”, “Lethal Weapon” and “True Lies”) with seven shared features
(“action”, “buddy”, “clever”, “comedy”, “funny”, “sequel” and “special
effects”). We generate the recommendation results with BP-FM for
three users (“user 1”, “user 2” and “user 3”) and check if the four
movies are in the top-1, top-5 or top-10 list. The results are shown
in Table 4.
We also visualize the selection probability of second-order feature interactions (p(sui j = 1)) in Figure 5. The color depth indicates
how likely the corresponding feature interaction will be selected
for the user. The probability indicates the predictive power of the
feature interaction for the specific user.

RELATED WORK

In this section, we survey related work on factorization machines
and feature (interaction) selection, respectively.

Factorization machines

FMs have been widely studied and are commonly used in practical
systems for their effectiveness and flexibility. Early studies [39, 43]
show the generality of FMs. In contrast to Matrix Factorization
(MF) [47] or Tensor Factorization (TF) [44], which model interactions between categorical variables only, FMs provides a generic
way to model interactions between any real valued features. Rendle [39] show that FMs can mimic many of the most successful
factorization models (including MF, parallel factor analysis, and
SVD++ [25]).
Recently, successive variants of FMs have been developed [1,
4, 5, 19, 29, 30]. They have achieved promising performance in
different recommendation scenarios [17, 35, 37, 38, 60]. Juan et al.
[19] propose the Field-Aware Factorization Machine (FFM) to factorize the interactions of fields (the category of features). Blondel

et al. [4] present the Higher-Order Factorization Machine (HOFM),
which provides an efficient algorithm to train FMs with higherorder interactions. Besides rating prediction, FMs have also been
optimized for the top-N recommendation task. Yuan et al. [60] introduce Boosted Factorization Machiness (BoostFMs) to incorporate
contextual information into FMs for Context-Aware Recommendation (CAR) [33, 35, 43]. Xiao et al. [57] propose the Attentional
Factorization Machine (AFM), which uses an attention network to
learn the importance of each feature interaction. To investigate the
linear expressiveness limitation of FMs, He and Chua [17] propose
Neural Factorization Machiness (NFMs), which perform non-linear
transformations on the latent space of second-order feature interactions.
Despite the effectiveness of modeling various feature interactions, existing FM variants suffer from the high-dimensionality
issue which limits their application in high-dimensional scenarios.

6.2

Feature selection

An effective approach to alleviate the high-dimensionality issue of
FMs is feature selection. Cheng et al. [11] propose to select feature
interactions though a greedy interaction feature selection algorithm
based on gradient boosting. Xu et al. [58] apply group Lasso [61]
to user and item feature embeddings to select interactions between
user and item features. Zhao et al. [62] propose to select meta-graph
based features. Similarly, they also apply group Lasso for feature
selection. Mao et al. [31] propose to select context features for FMs.
They first choose features based on predictive power. Then, they
subsample the set of features selected in the first step.
Feature selection has also been well investigated for Featurebased Recommender Systems (FRSs), which often utilize high-dimensional auxiliary information. Ronen et al. [45] propose to select
content features. Their algorithm selects the most informative features by computing relevance scores based on pluggable feature
similarity functions. Koenigstein and Paquet [24] propose to select content features for Xbox movies by incorporating sparsity
priors on feature parameters. Different feature weighing methods
have also been proposed to select context features [63]. Li et al.
[27] study personalized feature selection for unsupervised learning;
they learn a specific model for each user, which is only applicable
with a limited number of users.
The differences between our method and the above methods are
at least three-fold. First, we target personalized feature interaction
selection, which better captures a user’s personalized preferences
over different features. Second, we provide a generic way to achieve
feature selection, which can be seamlessly integrated to different
FM variants. Third, we opt for Bayesian Variable Selection (BVS)
with spike and slab priors, rather than the sparsity induced regularizations that have previously been considered.
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CONCLUSION

We propose a Bayesian Personalized Feature Interaction Selection (BP-FIS) method to address the Personalized Feature Interaction Selection (P-FIS) task for Factorization Machines (FMs) in
this paper. BP-FIS fuses Hereditary Spike-and-Slab Prior (HSSP) to
achieve P-FIS while taking advantage of collaborative filtering. We
conduct variational inference and propose a Stochastic Gradient

Variational Bayes (SGVB) method to optimize BP-FIS. Experimental
results show that BP-FIS significantly improves the performance
of both linear and non-linear FMs. Further analytical experiments
show that: (1) BP-FIS is effective for both linear and non-linear
FMs; (2) BP-FIS is robust for performance gain, regardless of the
embedding size; and (3) it is preferable to train BP-FIS with a limited
number of iterations.
A limitation of BP-FIS is that it needs more time to train than
other FMs because we need to optimize the parameters specifically
for each user. In future work, we hope to improve BP-FIS in two
ways: (1) extend BP-FIS to higher-order interactions or multi-view
and multimodal factorizations [52, 54]; and (2) consider group-level
personalization by clustering users to speed up training.
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APPENDIX

A.1



Solution of KL q(W̃ , S | ρ, π ) ∥ p(W̃ , S)

d
d

 Õ
Õ
KL q(W̃ , S | ρ, π ) ∥ p(W̃ , S ) =
KL (q(w̃ i ) ∥ q(w̃ i ))
KL (q(sui ) ∥ p(sui )) +
i =1
d Õ
d
Õ

KL q(w̃ i j ) ∥ q(w̃ i j )

i =1 j=i +1

m
Õ

u=1


KL q(sui j | sui , su j ) ∥ p(sui j | sui , su j ) ,

u=1

where


1
1 + log σi2 − µ i2 − σi2 ,
2

 1 
1 + log σi2j − µ i2j − σi2j ,
KL q(w̃ i j ) ∥ p(w̃ i j ) =
2
πui
1 − πui
KL (q(sui ) ∥ p(sui )) = πui log
+ (1 − πui ) log
,
π1
1 − π1

KL q(sui j | sui , su j ) ∥ p(sui j | sui , su j ) =



1 − πui j
πui j
πui + πu j − 2πui j πui j log
+ (1 − πui j ) log
.
π2
1 − π2
KL (q(w̃ i ) ∥ p(w̃ i )) =

A.2


Taking gradients of {πui } and πui j

We follow [51] to take gradients specifically for discrete variables. To take the gradient
for πui , we marginalize out πui :

Eq [log p(r (x ) | r̂ (x ))] = πui Eq\ {sui } [log p(r (x ) | r̂ (x ), sui = 1)] +
(1 − πui )Eq\ {sui } [log p(r (x ) | r̂ (x ), sui = 0)] .
The gradient of log p(r (x ) | r̂ (x )(l ) \ {πui }) over πui is:

∇πui = Eq\ {sui } [log p(r (x ) | r̂ (x ), sui = 1)] −
Eq\ {sui } [log p(r (x ) | r̂ (x ), sui = 0)]
L
1 Õ
=
log p(r (x ) | r̂ (x )(l ) , sui = 1) − log p(r (x ) | r̂ (x )(l ) , sui = 0).
L
l =1

The gradient of πui j can be computed in a similarly way.

