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Recommender Systems are software tools and techniques 
providing suggestions for items to be of use  to a user
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Francesco, R., R. Lior, and S. Bracha. "Introduction to Recommender Systems 

Handbook, RecommenderSystems Handbook." (2011).
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Collaborative Filtering

Hey! I think T, M, L, 
and R are great.

I love M, L, and R!

Btw, B is AWESOME. 
You should try it.

OK, then you should 
also check T out 

sometime.

Make 
predictions  
by collecting 
preference 
information 
from users

Figure: https://www.youtube.com/watch?v=FSKIoPylEkM
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Discover shared latent 
factors  between users 
and items by 
decomposing user-item 
interaction matrix

Explore the relationships 
between users and items 
within a graph structure
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Collaborative Filtering

Figure: https://en.wikipedia.org/wiki/Collaborative_filtering

Latent Factor Model Graph-based Model
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¥ Bayesian Personalized Ranking (BPR)

¥ Weighted Approximate-Rank Pairwise (WARP) loss

¥ K-Order Statistic (K-OS) loss
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Related Works
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User-Item interaction matrix User latent factors Item latent factors

Pointwise

Pairwise
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I2 In

Latent Factor Model

¥ Matrix Factorization (MF)
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Graph-based Model

¥ PageRank

¥ ItemRank

¥ S-step random walk distribution (hitting time)

¥ Popularity-based Re-ranking (RP3(!)) (transition probability)
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Motivation
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Motivation: Problem

Latent Factor Model

¥ Only discriminate shallow observations within user-item 
interaction

Graph-based Model

¥ Explore higher-order proximities within graph, but unreached 
item will not be affect remotely

U1

I1

U2

Um

I2

In
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Park, Haekyu, Jinhong Jung, and U. Kang. "A comparative study of matrix 

factorization and random walk with restart in recommender systems.""Big 

Data (Big Data), 2017 IEEE International Conference on. IEEE, 2017.
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I1

U1 I2
In

Order = 2 for U2 through U1, 

because they share the same 
taste on I1
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HOP-Rec = Latent Factor Model + Graph-based model

¥ Order-aware objectives

¥ Latent factor based

Motivation: Hybrid

U1
I1

U2

Um

I2

In
Order = 1
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i1 i2 i3 i4

u1 1st 1st

u2 1st 1st

u3 1st 1st

i1 i2 i3 i4

u1 1st 1st 2nd 3rd

u2 2nd 1st 1st 2nd

u3 3rd 2nd 1st 1st

(c) (d)

(a) (b)

i1

u1

i2 i3 i4 i1

u1 u2

i2 i3

u3

i4

u2 u3
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Assumptions:

¥ The preference of unknown 
items could be estimated 
from indirect observations.

¥ The estimation should be 
ordered by the 
neighborhood proximities.

Motivation: Assumption 



CFDA & CLIP Labs !12

Model: Methodology

Objective function

L HOP =
!

1! k ! K
u, ( i,i ! )

graph model
" #$ %
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factorization model
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¥ Hybrid

F (! !
u ! i ! , ! !

u ! i ) = 1{ ! !
u ! i ! ! ! !

u ! i > " k } log [" (! !
u ! i ! ! ! !

u ! i )]

¥ Pairwise

i1 i2 i3 i4

u1 1st 1st

u2 1st 1st

u3 1st 1st

i1 i2 i3 i4

u1 1st 1st 2nd 3rd

u2 2nd 1st 1st 2nd

u3 3rd 2nd 1st 1st

(c) (d)

(a) (b)

i1

u1

i2 i3 i4 i1

u1 u2

i2 i3

u3

i4

u2 u3

¥ Optimization Flow

!  Sample path on graph

!  Optimize pairwise relationship 
between positive and negative 
items of different orders
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Three Stories
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Model: Details

Confidence model

L HOP =
!

1! k ! K
u, ( i,i ! )
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¥ Items discovered at 
different order should be 
distinguished from other 
negative items
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Order of proximity (k)

C = 1

C = 1/k
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Model: Details

Movielens-1M: Movie degree

U1

IHigh

Ilow

Ilow

Ilow

U2

¥For each user, probability  of 
sampling paths with high degree  
items will be low

L HOP =
!
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Christoffel, Fabian, et al. "Blockbusters and wallflowers: Accurate, 
diverse, and scalable recommendations with random walks.""Proceedings 
of the 9th ACM Conference on Recommender Systems. ACM, 2015.

Degree Sampling

HOP-Rec: High-Order Proximity for Implicit Recommendation RecSys Õ18, October 2Ð7, 2018, Vancouver, BC, Canada

these factorization and graph models, we build HOP-Rec, a united
framework that (1) captures high-order preference information in
a given user-item interaction matrix, and (2) scales to large-scale
real-world datasets by using random sur!ng on the corresponding
interaction graph. The objective of HOP-Rec is de!ned as

L HOP =
!

1! k ! K
u,(i , i ")

graph model
" !!!!!!!!!#$!!!!!!!!!%
C(k) E i #Pk

u
i "#PN

factorization model
" !!!!!!!!!!!!!!!!!#$!!!!!!!!!!!!!!!!!%
&
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'
! !

u ! i " , ! !
u ! i

()
+" ! $! $2

2 , (3)

wherePk
u (á)denotes thek-order probability distribution for an item

sampled from the walk sequenceSu (see De!nition 2),PN denotes a
uniform distribution by which an item is sampled from the set of all
items, andK denotes the maximum order modeled in our method.
The main idea behind the proposed method is the approximation of
high-order probabilistic matrix factorization by conducting random
walk (RW) with a decay factor for con!dence weightingC(k), where
0 < C(k) ! 1. Note that instead of factorizing the matrix directly by
matrix operations, which is not feasible for large-scale datasets, RW
approximation has been proved e"cient and accurate [3]. By doing
so, we not only smooth the strict boundary between observed and
unobserved items by introducing high-order preference informa-
tion, but also make our method scalable to large-scale real-world
datasets.

Speci!cally, we !rst introduce RW to explore the interaction
graphG with respect to each useru; for a given walk sequence
starting fromu:Su = (u, i1,u1, . . . ,uk%1, ik , . . .), itemik with order
k that useru potentially prefers (i.e., useruÕsk-th-neighbor item)
is sampled. In addition, as the degree of usersU and itemsI are
usually power-law distributed in real-world datasets, most of the
sampled paths are with low degree users and items when we apply
uniform sampling. To take this into consideration, we utilize degree
sampling in our RW procedure; that is, for each step in RW sam-
pling, we sample users and items with probabilities& de#(u),de#(i ),
respectively. Therefore, forx ' U and$ ' I (or x ' I and$ ' U),
the probability of sampling ak-th order neighbor vertex$ for x can
be derived as

pk
x ($) =

*+++++,

+++++
-

ax ! de! (" ).
! " ax ! "de! (" ") if k = 1 andx ' U,
a! x de! (" ).

! " a! "x de! (" ") if k = 1 andx ' I ,

p1
x (%)pk%1

# (&)p1
$($) if k > 1,

(4)

wherede#(x) stands for the degree ofx, and%(&) denotes the next
node ofx (the previous node of$) in the walk. Note that asG is a
user-item bipartite graph, ifx ' U (x ' I ), then$,$" ' I ($,$" ' U,
respectively) fork = 1, and the absolute transition probability
from x to $ can be approximated by RW with various paths from
x to $, which simpli!es the cumulative process of counting all the
probabilities of intermediate nodes%, &.

Additionally, the con!dence weighting parameterC(k) is in-
troduced to discriminate the strength between di#erent orders of
proximity. Inspired from the studies in [5, 12], we weight thek-
order proximity by a decay factorC(k) = 1/ k, and we update Eq. (3)
with di#erent orders of neighborhood items (i.e.,k = 1,2, . . . ,K)
simultaneously. With this perspective, we enrich the originally
sparse graph by inferring high-order proximity from user-item
interactions.

Finally, the ranking objective function is composed with an indi-
cator function and a pairwise logistic loss, and we thus de!neF in
Eq. (3) as

F (! !
u ! i " , ! !

u ! i ) = 1 {%!
u %i "%%!

u %i >&k } log
&
'

'
! !

u ! i " %! !
u ! i

()
, (5)

where1B denotes the indicator function for conditionB and(k is
an order-aware margin set to( / k. Note that itemi " is uniformly
sampled from the set of all items as we assume a simpli!ed uni-
form distribution PN for less preferred items; this assumption is
reasonable since the preferred (observed) items are usually far out-
numbered by less preferred (unobserved) items for each user in
many real-world scenarios.

The objective in Eq. (3) is minimized using asynchronous sto-
chastic gradient descent (ASGD) [11].

3 EXPERIMENTS
3.1 Datasets and Preprocessing
To examine the capability and scalability of HOP-Rec, we conduct
experiments on four publicly available datasets that vary in terms
of domain, size, and sparsity, as shown in Table 1. For each of the
datasets, we discard those users and items with fewer than5 associ-
ated interactions. In addition, we preprocess the interaction records
for each dataset to simulate implicit binary feedback from users:
1) for the Amazon-book and MovieLens datasets, which contain
explicit rating records, we transform ratings higher than 4 to 1 and
the rest to 0 [10]; 2) for the CiteUlike dataset, no transformation is
conducted as it is a binary preference dataset.

Table 1: Datasets

Dataset CiteUlikea MovieLens-
1Mb

MovieLens-
20Mb

Amazon-
Bookc

Users (|U |) 3,527 6,034 136,674 449,475
Items (|I |) 6,339 3,125 13,680 292,65
Feedback (|E|) 77,546 574,376 9,977,451 6,444,944
Density 0.347% 3.046% 0.534% 0.005%

a http://www.wanghao.in/data/ctrsr_datasets.rar
b https://grouplens.org/datasets/movielens
c http://jmcauley.ucsd.edu/data/amazon

3.2 Baseline Methods
Matrix Factorization (MF) [8]. MF is a well developed and

commonly used technique for user-item recommendation. In the
experiments, we use theimplicit library,3 which implements MF
with an alternating least-square learning method [7].

Bayesian Personalized Ranking (BPR) [14]. BPR extends
the pointwise method, MF, by incorporating pairwise ranking loss
for personalized recommendations.

Weighted Approximate-Rank Pairwise (WARP) loss [17,
18]. WARP is an approximated approach to estimating the rank
function e"ciently, the main idea of which is to weigh pairwise
violations depending on their position in the ranked list.

3https://github.com/benfred/implicit

¥Balanced by increase probability of 
sampling high degree items
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Model: Details

Negative sampling

¥For each user, most  items 
are not rated  (negative) 
rather rated (positive)

¥We uniformly  draw 
negative items from all 
items

U
se

r

Item

Movielens-1M: User degree

L HOP =
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graph model
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To predict whether user U m interact with item I n
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Experiment: Implicit Feedback
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Datasets
Table 1: Datasets

Dataset CiteUlike a MovieLens-
1Mb

MovieLens-
20Mb

Amazon-
Bookc

Users (|U|) 3,527 6,034 136,674 449,475
Items ( |I |) 6,339 3,125 13,680 292,65
Feedback (|E |) 77,546 574,376 9,977,451 6,444,944
Density 0.347% 3.046% 0.534% 0.005%
a http://www.wanghao.in/data/ctrsr_datasets.rar
b https://grouplens.org/datasets/movielens
c http://jmcauley.ucsd.edu/data/amazon
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Performance comparison
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Experiment: Evaluation

RecSys Õ18, October 2Ð7, 2018, Vancouver, BC, Canada Jheng-Hong Yang, Chih-Ming Chen, Chuan-Ju Wang, and Ming-Feng Tsai

Table 2: Performance comparison

CiteUlike MovieLens-1M MovieLens-20M Amazon-Book

P@10 R@10 MAP@10 P@10 R@10 MAP@10 P@10 R@10 MAP@10 P@10 R@10 MAP@10

MF 4.1% 13.1% 6.7% 17.7% 13.1% 11.7% 14.9% 14.0% 11.3% 0.7% 3.7% 1.4%
BPR 3.8% 14.2% 6.4% 18.1% 13.2% 12.5% 13.3% 14.3% 10.4% 1.0% 5.3% 2.5%
WARP 5.4% 18.3% 9.1% 24.8% 18.5% 18.5% 20.7% 21.4% 17.2% 1.4% 7.6% 3.2%
K-OS 5.6% 19.4% 9.5% 23.0% 17.3% 16.4% 19.6% 20.5% 15.7% 1.5% 7.9% 3.5%
RP3(! ) 5.9% 21.2% 3.2% 22.8% 17.2% 14.2% 17.3% 19.4% 10.3% - - -
HOP 5.9% 21.3% *10.8% *25.9% *20.5% *19.6% *21.2% *22.3% *17.9% 1.5% 7.9% *3.6%

%Improv. 0.0% 0.5% 13.7% 4.4% 10.8% 5.9% 2.4% 4.2% 4.1% 0.0% 0.0% 2.9%

K-Order Statistic ( K-OS) loss [19]. K-OS generalizes WARP
by taking into account the set of positive examples during optimiza-
tion, whereK denotes the number of positive samples considered;
note thatK-OS degenerates to WARP whenK = 1.

For the above three methods, we use thelightfm [9] library,4 to
conduct the experiments.

Popularity-based Re-ranking (RP 3(�)) [1]. This method serves
as a strong baseline method among the various graph-based meth-
ods. The method re-weights the ranking score proposed in [2] by
moderating in!uence from blockbusters (high degree items). Eval-
uation of this method was carried out using the original library
provided by the authors.5

3.3 Evaluation and Settings
For the top-N recommendations, we used the following three com-
mon evaluation metrics [6, 10]: (1) precision@N, (2) recall@N, (3)
MAP@N. For each dataset, we randomly divided the binary inter-
action matrix into two parts: 80% as the training set and 20% as the
testing set; the reported performance was averaged over 20 repe-
titions. Apart fromRP3(! ), the pure graph-based method, which
takes the transition probability as its ranking score, the dimension of
latent factorsd was "xed at120; in addition, all factorization-based
methods together with the proposed HOP-Rec used the dot product
of two latent factors as the scoring function. Other thand, all other
hyperparameters for the compared methods were selected based
on MAP using grid search with the testing set at the "rst time of
evaluation. For the proposed HOP-Rec, we searched the best order
K from 1 to 3 and sample timesT from 60 to 1,200 million for dif-
ferent dataset sizes (bestT: 90/60/300/800 for CiteUlike/MovieLens-
1M/MovieLens-20M/Amazon-Book);"u for all u ! U and" i for
all i ! I were uniformly initialized within the range of±0.5/d,
and# = 1 (see Eq. (5)). Recall thatK denotes the maximum order
modeled in our method.

3.4 Quantitative Analysis
Table 2 compares the performance of the proposed HOP-Rec with
the other "ve baseline methods, in which" denotes statistical sig-
ni"cance atp < 0.01(pairedt -test) with respect to all baselines
and%Improv.denotes the percentage improvement of the proposed
method with respect to the best baseline performance. Note that
resource limitations with the original library hindered ourRP3(! )
experiments on Amazon-Book. As shown in the table, we observe
4https://github.com/lyst/lightfm
5https://github.com/faberchri/MyMediaGraph

Figure 2: Sensitivity analysis with respect to K

that WARP, K-OS, andRP3(! ) serve as strong baseline methods as
there is a clear performance gap between them and MF and BPR,
the other two methods.

Observe from Table 2, the proposed HOP-Rec generally yields
performance superior or comparable to the "ve baseline meth-
ods. Speci"cally, our method signi"cantly outperforms all of the
other state-of-the-art methods in terms of MAP@10 (CiteUlike,
MovieLens-1M, MovieLens-20M, and Amazon-Book), Recall@10
(CiteUlike, MovieLens-1M, and MovieLens-20M), and Precision@10
(both MovieLens datasets).

To further examine the e#ectiveness of the high-order proximity
modeled in HOP-Rec, we evaluated the performance with respect
to the parameterK, the results of which are illustrated in Figure 2.
The results show that the performance of HOP-Rec bene"ted from
incorporating high-order proximity, though for the largest dataset,
Amazon-Book, the performance drops whenK = 3.

4 CONCLUSION AND FUTURE WORK
We present HOP-Rec, a uni"ed and e$cient method of factorization
and graph models that captures high-order information within a
simple user-item interaction matrix. The e#ectiveness of the method
is attested by experiments on four large-scale real-world datasets,
the results of which suggest that incorporating high-order proxim-
ity with factorization model is promising for general top-N implicit
recommendation problems.
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Experiment: Evaluation
K-order sensitivity
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Table 2: Performance comparison
CiteUlike MovieLens-1M MovieLens-20M Amazon-Book

P@10 R@10 MAP@10 P@10 R@10 MAP@10 P@10 R@10 MAP@10 P@10 R@10 MAP@10

MF 4.1% 13.1% 6.7% 17.7% 13.1% 11.7% 14.9% 14.0% 11.3% 0.7% 3.7% 1.4%
BPR 3.8% 14.2% 6.4% 18.1% 13.2% 12.5% 13.3% 14.3% 10.4% 1.0% 5.3% 2.5%
WARP 5.4% 18.3% 9.1% 24.8% 18.5% 18.5% 20.7% 21.4% 17.2% 1.4% 7.6% 3.2%
K-OS 5.6% 19.4% 9.5% 23.0% 17.3% 16.4% 19.6% 20.5% 15.7% 1.5% 7.9% 3.5%
RP3(! ) 5.9% 21.2% 3.2% 22.8% 17.2% 14.2% 17.3% 19.4% 10.3% - - -
HOP 5.9% 21.3% *10.8% *25.9% *20.5% *19.6% *21.2% *22.3% *17.9% 1.5% 7.9% *3.6%

%Improv. 0.0% 0.5% 13.7% 4.4% 10.8% 5.9% 2.4% 4.2% 4.1% 0.0% 0.0% 2.9%

K-Order Statistic (K-OS) loss [19]. K-OS generalizes WARP
by taking into account the set of positive examples during optimiza-
tion, where K denotes the number of positive samples considered;
note that K-OS degenerates to WARP when K = 1.

For the above three methods, we use the lightfm [9] library,4 to
conduct the experiments.

Popularity-basedRe-ranking (RP3(�)) [1]. Thismethod serves
as a strong baseline method among the various graph-based meth-
ods. The method re-weights the ranking score proposed in [2] by
moderating in�uence from blockbusters (high degree items). Eval-
uation of this method was carried out using the original library
provided by the authors.5

3.3 Evaluation and Settings
For the top-N recommendations, we used the following three com-
mon evaluation metrics [6, 10]: (1) precision@N , (2) recall@N , (3)
MAP@N . For each dataset, we randomly divided the binary inter-
action matrix into two parts: 80% as the training set and 20% as the
testing set; the reported performance was averaged over 20 repe-
titions. Apart from RP3(�), the pure graph-based method, which
takes the transition probability as its ranking score, the dimension of
latent factors d was �xed at 120; in addition, all factorization-based
methods together with the proposed HOP-Rec used the dot product
of two latent factors as the scoring function. Other than d, all other
hyperparameters for the compared methods were selected based
on MAP using grid search with the testing set at the �rst time of
evaluation. For the proposed HOP-Rec, we searched the best order
K from 1 to 3 and sample timesT from 60 to 1,200 million for dif-
ferent dataset sizes (bestT : 90/60/300/800 for CiteUlike/MovieLens-
1M/MovieLens-20M/Amazon-Book); �u for all u ! U and �i for
all i ! I were uniformly initialized within the range of ±0.5/d,
and � = 1 (see Eq. (5)). Recall that K denotes the maximum order
modeled in our method.

3.4 Quantitative Analysis
Table 2 compares the performance of the proposed HOP-Rec with
the other �ve baseline methods, in which " denotes statistical sig-
ni�cance at p < 0.01 (paired t -test) with respect to all baselines
and %Improv. denotes the percentage improvement of the proposed
method with respect to the best baseline performance. Note that
resource limitations with the original library hindered our RP3(�)
experiments on Amazon-Book. As shown in the table, we observe
4https://github.com/lyst/lightfm
5https://github.com/faberchri/MyMediaGraph

Figure 2: Sensitivity analysis with respect to K

that WARP, K-OS, and RP3(�) serve as strong baseline methods as
there is a clear performance gap between them and MF and BPR,
the other two methods.

Observe from Table 2, the proposed HOP-Rec generally yields
performance superior or comparable to the �ve baseline meth-
ods. Speci�cally, our method signi�cantly outperforms all of the
other state-of-the-art methods in terms of MAP@10 (CiteUlike,
MovieLens-1M, MovieLens-20M, and Amazon-Book), Recall@10
(CiteUlike, MovieLens-1M, and MovieLens-20M), and Precision@10
(both MovieLens datasets).

To further examine the e�ectiveness of the high-order proximity
modeled in HOP-Rec, we evaluated the performance with respect
to the parameter K, the results of which are illustrated in Figure 2.
The results show that the performance of HOP-Rec bene�ted from
incorporating high-order proximity, though for the largest dataset,
Amazon-Book, the performance drops when K = 3.

4 CONCLUSION AND FUTUREWORK
We present HOP-Rec, a uni�ed and e�cient method of factorization
and graph models that captures high-order information within a
simple user-item interactionmatrix. The e�ectiveness of themethod
is attested by experiments on four large-scale real-world datasets,
the results of which suggest that incorporating high-order proxim-
ity with factorization model is promising for general top-N implicit
recommendation problems.
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Take-home Messages

¥ We demonstrate an approach that combines both 
representative CF-based methods

¥ High-order information within user-item interaction matrix is 
helpful for implicit recommendation
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Conclusion
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Future Works

¥ Conduct comprehensive study on walking strategies

¥ Extend HOP-Rec to explicit feedback problems

¥ Examine other metrics: diversity

¥ Develop more efficient negative sampling strategy

¥ Develop other forms of confidence model
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Conclusion
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Thanks!
I am Jheng-Hong Yang

You can find me at:
jhyang@citi.sinica.edu.tw
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