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Abstract

Data sparsity is a major problem for collaborative filtering
(CF) techniques in recommender systems, especially for new
users and items. We observe that, while our target data are
sparse for CF systems, related and relatively dense auxiliary
data may already exist in some other more mature application
domains. In this paper, we address the data sparsity problem
in a target domain by transferring knowledge about both users
and items from auxiliary data sources. We observe that in
different domains the user feedbacks are often heterogeneous
such as ratings vs. clicks. Our solution is to integrate both
user and item knowledge in auxiliary data sources through
a principled matrix-based transfer learning framework that
takes into account the data heterogeneity. In particular, we
discover the principle coordinates of both users and items in
the auxiliary data matrices, and transfer them to the target
domain in order to reduce the effect of data sparsity. We
describe our method, which is known as coordinate system
transfer or CST, and demonstrate its effectiveness in allevi-
ating the data sparsity problem in collaborative filtering. We
show that our proposed method can significantly outperform
several state-of-the-art solutions for this problem.

Introduction

Collaborative Filtering (CF) (Resnick et al. 1994) was pro-
posed to predict the missing values in an incomplete ma-
trix, i.e. user-item rating matrix. A major difficulty in CF is
the data sparsity problem, because most users can only ac-
cess a limited number of items. This is especially true for
newly created online services, where overfitting can easily
happen when we learn a model, causing significant perfor-
mance degradation.

For a typical recommendation service provider such as
movie rental services, there may not be sufficient user-item
rating records of a new customer or a new product. Math-
ematically, we call such data sparse, where the useful in-
formation is scattered and few. Using these data matrices
for recommendation may result in low-quality results due to
overfitting. To address this problem, some service providers
turn to explicitly ask the newly registered customers to rate
some selected items, such as some most sparsely rated jokes
in a joke recommender system (Nathanson, Bitton, and
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Goldberg 2007). However, methods like this may degrade
the customer’s experience and satisfaction with the system,
or even cause the customer churn if the customer is pushed
too much. Other methods, such as those that make use of
the implicit user feedbacks (Hu, Koren, and Volinsky 2008),
may produce good results, but still rely on tracking the users’
behavior on the products to be predicted continuously.

More recently, researchers have introduced transfer learn-
ing methods for solving the data sparsity problem (Singh
and Gordon 2008), (Li, Yang, and Xue 2009a), (Li, Yang,
and Xue 2009b). These methods are aimed at making use
of the data from other recommender systems, referred to
as the auxiliary domain, and transfer the knowledge that
are consistent in different domains to the target domain.
(Phuong and Phuong 2008) proposed to apply multi-task
learning to collaborative filtering, but their studied prob-
lem was different, as it does not consider any auxiliary
information sources. Instead, it formulates a multiple bi-
nary classification problem in the same CF matrix, one
for each user. For the transfer learning methods, (Singh
and Gordon 2008) uses common latent features when fac-
torizing multiple matrices and (Li, Yang, and Xue 2009a;
2009b) consider the cluster-level rating patterns as poten-
tial candidates to be transferred from the auxiliary domain.
However, there are two limitations of these methods due
to certain assumptions that are often not met in practice.
Firstly, they require the user preferences expressed in the
auxiliary and target domains to be homogeneous such as
a common rating scale of 1-5. In practice, the data from
the auxiliary domain may not be ratings at all but im-
plicit feedbacks, such as user click records, represented as
0/1. Secondly, methods like (Li, Yang, and Xue 2009a;
2009b) assume that both users and items in an auxiliary data
source are related to the target data, while in practice it is
often much easier to find an auxiliary data source with ei-
ther similar users or similar items but not both. For exam-
ple, there exist complementary systems such as LaunchCast
and Youtube serving different content (music vs. video) to
the same users or competitive services such as Amazon and
Barnes&Nobel selling similar products to different users.

In this paper, we propose a principled matrix factoriza-
tion based framework named as coordinate system transfer
(CST) for transferring both user and item knowledge from
an auxiliary domain. In designing the CST algorithm, we



R(l) (user side)

R(z) (item side)

1[ofo]1]o]o

o[1]oJo oo

ofofo]1]1]0
ofoft]o1]1

B

N e ey e e )

clululw|o|lw

?
3
1
5
?
?

ol =]=]=

o e e e S

ool =|e]e

R (target)

Figure 1: Illustration of the Two-Sided Transfer Learning Method (Coordinate System Transfer) in a 2-D plane.

have to overcome the aforementioned limitations of existing
methods. First, we have to decide how to integrate the het-
erogeneous forms of user feedbacks, which are explicit rat-
ings in the target domain and implicit feedbacks in the aux-
iliary domain. Second, we must incorporate both the user
and item knowledge from the auxiliary domain in a flexible
way. We observe that these two challenges are related to
each other, and are similar to the two fundamental problems
in transfer learning; that is, in deciding what to transfer and
how to transfer in transfer learning (Pan and Yang 2009).
Our main idea is to discover the common latent informa-
tion which is shared in both auxiliary and target domains.
Although the user feedbacks in auxiliary and target domains
may be heterogeneous, we find that for many users, their
latent tastes which represent their intrinsic preference struc-
ture in some subspace are similar. For example, for movie
renters, their preferences on drama, comedy, action, crime,
adventure, documentary and romance expressed in their ex-
plicit rating records in the target domain, are similar to that
in their implicit click records on other movies in an auxiliary
domain. We assume that there is a finite set of tastes, re-
ferred to as principle coordinates, which characterize the do-
main independent preference structure of users and thus can
be used to define a common coordinate system for represent-
ing users. On the other hand, we can have another coordinate
system for representing items’ main factors, i.e. director, ac-
tors, prices, 3ds Max techniques, etc. In the proposed solu-
tion CST, we first use sparse matrix tri-factorization on the
auxiliary data to discover the principle coordinates for con-
structing the coordinate systems for users and items, which
answers the question of what knowledge to transfer. We then
use a novel regularization technique in order to adapt the
coordinate systems for modeling target domain data, which
addresses the problem of how to transfer the knowledge.

Our Solution: Coordinate System Transfer

Problem Formulation

We use boldface uppercase letters, such as Y, to denote ma-
trices, and Y., Y., yu; to denote the uth row, ¢th column
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and the entry located at (u, ) of Y, respectively. I denotes
the identity matrix of appropriate dimension.

In our problem setting, we have a target domain where we
wish to solve our CF problem. In addition, we also have an
auxiliary domain which is similar to the target domain. The
auxiliary domain can be partitioned into two parts: a user
part and an item part, which share common users and items,
respectively, with the target domain. We call them the user
side and item side, respectively.

We use n as the number of users and m the number of
items in the target domain, and we use R € S™*"" as the
observed sparse rating matrix, where S is the set of observed
user feedbacks, i.e. S = {1,2,3,4,5}. Here, ry; € Sis
the rating given by user w on item i. Y € {0,1}"*™ is the
corresponding indicator matrix, with y,; = 1 if user u has
rated item ¢, and y,,; = 0 otherwise.

For the auxiliary domain, we use R(Y), R to denote
data matrices from auxiliary data sources that share common
users and items with R, respectively. The sets of observed
user feedbacks, S, S, of the two data matrices are often
not the same as S of the target domain, i.e. S() = S2) =
{0,1} . Our goal is to make use of R"), R(?) to help predict
the missing values in R, which is illustrated in Figure 1.

Coordinate System Transfer: Our Two-sided
Transfer Learning Solution

In our solution, known as coordinate system transfer or CST,
we first discover an auxiliary domain subspace where we can
find some principle coordinates. These principle coordinates
can be used to bridge two domains, and ensure knowledge
transfer. Our algorithm is shown in Algorithm 1, which is
described in two major steps, as described below.

Step 1: Coordinate System Construction

In step 1, we first find the principle coordinates of the auxil-
iary domain data. The principle coordinates in a CF system
can be obtained via Singular Value Decomposition (SVD)
on a full-rating matrix, if we ask every newly joined user
to rate those system selected items. Typically, each princi-



ple coordinate represents a semantic concept related to the
user’s taste or item’s factor. However, both our auxiliary
and target domain data are represented by sparse matrices
instead of full matrices, as many rating values are missing.
Hence, we use the sparse SVD (Buono and Politi 2004) on
auxiliary data R() § = 1,2,

||Y(i) ® (R(i) _ U(i)B(i)V(i)T)H%

min
U@ v B

ey
where B() = diag(a%l), o
matrix, cr%l) > aéz) > .. > al(;) > 0 are eigenvalues, and
UOTU® = 1, vOTV{) = T ensures that their columns
are othornomal. Note that each column of U®), V() rep-
resents a semantic concept; i.e. user taste (Nathanson, Bit-
ton, and Goldberg 2007) in collaborative filtering or doc-
ument theme (Deerwester et al. 1990) in information re-
trieval. Those columns are the principle coordinates in the
low-dimensional space, and for this reason, we call our ap-
proach the coordinate system transfer.
Definition (Coordinate System) A coordinate system is a
matrix with columns of orthonormal bases (principle coor-
dinates), where the columns are located in descending order
according to their corresponding eigenvalues.

Figure 1 shows two coordinate systems in the auxiliary
domain, one for users and the other for items. We represent
these two coordinate systems using two matrices as,

Uy =UD vy =Vv® 2)

where the matrices U("), V() consist of top d principle co-
ordinates from (1).

algi), ce ac(li)) is a diagonal

Step 2: Coordinate System Adaptation

In Step 2 of the CST algorithm (Algorithm 1), we adapt the
principle coordinates discovered in the previous step to the
target domain.

After obtaining the coordinate systems from the auxiliary
data R R the latent user tastes and item factors are
captured by the coordinate systems and can be transferred
to the target domain R.. In the target domain, we denote the
two coordinate systems as U, V for users and items, respec-
tively, which are also required to be orthonomal according
to the definition of coordinate system, that is UTu =1,
VTV = I. Instead of requiring the two coordinate systems
from the auxiliary domain and target domain to be exactly
the same, i.e. U = Uy, V = V|, we relax this requirement
and only require them to be similar. We believe that though
two domains are related, the latent user tastes and item fac-
tors in two domains can still be a bit different due to the
domain specific contexture, i.e. advertisements or promo-
tions on the service provider’s website. Hence, we replace
the constraint U = Ug, V = V|, with two additional regu-
larization terms ||U — Uy||%, ||V — Vo ||%.

Further, in order to allow more freedom of rotation and
scaling, we adopt the tri-factorization method (Ding et al.
2006), (Long et al. 2007), and allow the rating matrix to be
factorized into three parts, one for the user side coordinate
system U, a second part for the item side coordinate system
'V, and the third part B to allow rotation and scaling between
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Algorithm 1 CST: Coordinate System Transfer.

Input: The training data R, the auxiliary data R(Y), R(?)
Output: U, V, B.
Step 1. Apply sparse SVD on auxiliary data R("), R(?),
and obtain two principle coordinate systems Uy = UM,
Vo = V@), Initialize the target coordinate systems with
U=U,V =V,
repeat
Step 2.1. Fix U, V, and estimate B from |[Y ® (R —
UBVT)|| = 0 (Keshavan, Montanari, and Oh 2010).
Step 2.2. Fix B, and update U, V via alternative gradi-
ent descent method on Grassmann manifold (Edelman,
Arias, and Smith 1999), (Buono and Politi 2004).
until Convergence

the two coordinate systems. Note that the problems in (Ding
et al. 20006), (Long et al. 2007) are quite different from ours,
as they require that U, V are non-negative, R is full, and
(Long et al. 2007) even requires U = V in clustering.

We obtain the following optimization problem for CST
formulation,

min_[|Y ® (R - UBVT)||
U,V,B

+ 21U = olfp + BV = Vo7 3

st. U'U=LV'V=I
where B is different from B(* in (1), as it is not required to
be diagonal, but can be full, and the effect of B is not only
scaling as that of B("), bur also rotation when fusing two co-
ordinate systems via UBVT, and hence more flexible than
two-part factorization. After we learn U, V, B, each miss-
ing entry r,; in R can be predicted via UU:BVZ-:T, where U,,.,
V. are the user u’s latent tastes and item ¢’s latent factors,
respectively. The tradeoff parameters p,, and p, represent
the confidence on the auxiliary data. When p,,, p, — 00,
(U,V) = (U, Vy), it means that the two latent coordi-
nate systems are exactly the same in two domains. When
pu = pv = 0, (3) reduces to the spectral matrix comple-
tion method named OptSpace (Keshavan, Montanari, and
Oh 2010), which means that we do not make use of any
auxiliary knowledge; instead, we achieve matrix completion
with the observed ratings of the target domain data only.
Finally, the optimization problem can be solved efficiently
via an alternative method, by (a) fixing U, V, where the
inner matrix B can then be solved analytically (Keshavan,
Montanari, and Oh 2010), and (b) fixing B, where U, V can
be alternatively solved on the Grassman manifold through
a projected gradient descent method (Edelman, Arias, and
Smith 1999), (Buono and Politi 2004). The complete two-
sided transfer learning solution is given in Algorithm 1.
The alternative method used in Algorithm 1 monotoni-
cally decreases the objective function (3), and hence en-
sures convergence to local minimum. The time complexity
of CST and other baseline methods are reported in Table 2,
where £ is the iteration number, p(p > n,m) is the num-
ber of non-zeno entries in the rating matrix R, and d is the



number of of latent features. Note, d and k are usually quite
small, i.e. d < 20, k < 50 in our experiments.

Experimental Results
Data Sets and Evaluation Metrics

We evaluate the proposed method using two movie rating
data sets Netflix! and MovieLens?. The Netflix rating data
contains more than 10® ratings with values in {1,2, 3,4, 5},
which are given by more than 4.8 x 10° users on around 1.8 x
10* movies. The MovieLens rating data contains more than
107 ratings with values in {1,2,3, 4, 5}, which are given by
more than 7.1 x 10% users on around 1.1 x 10* movies. The
data set used in the experiments is constructed as follows,

e we first randomly extract a 10* x 10* dense rating matrix
R from the Netflix data, and take the sub-matrices R =
M1~5000,1~5000 as the target rating matrix, and RO =
M1~5000,5001~10000 as the user side auxiliary data, so that
R and R share only common users but not common
items;

e we then extract an item side auxiliary data R(?) of size
5000 x 5000 from the MovieLens data by identifying
the movies appearing both in MovieLens and Netflix.
Clearly, R and R(® share only common items but no
users;

e finally, to simulate heterogenous auxiliary and target do-
main data, we adopt the pre-processing approach (Sind-
hwani et al. 2009) on R(M), R by relabeling 1,2, 3
ratings in R(M), R(?) as 0, and then 4, 5 ratings as 1.

In all of our experiments, the target domain rating set from

R is randomly split into training and test sets, Tr,7Tx,

with 50% ratings, respectively. Tr,Tr C {(u,i,ry;) €

NxNx{1,2,3,4,5}1 <u<n,1 <i<m}. Tgiskept

unchanged, while different number of observed ratings for

each user, 10, 20, 30, 40, are randomly picked from 7' for

training, with different sparsity levels of 0.2%, 0.4%, 0.6%,

0.8% correspondingly. The final data set used in the experi-

ments is summarized in Table 1.

Table 1: Description of target and auxiliary data (all matrices
are of size 5000 x 5000).

Data set Form | Sparsity

R target (training) 1-5 <1.0%
target (test) 1-5 11.3%

R™  auxiliary (user side) | 0/1 10.0%
R® auxiliary (item side) | 0/1 9.5%

We adopt two evaluation metrics: Mean Absolute Error
(MAE) and Root Mean Square Error (RMSE),

MAE = > Irui = fuil/|TEl
(wyi,rui ) ETE
RMSE = Z (Tui — Tui)?/|TE|

(u7iaTui)eTE

"http://www.netflix.com
“http://www.grouplens.org/node/73
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where r,,; and 7,,; are the true and predicted ratings, respec-
tively, and |Tg| is the number of test ratings. In all experi-
ments, we run 10 random trials when generating the required
number of observed ratings for each user from the target
training rating set T’r, and averaged results are reported.

Baselines and Parameter Settings

We compare our CST method with two non-transfer learning
methods: the average filling method (AF), LFM (Bell and
Koren 2007), and the transfer learning method CMF (Singh
and Gordon 2008). Note, the codebook in CBT (Li, Yang,
and Xue 2009a) and RMGM (Li, Yang, and Xue 2009b) con-
structed from a 0/1 matrix of implicit feedbacks is always a
full matrix of 1s only, and does not reflect any cluster-level
rating patterns, hence both CBT and RMGM are not appli-
cable to our problem. As mentioned before, CST reduces to
the spectral matrix completion method, OptSpace (Kesha-
van, Montanari, and Oh 2010) when no auxiliary data ex-
ist. Thus, we also report the performance of OptSpace when
studying the effect of using the auxiliary data.

We study the following six average filling (AF) methods,

Pui = Ty

Tui = T

Fui = (Fu. +7.4)/2
Tui = by +74

Tui = Tu +b;

fui T+ bu + b»z

where 7. = Y. Yuiui/ Y ; Yui i the average rating of user
U, Tog = Y. YuiTui/ D, Yui i the average rating of item
s b = > Yui(rui — 74)/ Y, Yui is the bias of user w,
i = D Yui(Tui — Tu.)/ D, Yui is the bias of item ¢, and
= Zu,i YuiTui/ 21“ Yui 18 the global average rating. We
use 7y; = 7+0by. +b.; as it performs best in our experiments.

For LFM, CMF, CST and OptSpace, different latent di-
mensions {5,10,15} are tried; for LFM and CMF, dif-
ferent tradeoff parameters {0.001,0.01,0.1, 1, 10,100} and
{0.1,0.5,1, 5, 10} are tried, respectively, and best results are
reported; for CST, the performance are quite stable using
different tradeoff parameters, and the result using p, /n =
pv/m = 1 are reported.

= o s

Results

The best results of using different parameters as described
in the previous section are reported in Table 2. We can make
the following observations:

e CST performs significantly better than all other baselines
in all sparsity levels;

e for the non-transfer learning methods of AF and LFM, we
can see that AF always performs better than LFM, which
shows the usefulness of smoothing for sparse data;

e for the transfer learning method, CMF beats two non-
transfer learning baselines, AF, LFM, in all sparsity lev-
els, which demonstrates the usefulness of transfer learn-
ing methods for sparse data; however, we can see that
CMF is still worse than CST, which can be explained



Table 2: Prediction performance of average filling (AF), latent factorization model (LFM), collective matrix factorization
(CMF), and coordinate system transfer (CST). Numbers in boldface (i.e. 0.7481) are the best results among all methods.

Observed Without Transfer With Transfer
(sparsity) AF LFM CMF CST
10 (0.2%) || 0.7764 £ 0.0008 0.8934 £ 0.0005 0.7642 £+ 0.0024 0.7481 £+ 0.0014
20 (0.4%) || 0.7430 £ 0.0006 0.8243 £ 0.0019 0.7238 +£0.0012 0.7056 £ 0.0008
MAE 30 (0.6%) || 0.7311 £ 0.0005 0.7626 £ 0.0008 0.7064 £ 0.0008 0.6907 £ 0.0006
40 (0.8%) || 0.7248 £ 0.0004 0.7359 £ 0.0008 0.6972 £ 0.0007 0.6835 £ 0.0008
10 (0.2%) || 0.9853 £ 0.0011 1.0830 £ 0.0000 0.9749 £ 0.0033 0.9649 + 0.0019
20 (0.4%) || 0.9430 £ 0.0006 1.0554 £ 0.0016 0.9261 +0.0014 0.9059 + 0.0013
RMSE || 30 (0.6%) || 0.9280 £ 0.0005 0.9748 £ 0.0012 0.9058 £ 0.0009 0.8855 £ 0.0010
40 (0.8%) || 0.9202 £ 0.0003 0.9381 £ 0.0010 0.8955 + 0.0007 0.8757 £+ 0.0011
Time Complexity || O(p) O(kpd® + kmax(n,m)d°) || O(kpd® + kmax(n,m)d®)  O(kpd® + kd®)

by the more flexibility of tri-factorization method used in
CST in (3).

Note that by setting the tradeoff parameter p,, and p, in
(3) to 0, the CST model become equivalent to the OPTSpace
model (Keshavan, Montanari, and Oh 2010), which consid-
ers no auxiliary domain information, neither initialization
nor regularization. To gain a deeper understanding of CST
and more carefully assess the benefit from the auxiliary do-
main, we compared the performance of CST and OPTSpace
at different data sparsity levels when the parameter d, the
number of latent features, is increased from 5 to 15. The
results in RMSE are shown in Figure 2 (the results in MAE
are quite similar). We can see that:

o the performance of OPTSpace consistently deteriorates as
d increases, which is due to that more flexible models are
more likely to suffer from overfitting given sparse data;

e in contrast to OPTSpace, CST consistently improves as d
increases which demonstrates how the auxiliary domain
knowledge based initialization and regularization tech-
niques can help avoid overfitting even for highly flexible
models;

e the relative improvement is more significant when fewer
ratings are observed, which confirms the effectiveness of
CST in alleviating data sparsity.

Related Work

Latent factorization model (LFM) (Bell and Koren 2007) is
a widely used method in collaborative filtering, which seeks
an appropriate low-rank approximation of the rating matrix
R with two latent feature matrices, one for users and one for
items. For any missing entry in R, it can be predicted by the
production of those two latent feature matrices.

Collective Matrix Factorization (CMF) (Singh and Gor-
don 2008) is a multi-task learning (MTL) (Caruana 1997)
version of LFM, which jointly factorizes multiple matri-
ces with correspondences between rows and columns while
sharing latent features of matching rows and columns in dif-
ferent matrices. Note, there are at least three differences
compared to the CST method, (a) CMF is an MTL style al-
gorithm, which does not distinguish auxiliary domain from
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Figure 2: Comparison of CST and OPTSpace at different
sparsity level with increasing d .

target domain, whereas CST is an adaptation style algo-
rithm, which focuses on improving performance in the tar-
get domain by transferring knowledge from but not to the
auxiliary domain. Hence CST is more efficient especially
when the auxiliary data is dense, and more secure for pri-
vacy considerations, (b) CMF is less flexible in that it re-
quries R, R and R, R(? to share exactly the same user
and item latent features, respectively, while CST relaxes
this assumption and only requires two corresponding coor-
dinate systems to be similar, (c) CMF is a bi-factorization
method (i.e. R = UVT), so the latent features U, V have
to capture both domain dependent effects and independent
shared knowledge, while CST inherits the flexibility of tri-
factorization (i.e., R = UBV7) method (Ding et al. 2006)
by absorbing domain dependent effects such as advertise-
ments and promotions into the inner matrix B, while U, V
are principle coordinates of users and items that are more
consistent across different domains.

Codebook Transfer (CBT) (Li, Yang, and Xue 2009a) is



a recently developed heterogenous transfer learning method
for collaborative filtering, which contains two steps of code-
book construction and codebook expansion, and achieves
knowledge transfer with the assumption that both auxil-
iary and target data share the cluster-level rating patterns
(codebook). Rating-Matrix Generative Model (RMGM) (Li,
Yang, and Xue 2009b) is derived and extended from the
FMM generative model (Si and Jin 2003), and we can con-
sider RMGM as an MTL version of CBT with the same as-
sumption. Note, both CBT and RMGM are limited to ex-
plicit rating matrices only, and can not achieve knowledge
transfer from an implicit rating matrix with values of 0/1 to
an explicit one with values of 1-5, as it requires two rating
matrices to share the cluster-level rating patterns. Also, CBT
and RMGM can neither make use of user side nor item side
shared information, and only take a general explicit rating
matrix as its auxiliary input. Hence, both CBT and RMGM
are not applicable to the problem studied in this paper.

Table 3: Summary of some related work.

Algorithm Style
Adaptation | Multi-Task
Knowledge Codebook CBT RMGM
Latent Features CST CMF

We summarize the above related work in Table 3 from
the perspective of transferred knowledge (what to transfer)
and algorithm style (how to transfer). CST can also be
considered as a two-sided extension in matrix form of one-
sided domain adaptation methods in vector form (Kienzle
and Chellapilla 2006), which is proposed not for collabora-
tive filtering but classification problems and achieve knowl-
edge transfer via incorporating the model parameters learned
from the auxiliary domain as prior knowledge.

Conclusions and Future Work

In this paper, we presented a novel transfer learning method,
CST, for alleviating the data sparsity problem in collabo-
rative filtering. Our method first finds a subspace where
coordinate systems are used for knowledge transfer, then
uses the transferred knowledge to adapt to the target domain
data. The novelty of our algorithm includes using both the
user and item side information in an integrated way. Exper-
imental results show that CST performs significantly bet-
ter than several state-of-the-art methods at various sparsity
levels. Our experimental study clearly demonstrates (a) the
usefulness of transferring two coordinate systems from the
auxiliary data (what to transfer), and (b) the effectiveness
of incorporating two-sided auxiliary knowledge via a regu-
larized tri-factorization method, thus addressing the how to
transfer question for CF. For future works, we will study on
how to extend CST in other heterogeneous settings, e.g., for
transferring knowledge between movies, music, books, etc.
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