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Generalization Performance of Regularized Ranking
With Multiscale Kernels

Yicong Zhou, Senior Member, IEEE, Hong Chen, Rushi Lan, and Zhibin Pan

Abstract—The regularized kernel method for the ranking
problem has attracted increasing attentions in machine learning.
The previous regularized ranking algorithms are usually based
on reproducing kernel Hilbert spaces with a single kernel. In this
paper, we go beyond this framework by investigating the gener-
alization performance of the regularized ranking with multiscale
kernels. A novel ranking algorithm with multiscale kernels is
proposed and its representer theorem is proved. We establish
the upper bound of the generalization error in terms of the
complexity of hypothesis spaces. It shows that the multiscale
ranking algorithm can achieve satisfactory learning rates under
mild conditions. Experiments demonstrate the effectiveness of the
proposed method for drug discovery and recommendation tasks.

Index Terms—Drug discovery, generalization performance,
multiscale kernel, ranking, recommendation tasks, reproducing
kernel Hilbert space (RKHS).

I. INTRODUCTION

ACHINE learning methods for ranking have attracted
more and more attentions in information retrieval and
search engines. From the viewpoint of machine learning,
the goal of ranking is to search a score function such that
the predicted orders of two inputs are consistent as possible
as the true relations. Following this purpose, many ranking
algorithms have been proposed from different perspectives.
Examples include ranking support vector machine
(RankSVM) [20], [22], RankNet [4], [5], RankBoost [18],
MPRank [12], [13], RankRLS [26], [27], the gradient descent
ranking algorithms [8], [28], the P-norm push ranking [31],
and the multiparte ranking [23].
Among these algorithms, the regularized ranking scheme
with least square ranking loss has been used widely in various
ranking tasks [1], [6], [8], [12], [13]. Similar to the least square
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regularized regression in [14], [16], and [41], these regularized
ranking algorithms depend heavily on the reproducing kernel
Hilbert spaces (RKHSs) associated with Mercer kernels. It is
well known that the flat nonlinear functions can be well
approximated by RKHSs with Gaussian kernels. However, as
shown in [41] and [45], it is unsuitable to use the single
Gaussian kernel to approximate the nonflat functions including
the smooth and steep variations. Under this setting, the learned
function is difficult to approximate the smooth and steep
portions simultaneously.

Multikernel methods have been used successfully in many
fields of learning systems [17], [34], [40]. In the regression
problem, there are extensive studies on experiments and theory
for the nonflat function approximation [7], [41], [42], [45].
These studies show that the multiscale kernel methods are
more efficient than the corresponding algorithms with a
single kernel. The candidates of multiscale kernels could be
Gaussian kernels with different widths, frame-based kernels,
and wavelet-based kernels. For the ranking task, the multiscale
kernel can achieve better performance than the single kernel
when the intrinsic optimal predictor is a nonflat function.
However, for the regularized ranking problem in RKHSs,
as we know, there is no work on this multiscale theme for
algorithm design and generalization analysis.

It is well known that generalization performance is an
important measure to evaluate the learning ability of machine
learning algorithms [16], [24], [25], [35], [36], [43]. Recently,
generalization error analysis also attracts increasing attentions
in the ranking problem. The techniques of error analysis
for ranking problem mainly include stability analysis
in [1] and [11]-[13], uniform convergence estimate based on
the capacity of hypothesis spaces [10], [19], [29], [30], [44],
and approximation estimate based on the operator approxi-
mation in [6] and [8]. Although these progresses on gener-
alization analysis have been made, the theoretical results for
these regularized kernel methods only focus on ranking in a
single-kernel-based RKHS [1], [6], [8], [12], [13].

Actually, the target ranking function with high- and
low-frequency components can be approximated by small-
and large-scale kernels, respectively. Inspired by the studies
of multiscale kernels in [41], we propose a multiscale least
square regularized ranking (MLSRRank) algorithm to realize
efficient ranking, which extends the regularized ranking in [12]
to the multikernel setting. The estimates of the generalization
error are established based on the covering numbers of
multiple-kernel-based RKHSs. In particular, the analysis of
learning rates is given for the RKHSs with Gaussian kernels.
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The experimental studies on several data sets demonstrate
the effectiveness of our proposed algorithm. To the best of
our knowledge, this paper is among the first endeavors on
generalization performance analysis for the multiscale ranking.

In summary, the main contributions of this paper are listed
as follows.

1) A novel multiscale framework for ranking is proposed,
and its representer theorem is proved. This theorem
provides a simple and fast way to implement the
proposed algorithm.

2) Generalization error analysis of MLSRRank is
established in terms of the capacity of hypothesis spaces.
From our error analysis, we know that the MLSRRank
can reach satisfactory learning rates under mild
conditions.

3) Experimental evaluations on benchmark data sets
demonstrate the effectiveness of MLSRRank. This
extends the effectiveness analysis of the multiscale
kernel for regression [41] to the ranking setting.

The rest of this paper is organized as follows. In Section II,
we introduce some necessary background of ranking, and
propose MLSRRank. The representer theorem is also given.
In Section III, the theoretical results on generalization perfor-
mance are stated. In Section IV, we present the experimental
results on the real-world data sets. Finally, we close this paper
with a brief conclusion in Section V.

II. MULTISCALE REGULARIZED RANKING ALGORITHM

Now, we recall some basic concepts of ranking (see [1]
and references therein for details). Let X € R? be a compact
metric space and ) = [0, M] for some M > 0. The relation
between the input x € X and the output y € ) is described
by a probability distribution p(x,y) on Z := X x ). Given
samples z := {z;}7L, = {(x;, y:)}/L; € Z™ independently
drawn according to p, the ranking problem aims at finding a
function f : X — R that ranks future input instances with
larger labels higher than those with smaller labels. x is to be
ranked preferred over x” if y — y’ > 0 and lower than x’ if
y —y' < 0. In particular, y — y’ = 0 indicates no ranking
preference between the two input instances.

For any z = (x, y), z/ = (x/, y) in Z, we consider the least
square ranking loss

(foz, )= =y = (f&x) = F&

The expected risk of a ranking function f is defined as

£(f)= /Z /Z (v = Y= () — FENdp(x, y)dp (s y).
@

The algorithms discussed in this paper are based on a
Tikhonov regularization scheme associated with a Mercer
kernel. We usually call a symmetric and positive semidefinite
continuous function K : X x X — R a Mercer kernel. The
RKHS Hg associated with the kernel K is defined (see [3])
to be the closure of the linear span of the set of functions
{K(x,-) : x € X} with the inner product (-,-)gx given by
(K(x,"), K(x',))x = K(x,x"). The reproducing property of
RKHS tells us that f(x) = ( f, K(x,))k.

(1

A. Least Square Regularized Ranking Algorithm

Given z and a ranking function f, the empirical ranking
risk is defined as

m
SN = D i =y~ (F@) — )P O
i,j=1
Observe that & (f) in (3) can be considered as the discrete
version of (m — 1/m)E(f). That is to say E&(f) =
(m — 1/m)E(f) according to definitions (2) and (3).
The LSRRank algorithm is defined as the minimizer
in Hg [1], [6], [8]

fa = fo = argmin {E() + 211 f Ik} “)
feHk
where 4 > 0 is the regularization parameter.

In fact, LSRRank is a special case of MPRank in [12] with
the least square ranking loss defined in (1). To highlight the
feature of this loss function, we call algorithm (4) LSRRank.
In addition, the difference between LSRRank and RankRLS
is that the former considers the empirical risk associated with
all input pairs, while the latter only includes the input pairs
that are relevant to the task in the question [27].

Denote D = mI — 117, where I is an m-order unit matrix
and1=(1,...,1)" € R™. Meanwhile, denote ¥ = (y;)"., =
(1, ..., ym)! and denote K as an m-order matrix whose (i, )
entry is K (x;, x;).

By means of the properties of RKHSs, we can get the
representer theorem for the minimizer f; in (4). A similar
result can be found in [6]. For completeness, we present the
proof in Appendix A.

Lemma 1: The minimizer f; in (4) can be represented as

fox) =D 0K (xi, %)

i=1

where a; = (az1, - .-, az,m)T € R™ is the unique solution of

the linear system

m2
(DK + 711) o = DY. 5)

Set ¥ = 2y — (2/m)>_, y and k(xi,xj) =
2K (xi, xj) — (2/m) > K (xi, x¢). From linear system (5)
in Lemma 1, we can get

K +mila =Y.

An interesting observation is that this equation is externally
similar to the least square regularized regression in [41].
In fact, some relationships are also given in [21] for the
expected risks between ranking and regression.

B. Multiscale Least Square Regularized Ranking Algorithm

Although the ranking algorithm (4) is used widely in the
ranking problem, it might be difficult to search the target
function with the high- and low-frequency components
simultaneously. The same difficulty for regression algorithms
is overcome by learning the frameworks with multiscale
kernels [41], [42]. In this paper, we use the idea of multiscale
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kernels to propose an algorithm for learning a ranking
function.

The MLSRRank algorithm is implemented under a
regularized framework in a sum space of RKHSs. Define the
sum space of Hg, fort =1,...,/ as

!
H@ZHKI@“'@HKIZ[fifZZfz,frEHK,]

t=1

where K; is a Mercer kernel. For f € Hg and
v eV = {(,...,0)T|minfo,,t = 1,...,1} = 1}, we
define a norm || - ||g,, on Hg as

1 1
£, = min[Zv,nf,n%, cf=> fifi€ HK,}.

=1 =1

For the given sample z and the regularization parameter A,
the MLSRRank is defined as the minimizer of the following
regularized framework:

fr® = fureo = agmin {&(F) + 21 f15,}. (6

feHe
Denote

miviI + 2 DK, 2 DK,
A= ... -
2 2

ZDK] mivyl + ZDK!
where K; is an m-order matrix whose (i, j) entry is K, (x;, x;).
In terms of the properties of RKHSs, we can get the expres-
sion of f g as follows. The proof can be found in Appendix B.
Theorem 1: The minimizer f; g in (6) can be represented

!
as fae = > ,_; ft,» where

m
ff:Za;’iKl‘(xi’x)a tzl,al

i=1

t t

and a; = (a,4, ... ,az,m)T € R™ is the unique solution of
the linear system
a! Zpy
Al ... =] --- | @)
al Zpy
m

From Theorem 1, we know that MLSRRank can be
implemented easily through the above linear system. The
effects of different scale kernels are adjusted by parameters vy,
t=1,...,1.

III. GENERALIZATION ERROR ANALYSIS

In this section, we will estimate the upper bound of the
generalization error for f; g. In order to adapt to more general
ranking tasks, first, we present the generalization error analysis
for the general convex losses. Then, we apply the derived result
to obtain the generalization analysis of MLSRRank.

For analysis, we introduce the following condition of the
loss function used in [1] and [44].

Definition 1: Let F be a class of real-valued functions on X’
and let L > 0. We say that the ranking loss ¢ is L-admissible
with respect to F if for all g1, g2 € F,z,7 € 2

16(g1,2,2) — €(g2,2,2)| < L(Ig1(x) — g2(x)]
+lg1(x") = g2(x")D.
It is worth noting that the least square ranking loss
(y—y' —(f(x)— f(x"))? is (2M + 4r) admissible with respect
to the uniform-bounded function set {f € F : || flloo <}.
For the general loss function ¢, we denote the expected
risk as

E(f) = /Z /Z 01, 2 2)dpdp

and denote the corresponding empirical risk as

2 m—1 m
4 — R
gz(f) - m(m — 1) ;];1 f(fﬂzlﬂzj)'

Based on the MLSRRank (6), the multiscale algorithm with
the general loss ¢ can be written as

flo =1L o =agmin {ELH +7If15,)  ®
feHg

where y > 0 is a regularization parameter.

Remark 1: For {(f,z,7) = (y—y —(f(x) — £(x"))?, we
can see that &(f) = (m — 1/m)€z[(f) and £(f) = EL(f).
Then, f,¢ = fz{y,@,u for y = (m/m — 1)J. Hence, the
analysis result of £( fzf@) can be used to estimate £(fz.q).

We estimate the excess error Eg(fz{@) — EL(f*), where
f* is the minimizer of £/(f) over all measurable functions.

Now, some necessary notations are introduced. Denote the
regularization functions in Hg, (t =1,2...1,) and Hg as

£L g, = argmin {E(F) + 7 1 £1%,}
feHk,
and
flo=argmin {E5CH +1£15,}-
feHe

Denote the corresponding regularization errors as
Dk,(y) = min {E5(H) —E(fMH +71f1%,)
feHk,
and
De.,(y) = min {E(F) = +71f15,}-
feHe

The following error decomposition for the excess error can
. . ‘e ¢ ¢
be obtained in terms of the definitions of f, o and f) 4.
Proposition 1: Following the definitions of fz{@ and f*
we have:

Ef(f;:@) - gg(f*) = {56 (fz{GB) - ng (fz{GB)}
HE (1) = (1 .0)} + Dan ().
©)
In the remainder of this section, we will focus on the
estimates of the first and second terms on the right-hand
side of (9).
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With the same technique used in [44], we can obtain the
estimate of Ef(ff,e;) — (fy‘:@) by applying the McDiarmid’s
inequality. The proof is presented in Appendix C. In fact, the
similar result also can be derived by the Hoeffding’s inequality
of U-statistic [10].

Proposition 2: Let k = sup, vcx  eq1... ) Ki(x,x") and
veV ={@,...,o) |minfo,,t = 1,...,1} = 1}. For any
0 < 0 < 1, there holds with confidence at least 1 — §

2In(1/0
EL(f 6) ~ € (FL) = by 2L

where M| = SUP_ ez | o<k Day (7)/7)1/2 1e(f, z,2)I.

In order to derive the estimate of £¢( fz’{@) — & fz{ea)» we
need to give the complexity measure of Hg. Here, we use the
covering number (see [14], [16], [46]) to measure the capacity
of the sum space.

Definition 2: For € > 0, the covering number AN (H, €) is
defined to be the smallest integer / € N such that there exist
[ disks in C(X) with the radius € and centers in H covering
the set H.

Denote Bk, r = {f : f € Hk,Ifllx, =
Beor={f:f€Ha, Ifllo, = R}

The following concentration estimation on Hg will be
proved in Appendix D.

Proposition 3: For R = (M/,/y), denote M, =
SUP. /e Z, feBg, x IC(f> 2, 2)]. Forall e > 0
Prob {5‘7 (fz€69) - 8z[ (fz[ea) > g}

zeZ™

R} and

2

<N (Boore 37) 0|~ s
where L = 2M + 4k R.

It is the position to present the error estimate of fz{@.
The proof can be found in Appendix E.

Theorem 2: Let Hg be the sum space of RKHSs with
Gaussian kernels K;(x,x’) = exp{—|x — x’||/,ut2} for
t=1,...,1and puy < up < --- < ;. Forany 0 <J < 1,
EN(fL ) — EX(f) can be bounded by

" [21n(1/3) .
m

s 1
M \ 7 (4CqIM?\ ™
+(4le%) (%) + Dao(7)

—2(d+1)

Cyl In(1/6

2M2\/ e +nd/
m

with confidence at least 1 — 6. Here, Cy is a parameter
depending on the dimension d, and s > 0 is a parameter
that can be close to 0.

Based on Remark 1, we can get the following convergence
analysis from Theorem 2 directly.

Theorem 3: Let Hg be the sum space of RKHSs with
Gaussian kernels K;(x,x’) = exp{—|x — x’||/,ut2} for
t = 1,...,0 and u; < pupy < < uj. Assume that
Dg,,((m —1/ml) < Cﬂlﬁ for some 0 < S < 1. Choosing
A=m~¢, forany 0 < < 1, we have

(1-2¢) L78+3x€}
2 245 4425

E(fue) —E(fT) < Cm~ min {ﬂf’%*(lfﬂ)é,

with confidence at least 1 — J, where the constant C is
independent of m and s > 0 is a parameter that can be
arbitrarily small.

Remark 2: MLSRRank can achieve the convergence rate
O (m~ minte,(1/2+5)=(3+3s/4+25)¢}) when f — 1. In particular,
choosing € = (2/12+ 7s), and s = 1, the convergence rate
O(m~1/9) can be reached. The polynomial decay rate is
satisfactory for the machine learning algorithms.

Recently, a nice generalization bound is obtained for the
kernel-based regularized ranking [29, Example 3]. Although
our analysis cannot reach this fast convergence rate, it is based
on a different loss function. Moreover, our result does not
require the variance-expectation bound condition for the loss
function and distribution in [29].

Remark 3: Denote by .# the measurable function space,
and define ¥ = {f* ¢ & : f* = argmin ;. 7 E(f)}
as the target function set. We can observe that the target
function f* is not unique and the regression function f, € ¥
(see [8], [21]), where

fp(X)z/yydp(yIX), xeX.
It is easy to deduce that
Dg,(2) = min {E(f) - €& 2 f13
®.0(4) ffﬁl@{ (N =EU) + A g}

=4 I/ (f@) = fp@)dp + 21l -

Hence, the assumption of Dg , (1) in Theorem 2 is consistent
with the previous approximation assumption in the least square
regression [7], [16], [37], [38], [41], [42]. Moreover, the
derived learning rate here can be improved by the iterative
technique in [7], [32], [37], and [38].

Remark 4: The error analysis established here is inspired
from the theoretical studies in [41] for the least square regu-
larized regression. There is a key difference between our work
and that in [41]. In the ranking problem, the empirical risk is
measured on pairs of samples and cannot be expressed as a
sum of independent random variables. Hence, the concentra-
tion inequalities used in [41] for the regression problem cannot
be used to characterize the convergence of ranking directly.
The theoretical analysis of ranking is more complicated than
the regression setting.

IV. EXPERIMENTS

In this section, we evaluate MLSRRank on several
benchmark data sets on the drug discovery and recommenda-
tion tasks. The experimental results show that the MLSRRank
can achieve competitive performance compared with several
state-of-the-art ranking algorithms.

A. Algorithm and Parameter Selection

From Theorem 1, we know that the explicit computation
steps of MLSRRank can be summarized in Algorithm 1.

In the experiments, we choose the Gaussian kernels with
different widths as the candidate multiscale kernels. Here,
we denote the width of a Gaussian kernel by ¢ and denote
the regularization parameter by A. The width parameter o
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Algorithm 1 Multiscale Least Square Regularized Ranking
Algorithm (MLSRRank)
Require:

Training set z =

{(xi, yi)}/L,, kernel functions K;,

a regularization parameter 4 > 0, and v € V =
{(1)1,...,1)1)T|min{vt,t=1,...,1}:1}.
1: Computing the necessary matrices:
D=ml —11"; DY; K = (K;(xi, x)))]';—;, DK:.

2: Solving the linear system (7) to derive af =
@ . ah, ) eR" 1 =1,..,L
3: return A ranking function

1

frox) = Z Z a;’iK,(x,-, x).

t=1 i=1

in the Gaussian kernel is selected from {4’3,4’2, . ..,43},
and the regularization parameter A is selected from
{10_5, 1074, ..., 10'}. For simplicity, we choose / = 2 in all
experiments. Given parameters 4, o1, 62, 01, and vy, we solve
linear system (7) to obtain the predictive function f and then
evaluate the predictive performance on the test samples. For
the data sets of drug discovery, we select the parameter by
the cross validation from the training samples to illustrate the
effectiveness of MLSRRank compared with other algorithms.
Moreover, for the data sets of the recommendation system, we
select the parameters as those resulting in the best predictive
performance for LSRRank and MLSRRank.

B. Empirical Evaluation for QSAR Analysis

The experiments are based on two quantitative structure-
activity relationship (QSAR) data sets, including inhibitors
of dihydrofolate reductase (DHFR) and cyclooxygenase-2
(COX2), which correspond to the biological activities repre-
sented as pIC50 values [2], [33].

1) Data Sets and Evaluation Procedures: The DHFR
inhibitor data set contains 361 compounds, with pIC50 values
belonging to (3.3, 9.8); the COX2 inhibitor data set contains
282 compounds with pIC50 values belonging to (4, 9). For the
DHFR data set, 237 out of 361 compounds are used as the
training set and the remaining compounds are assigned to
the test set. For the COX2 data set, 188 of 292 compounds are
used as the training set and the rest of the compounds form
the test set. Each compound in two data sets is represented by
the 2.5-D chemical descriptors in [33]. Details of the data can
be found in [33] and the references therein.

The DHFR inhibitor data set contains 70 real-valued
descriptors, and the COX2 inhibitor data set contains
74 real-valued descriptors. In our experiments, each of these
descriptors is scaled to (0, 1). In our experiments, we follow
the same setup in [2].

2) Methods for Comparison: Here, we implement the
algorithms of MLSRRank and compare the derived
results with the results of RankSVM and support vector
regression (SVR) in [2].

1) RankSVM [2], [22]: RankSVM for real-valued labels
is a regularized ranking model. The dual formulation of
this model leads to a convex quadratic program, and can
be solved by a standard quadratic program solver or a
gradient projection algorithm [2].

2) SVR-Based Ranking: SVR [36] can be used to learn a
prediction function directly, and then rank the instances
in a decreasing order of the predicted values. The
selections of the kernel function and the regularization
parameter are necessary to implement this algorithm.

3) Performance Measures: Denote T = {(xi,yi)}l'-":/1 as a

test set and f as a predictive function. The following measures
are used to evaluate the ranking performance [2].

1) Ranking Error: The ranking error is defined as

1 1
Pl > i) (lf(x;)<f(x;) + §1f(x,~>=f<x,,-))-
@,j)epP
where P = {(i, j)|y; > y;} denotes the set of preference
pairs in T.

2) Pearson Correlation Coefficient: Let uy and o7 be the
mean and standard deviation of f, respectively. Let
iy and oy be the mean and standard deviation of y,
respectively. The correlation coefficient is defined as

1 i (f Ci) — )i = py)

m —1 4
i=1

3) Kendall’s t: Kendall’s 7 is defined as the ratio of the
number of concordant pairs subtracted by the number
of discordant pairs in the total number of all pairs. The
Kendall’s 7 can be given by

O'fo'y

2 1
B2 (lf(xi)<f(x_/)+§1f(x;)=f(x;)) -1
(i,j)eP
if ties in the learned ranking are broken uniformly at
random.

4) Spearman’s p: Let (i) be the rank of x; in the ranking
returned by f and let S, (i) be the rank of x; in the
ranking based on the actual activities. The Spearman’s p
coefficient is defined as

ml_ 1 Z (B @) — 1) (B D) — 1))

i=1

/

/
O'fO'y

In fact, it is the Pearson correlation between the vectors
Br=(fQ),..., f(m) and By = (y(1),..., y(m")).

The Pearson correlation coefficient, the Kendall’s 7,
and Spearman’s p belong to (—1,1), where 1 represents
perfect agreement and —1 represents perfect disagreement.
For simplicity, we denote these four measures as error,
corr, 7, and p.

4) Experimental Results: The experimental procedures
follow exactly the same setup in [2]. The results on ranking
performance are summarized in Tables I and II. Those results
of RankSVM and SVR come from [2] according to the above-
mentioned performance measures. For the DHFR data set,
the optimal parameters o1 = 16,0, = 64,4 = 0.001,0; =1,
and v, = 0.5 are obtained by the cross validation. For the
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TABLE I
QSAR RANKING RESULTS ON ORIGINAL SPLITS
IN THE DHFR DATA SET

DHFR SVR RankSVM SGDRank LSRRank MLSRRank
error 0.1837 0.1726 0.2916 0.1972 0.1782
corr 0.7519 0.7618 0.6019 0.7319 0.7508

T 0.5571 0.5747 0.4351 0.5457 0.5654
P 0.8540 0.8632 0.6168 0.7476 0.7445
TABLE 11
QSAR RANKING RESULTS ON ORIGINAL SPLITS
IN THE COX2 DATA SET

COX2 SVR RankSVM SGDRank LSRRank MLSRRank
error 0.3138 0.3173 0.3110 0.2976 0.2953
corr 0.5836 0.5703 0.5664 0.6119 0.6147

T 0.4351 0.4346 0.4270 0.4484 0.4523
P 0.6100 0.6174 0.5972 0.6280 0.6340

COX2 data set, we choose o1 = 64,0y, = 64, 2 = 0.01, and
01 = v2 = 2 by the cross validation for prediction.

From these experimental results, we can see that
MLSRRank has the best performance on the COX2 data
set and the RankSVM reaches the best performance on the
DHFR data set. Meanwhile, MLSRRank has shown better
performance than LSRRank, especially for the DHFR data set.
In fact, only the optimal predictor is a nonflat function, and
the multiscale method can improve the learning performance
of the single-kernel methods. Hence, the effectiveness of
MLSRRank is depended on the characteristics of data sets.
The results also indicate that the hinge loss is more suitable
for the DHFR data set than the least square loss. However,
MLSRRank can achieve better performance than SVR and
SGDRank associated with least square losses.

In order to better understand the predictive performance
of MLSRRank, we further present the experimental results
with different numbers of training samples. For simplicity,
we use the parameters selected in the previous experiment.
Ten samples are selected as the labeled data at random
from the original training set. The remaining training data
is considered as the unlabeled data. Then, we test it on the
original test set. All the performance evaluations are recorded.
We then train MLSRRank on 20 training samples, 30 training
samples, and so on. Each time, we add ten training samples.
We repeat the whole process 30 times, and report the mean
results in Fig. 1.

From Fig. 1, we can see that the MLSRRank can reach
better predictive performance with larger numbers of training
samples. This phenomenon is consistent with the theoretical
analysis, and shows that the proposed algorithm can exploit
the data information sufficiently.

C. Empirical Evaluation for the Recommendation Task

To better compare the generalization ability of LSRRank
and MLSRRank, we evaluate their best performance
on the data sets for the recommendation task. The
recommendation task is aiming to provide a given user
a list of unseen movies/jokes/books ordered by the
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Fig. 1. Performance of MLSRRank versus the number of training samples.

predicted preference. The experimental setup used here
is the same with [12]. All data sets are available at:
http://www.grouplens.org/taxonomy/term/14.

1) Data Sets and Evaluation Procedures: The MovielLens
data set contains 1000209 anonymous ratings of 3883 movies
made by 6040 MovieLens users. Rating is an integer belonging
to {1,...,5}. Only part of the movies is rated. The Jester
Joke Recommender System data set contains 4.1 million
continuous ratings ranging from —10 to 10 of 100 jokes
from 73421 users. The book-crossing data set contains
278858 users and 1149780 ratings for 271379 books.

For the MovieLens data set, the reviewers are grouped into
2040 movies, 40-60 movies, and 60-80 movies based on
the number of movies they had reviewed. The users, reviewed
between 50 and 300 movies, are selected as the test reviewers
used in our experiment. For a given test reviewer, we chose
300 reference reviewers randomly from one of these three
groups and use their ratings to form the input vectors. Half of
the test reviewer’s movie ratings are used for training and the
other half is used for testing; 300 different test reviewers are
selected at random, and we recorded the average performance.
For stability, we repeated the experiments ten times. The
mean values and standard deviations are reported for each
of the three groups after ten repeated experiments. For the
Jester Joke Recommender System data set, we also establish
the evaluation procedure with the same way as above.

For the book-crossing data set, we only select those users
who have reviewed at least 200 books, and then only consider
books with at least ten reviews. We finally obtain a data
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TABLE III
COMPARISON OF LSRRANK AND MLSRRANK (MEAN AND STANDARD DEVIATIONS)

Method MovieLens 20-40 MovieLens 40-60 MovieLens 60-80 Jester 20-40 Jester 40-60 Jester 60-80 Books

LSRRank (MSD) 1.92+ 0.07 1.92+ 0.04 1.88+ 0.06 41.39+ 1.12 41.244+ 192  41.29+ 1.67 2.18+ 2.85
MLSRRank (MSD) 1.90+ 0.04 1.88+ 0.05 1.85+ 0.03 39.54+ 1.61  39.54+ 1.61 4042+ 146 1.80+ 2.32
LSRRank (M1D) 1.05+ 0.02 1.05+ 0.01 1.044 0.02 4,76+ 0.08 476+ 0.11 4754+ 0.10 0.784+ 0.69
MLSRRank (M1D) 1.01+ 0.02 1.02+ 0.01 1.02+ 0.01 4.63+ 0.09 4.73+ 0.08 4.71+ 0.07 0.72+ 0.64

set of 87 books and 130 reviewers. For this data set,
we choose one of 129 reviewers as a test reviewer each
time, and use other 129 reviewers as reference reviewers.
We report the mean values and standard deviations based on
130 leave-one-out experiments.

2) Performance Measures: In order to evaluate the
magnitude-preserving algorithms (LSRRank and MLSRRank),
we introduce the following measures used in [12]. Here, we
set {(x;, yi)};’il as a test set and set f as a predictive function.

1) Mean Squared Difference (MSD): The MSD is

defined as

1 m’
— 2 (i =) = (f) = [
ij=1
2) Mean 1-Norm Difference (MID): The MI1D over all
pairs is defined as

[
— 2. 101 =) = () = fE)).

i,j=1
3) Experimental Results: The experiments are used to
describe the learning ability of the MLSRRank with respect
to the magnitude-preserving measures MSD and M1D. The
experimental results are reported in Table III. We can observe
that in terms of MSD and M1D, MLSRRank outperforms
LSRRank. This demonstrates that MLSRRank usually has
better generalization performance than the corresponding
algorithm with a single kernel for the recommendation tasks.

V. CONCLUSION

We have introduced an algorithm that learns ranking
functions from the samples by the multiscale-kernel-based
regularization framework. The implementation of the
algorithm is simple and its representer theorem has been
provided. In terms of the covering numbers of sum spaces,
we presented the upper bound of the generalization error.
Experiments performed on public data sets have demonstrated
the effectiveness of the proposed algorithm.

Along the line of this paper, some improvements are
necessary for future study that we discuss in the following.

1) Design the Algorithm for Parameter Selection: For the

proposed multiscale ranking, five different parameters
need to be selected based on the training data. Hence,
a selection algorithm should be given to reduce the
computation complexity. This is closely related to the
recent studies in [40] and [41].

2) Design the Sampling Method for Ranking: In this paper,

it is assumed that the training data are sampled in

an independent identically distributed (i.i.d.) manner.
Usually, the sampling technique in machine learning
can draw important samples to training and reduce the
requirement of the number of training data. Hence, it
is crucial to find a reasonable way to realize efficient
sampling for ranking, and extend the generalization
analysis to non-i.i.d. samples. Recently, there are some
advances along this line for fisher linear discriminant
in [47] and online SVM in [39].

APPENDIX A
PROOF OF LEMMA 1

Proof: Define the sampling operator Sx : Hxg — R”
associated with a discrete subset x = {x;}/*, of 2" by

Sx(f) = (FE)L; = (F&x1)s -y FEmNT

The adjoint of the sampling operator, ST : R” — Hg, is
given by

m
SXTC = ZC,‘K()C,', D, = ()i, = (c1,. cem)l €R™.
i=1

By means of the reproducing property f(x) = (f, K(x, )k,
we know

0(E(f) + 21 f1I%) Lo p
=4 =S, DSx+ =1
of (m2 x D F 5 )f
4 or
_WSX DY.
Then, fz is given by the solution

&)+ /1||f||%<)/6f) = 0. That is to say f;,; satisfies
- p 1,
—S{DS+ 1) fo = —S{DY. (10)

By the properties of RKHS, we know the solution of
optimization problem (4) can be denoted by a linear

span of the kernel functions {K(x;,-)}i,. That is
to say f > 02iK(xi,) = Sla, for some
0z = (0z1,...,0zm)] €R™. Then, from (10), we have

r . Am?
DSXSX + TI Oz = DY.

The desired result follows from SxS{ o = Ka. u
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APPENDIX B
PROOF OF THEOREM 1

Proof: First, recall some basic properties for the
Mercer Kernel. Let Lg : L/%X — L/sz be an operator
associated with a Mercer kernel K defined as

Ly f(x) = /X K (o) f@dpx (), x € X.

Denote {¢>k}k>1 as the orthonormal basis of L2 consisting of
eigenfunctions of L, and denote {/lt }>1 as thelr correspond-
ing eigenvalues. Note that, for any f; € Hg,, fi = X req crbr

and || flI, = 2221 ((€)?/24)).
For each s>1land f=3"'_, f,, we have

(&) + /1||f||%{®’v)
ocy,
2 m
B T
ij=1

(P (i) = P (x)) + ——

(f (xi) = f(x)))

lv,ck

By setting the above equation equal to 0, we obtain

Z(}’i —Yj

t k

Cc

Km0, 4
i,j=1

- (fG) = f(x)))

JCACHREACH)E
Then
fi(x) = —yj — (f(xi) = f(x;))
k= 1 1] 1
'(¢;i(xl') — 4 (x))) i
1 m
= m ;Kt(xi,x)
1 m I m
LEE B DA
j=1 s=1 k=1
X (KS(Xk,xz‘) - % ZKS(xk,xj)))'
j=1
From the properties of RKHS, we know f; =

> imi ai Ky (xi, x). Hence

t
o
! 2].1){ (

Zy, z zak (KS(Xk,Xi)

s=1 k=1
m
- > K))
m <
j=1

Then,
(af, ...

the desired result follows by denoting a’ =
o) u
m
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APPENDIX C
PROOF OF PROPOSITION 2

The main tool used here is the McDiarmid’s inequality.

Lemma 2 (McDiarmid’s Inequality): Let xi1,...,x, be
independent random variables taking values in a set <7, and
assume that ¢ : &/" — R satisfies

sup |[p(x1, ..y xn) — (X1, .oy Xiy oo Xp)| S bj
XlserrsXn X €9
for every 1 <i < n. Then, for every ¢ > 0
262
PrOb{¢(xl,-~-»xn)_E¢23} Sexp Z b2
1
Now, we present the proof of Proposmon 7T
Proof:  Let z = {z}iL, € Z™ and 7 =
(Zlﬂ"‘9zk 15Zk’zk+15-' Zm) DenOte ¢(Z) gg(fy @)
then E¢(z) = EX( fy @)- From the definition of fy o> We

get | ff glloo < x/IDg(y)/7. Then, for any 1 < k < m,

we have

¢(z) — ¢<zk>|
oM
1)Z|‘7 @ zinzg) = C(fy @ 20 2)) <=

m
i#k

According to the McDiarmid inequality, for any ¢ > 0,
we obtain

2
Prop (€1(1fe) &' (ffe) = 2} =exp | 75|
The desired result follows by setting
0= exp{(—mez/ZMlz)}. [ |
APPENDIX D
PROOF OF PROPOSITION 3
Proof: With the same fashion in the proof of

Proposition 2, we can get for any f € Bg,,r

me? ]

2M3 )
Now, we turn to the technique in [14] to obtain the uniform
convergence estimate. Let J = N(Bg,r, (¢/4L)) and f;,

1 <i < J be the centers of disks D; such that Bg, r C
U/, D;. Note that, for all f € D; and z € Z™

Prob {€°(f) — &,(f) = &} <exp {

[€°CF) = L = (€U = ELN) = 2LIS = Sl = 5.
Then
sup (€N —E[(N) ze = EGN—-EFN =3
feD;
That is to say
Prob [ sup (Ef(f) — Ef(f)) > 8]
ZEZ’” feD/
2
< gergg[e(m NAOOE g] < exp[— ?Ajzz]
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Note that

|

have

Prob
zeZ™

sup () —EL() = ¢

fEBEB,v,R

|

J
<> rp | s -l 2 e,

|

=< N (BGB,U,R’

Hence

|

Prob
zeZ™m

sup  (EC(f) —EL()) = ¢
fEBEB,v,R

& 2

il with

me
)CXp[— m]
/7

<M

Combining the above estimate with || fz[®||®,u
we derive the desired result.

APPENDIX E [1]
PROOF OF THEOREM 2

The proof of Theorem 2 is dependent on the following  [2I]
lemma established in [15].
Lemma 3: Let c1,c2 > 0 and p; > p» > 0. Then, the

equation

[3]

[4]

xPl—c1xP2 —cp =0
[5]

has a unique positive zero solution x*. In addition

. 1 L [6]
x* < max {(2c1)Pl n (2co) M }
Now, we present the proof of Theorem 2.

Proof: From [41, Lemma 3], we know
N (Bg,,r,¢/(4L)) < Hﬁzl N (Bk, r,e/(4lL). Moreover,
N (Bk, r,e/(4IL)) < N(Bk,.1,&/(4ILR)). Observe that
In(NV'(B1, 1) < Ca(p~ + u~2@*+D) has been presented
in [16]. Here, C; is a parameter depending on d and s > 0

[7]

[8]

[9]

is a parameter, which can be arbitrarily small. [10]
Setting [1'_, N'(Bk,.1, ¢/ (4L R) exp{—(me?/8M3)} =02,
we get (1]
& - ! 2(d+1) mE2
—2(d+
Cdl(m) +Ca ;ﬂ, ST In@2/9) = 0. 1,
Then [13]
2M2 d
245 2 —2(d+1) s
—=\ C In(2/0
: - dgu, +1n(2/9) )& 1
2C4IM2(4ILR)* [15]
_ M <0. (11)
m
Denote pi = 2 4+ s, pp = s, ¢ = (2M22/m) [l
CaS w2 4 @), and o = 07
(2C4IM3(4ILR)* /m). Now, take the equality in (11)
to obtain the equation [18]
elPl —c1eP? — ¢y = 0.
[19]
Based on Lemma 3, this equation has only one positive zero &*
satisfying that (201

1 1
&* < max {(2c1)f’1‘P2 , 2c) 71 }

1001

Therefore, from Proposition 3 and || fzf@ lo,w < (M//7), we

E(fue) — & (fr0)

2M>

1
—2(d+1)
T\ Ca 2o ™+ n2/9)

t=1
1
2Fs
X

confidence at least 1 — J/2, where R

1
2

< max

4C4IM3 (4ILR)
m

(12)

(M/7)-

Combining estimate (12) with Propositions 1 and 2, we get
the statement in Theorem 2.
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