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Abstract

Relevance feedback (RF) schemes have been widely designed to improve the performance of content-based image
retrieval (CBIR). Despite the success, it is not appropriate to require the user to label a large number of samples in
RF. Collaborative image retrieval (CIR) aims to reduce the labeling efforts of the user by resorting to the auxiliary
information. Support vector machine (SVM) active learning can select ambiguous samples as the most informative
ones for the user to label with the help of the optimal hyperplane of SVM, and thus alleviate the labeling efforts
of conventional RF. However, the optimal hyperplane of SVM is usually unstable and inaccurate with small-sized
training data, and this is always the case in image retrieval since the user would not like to label a large number
of feedback samples and cannot label each sample accurately all the time. In this paper, we propose a novel active
learning method, i.e., geometric optimum experimental design (GOED), to select multiple representative samples
in the database as the most informative ones for the user to label. Especially, GOED can alleviate the small-sized
training data problem by leveraging the geometric structure of unlabeled samples in the reproducing kernel Hilbert
space (RKHS) and thus further enhance the performance of image retrieval. Different from the conventional manifold
regularization framework, the new method can effectively select the most informative samples for the user to label in
image retrieval. By minimizing the expected average prediction variance on the test data, GOED has a clear geometric
interpretation to select a set of the most representative samples in the database iteratively with the global optimum.
Compared with the popular SVM active learning, our method is label-independent and can effectively avoid various
potential problems caused by insufficient and inexactly labeled samples in RF, and is more appropriate and useful
for image retrieval. Extensive experiments on both synthetic datasets and a real-world image database have been

conducted to show the advantages of the proposed GOED for CIR.
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I. INTRODUCTION

Content-based image retrieval (CBIR) has attracted much attention during the past decades [1], [2], [3]. However,
the gap between low-level visual features and high-level semantic concepts usually leads to poor performance for
CBIR. Relevance feedback (RF) [4] is one of the most powerful tools to narrow down this semantic gap by
letting the user label semantically relevant and irrelevant images, which are positive and negative feedback samples,
respectively.

Recently, a variety of RF approaches have been widely designed based on different assumptions for the positive
and negative feedback samples to improve the performance of CBIR. In [5], one-class support vector machine (SVM)
can estimate the density of positive feedback samples. Regarding the positive and negative feedback samples as
two different classes, RF can be considered as an online binary classification problem. Two-class SVM was widely
used to construct the RF schemes due to its good generalization ability [6], [7], [8], [9], [10]. With the observation
that “all positive samples are alike and each negative sample is negative in its own way”, RF was formulated as a
biased subspace learning problem, in which there is an unknown number of classes, but the user is only concerned
about the positive one [11], [12], [13], [14].

However, it is boring and tedious for the user to be asked to label a large number of samples in RF. To reduce
the labeling efforts of conventional RF, a large amount of studies have attempted to accelerate this procedure by
leveraging various auxiliary information. In this work, the paradigm of leveraging the auxiliary information for
image retrieval can be referred to as “collaborative image retrieval (CIR)”. In view of the characteristics of the
research in this category, we briefly classify the studies on CIR into two categories. The first group of research
intends to improve the performance of conventional RF by resorting to the user historical feedback log data or the
large-scale web data [15], [16]. In [15], Hoi et al. proposed a log-based RF method, which can integrate the user
historical feedback log data into the conventional RF and learn the correlation between low-level visual features
and high-level semantic concepts. In [16], Liu et al. proposed an RF method for personal image retrieval via a
cross-domain learning scheme, and it can effectively alleviate the labeling efforts of the user by leveraging a large
number of loosely labeled web images. The second group of research attempts to select a set of the most informative
samples from the database, which should be labeled by the user in RF and used as the training data to define an
effective similarity metric for CIR.

SVM active learning (SVMactive) is one of the most popular methods in this category, which has been widely
used to identify the ambiguous samples as the most informative ones by leveraging the optimal hyperplane of SVM
[17], [18], [19]. To explain the mechanism of SVMactive, a simple toy example is illustrated in Fig.1. There are
two labeled samples (i.e., the red solid dot “e” for the positive feedback sample while the green cross point “x” for
the negative feedback sample) and several unlabeled ones (i.e., open circles “o”). The six samples distribute along
a line and the coordinates on the horizontal axis indicate their positions. By using the SVM, the optimal hyperplane
of the classifier f, which separates the two labeled feedback samples with a maximum margin, crosses position

0 as shown in Fig.1 with the dashed line. According to the most ambiguous criterion, i.e., the samples closest
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f: the SVM classifier
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Fig. 1. A toy example to show the mechanism of SVMactive in selecting the most informative unlabeled samples for the user to label.

The red solid dot, green cross point and open circles indicate the positive feedback sample, negative feedback sample and unlabeled samples,
respectively. SVMactive can identify the ambiguous unlabeled samples “A” and “B” for their low prediction confidence but cannot select the

more representative unlabeled sample “B”.

to f having the maximum ambiguity, we can get that “A” and “B” have the maximum and identical ambiguity
because they have the same distance, i.e., 0.5 for both, to the optimal hyperplane. Therefore, “A” and “B” should be
identified by the user and used as the training data in RF. If we can choose only one sample for labeling, it is more
reasonable to label “B” than “A” since more unlabeled samples are distributed around “B” and thus “B” is more
effective than “A” to represent the distribution of unlabeled samples in the database. However, SVMactive can only
select the ambiguous samples for the user to label although labeling representative ones may bring more useful
information for achieving much better performance. Moreover, the optimal hyperplane of SVM is always unstable
with small-sized training data [9], [10], i.e., this hyperplane is always sensitive when the size of the training data
is small. Generally, in RF, the user would only label a small number of samples and cannot label each sample
accurately all the time. Therefore, the optimal hyperplane of SVM cannot always be accurate with insufficient
and inexactly labeled feedback samples. During the last decade, a large number of studies have been carried out
to further enhance the performance of SVMactive for image retrieval [20], [21], [22], [23]. Nevertheless, these
SVMactive methods always require an initial classifier model to identify the most informative samples and thus
cannot be directly applied when there are no training data, which is however not appropriate for CIR [17], [20],
[21], [22], [23].

In the machine learning community, there has been a long tradition of research on active learning [24], [25], [26],
[27], [28]. In general, discriminative models aim to choose the most ambiguous samples, e.g., SVMactive methods
[17], and generative models tend to select the most representative samples [27]. In statistics, active learning can
be typically referred to as experimental design. The sample is referred to as experiment, and its label is referred
to as measurement. The study of optimum experimental design (OED) [29] is concerned with the selection of the
most informative experiments to measure given that conducting an experiment is expensive. Classical OED methods
include A-OED, D-OED and E-OED, which are to maximize the confidence in a given model by minimizing the

size of the estimated parameter covariance [29]. However, classical OED methods cannot characterize the quality
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of predictions on test data if the test data are given beforehand. Transductive experimental design (TED) with
different solutions [30], [31] was proposed to directly assess the quality of prediction on the given test data,
which thus has a clear geometric interpretation to select the most representative samples in the database and has
yielded impressive results for text categorization compared with classical OED methods (i.e., A-OED, D-OED
and E-OED). Nevertheless, most of the experimental design methods can only evaluate the labeled samples while
ignore abundant unlabeled samples although the unlabeled samples can also provide useful information and further
enhance the performance of image retrieval. In RF, more often than not, the effort of labeling samples is generally
laborious and vast amounts of unlabeled samples are readily available in the database. Various semi-supervised
learning approaches under such a scenario have been widely developed to improve the generalization ability of
supervised learning by leveraging the geometric structure of unlabeled samples [32], [33], [34], [35], [36], [37],
[38]. In addition, conventional experimental design studies can only select one sample after another with a greedy
strategy [39] or involve a semidefinite procedure with high computational burden [40] when dealing with abundant
unlabeled samples, which will significantly limit their potential applications to CIR.

In this paper, we propose a novel active learning method, i.e., geometric optimum experimental design (GOED),
by leveraging the geometric structure of unlabeled samples in the reproducing kernel Hilbert space (RKHS) to
simultaneously select multiple representative samples in the database as the most informative ones for the user to
label in CIR. The proposed scheme is largely inspired by the recent manifold regularization principle [38], [41],
which is usually the key in semi-supervised learning to significantly improve the performance of supervised learning.
However, different from the conventional manifold regularization framework [38], our method can effectively select
the most informative samples for the user to label in image retrieval. In general, the new method can be divided
into three independent stages. It first learns a data-dependent kernel function from both the labeled and unlabeled
samples, which can be constructed by a conventional kernel function and then warped by a data-dependent norm
to reflect the geometric structure of unlabeled samples in RKHS, and thus alleviates the small-sized training data
problem in RF [37]. By minimizing the expected average prediction variance on the test data as suggested by TED
[30], [31], GOED has a clear geometric interpretation to select representative samples in the database as the most
informative ones. Finally, this kernel function can be used to identify a set of the most informative samples iteratively
with the global optimum for the user to label. Different from the popular SVMactive [17], [20], [21], [22], [23], our
method can select representative samples in the database as the most informative ones for the user to label, which
is actually label-independent and thus can effectively avoid potential sensibility problem caused by insufficient
and inexactly labeled feedback samples in SVMactive methods for image retrieval. Extensive experiments on both
synthetic datasets and a real-world image database have demonstrated the advantages of the proposed GOED for
CIR.

The rest of this paper is organized as follows: Section II briefly reviews the related work. In Section III, we
propose GOED for CIR. A CIR system is introduced in Section IV. In Section V, we first give the experimental
results on both synthetic datasets and a real-world image database, and then show the analysis of the important

parameter in GOED. Section VI concludes this paper.
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II. RELATED WORK

To describe our method clearly, let us first review two areas of research that are closely related to our work in

this paper, i.e., (1) CIR and (2) OED.

A. Review of CIR

To reduce the labeling efforts of the user in image retrieval, a variety of research work has been conducted
regarding the paradigm of CIR [15], [16], [42], [43], [44].

Some of the studies have attempted to address the challenges encountered by conventional RF by resorting to
the user historical feedback log data or the large-scale web data [15], [16], [44]. In [15], Hoi et al. proposed a
log-based RF scheme with SVM by engaging the user historical feedback log data in a conventional online RF
task. In [16], a textual query-based personal image retrieval system was proposed, which can significantly alleviate
the labeling efforts of the user in RF by leveraging millions of loosely labeled web images.

Active learning is well-known for getting the necessary information by labeling as few samples as possible.
SVMactive is one of the most popular techniques in this category for CIR, which has attracted much attention
during the last decade [17], [20], [21], [22], [23]. To alleviate the small-sized training data problem, Wang et al.
proposed to modify SVMactive with a transductive SVM by engaging unlabeled samples in the database [20].
In [21], Hoi et al. combined some semi-supervised learning techniques with the traditional SVMactive, which
can also effectively exploit the information of unlabeled samples [21]. Despite the vast research work, SVMactive
methods always require an initial optimal hyperplane to identify the most informative samples. However, this optimal
hyperplane will not always be accurate with insufficient and inexactly labeled feedback samples, which is always
the case in image retrieval.

Besides the aforementioned methods, some other research efforts have also been devoted to CIR [45], [39], [46].
In [45], a batch model active learning framework was proposed to employ the Fisher information matrix as an
ambiguous measurement to select the most informative samples, which is fundamentally based on a probabilistic
framework of the kernel logistic regression model. The author of [39] employed an experimental design criterion to
identify one sample after another with a greedy strategy, which does not have a clear interpretation to the selected

samples and is usually not the optimal solution to select multiple informative samples for the user to label.

B. Optimum Experimental Design

Given a set of unlabeled samples X = {z1,...,2,} in R?, active learning aims to find a subset Z =
{z1,...,21} € X which contains the most informative samples. That is, if the samples z;(i = 1,...,l) are
labeled and used as the training data, we can predict the labels of unlabeled samples more precisely.

In statistics, active learning is typically referred to as experimental design and considers a linear regression model

y:waJre (1
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where y is the observation, w € R? is the parameter vector, x € R? is the variable and ¢ is an unknown error
with zero mean and constant variance o2. We define f(x) = w”z to be the prediction on an input variable x and
the parameter vector w. Given a set of labeled samples (z1,¥1),..., (21, y:), a popular way to learn the prediction

function f is to estimate w by minimizing the following objective function, i.e.,

!
2
Jw) =" (w2 —y;)” + ol 2)
i=1
where y; > 0 and || - ||? is the vector 2-norm. Let Z = [z1,..., 2] and y = [y1, ..., %] . The optimal solution
to Eq.(2) is given by
W= (22" + 1)~ Zy (3)

Note that the introduced regularization term can improve the numerical stability of the solution since ZZ” 4 v, I
is of full-rank. It has been shown that 1 is an unbiased estimation of w and its covariance matrix is given by 02C,,,

where C, is the inverted Hessian of J(w):

0%J (w)
Cw = " =(ZZ2" + D) 4
(Graor) ™t = (22" +mI) )
Conventional OED methods can select the most informative samples, i.e., 21, ..., 2;, by minimizing the size of

the estimated parameter covariance, i.e., Eq.(4). The typical criteria are trace of C,, (i.e., A-OED), determinant of
Cy (i.e., D-OED) and maximum eignevalue of C,, (i.e., E-OED) [29].

Conventional OED methods (i.e., A-OED, D-OED and E-OED) do not have a clear interpretation to the selected
informative samples. To address this problem, TED aims to select representative samples in the database as the
most informative ones by directly minimizing the prediction variance on the test data [30], [31]. For simplicity, we
assume that the test data are given by X = [z1,...,x,], and thus the average prediction variance on the test data

X is given by

SNE

x7 Cov()x;

1
n

2T (227 + ) ' a; (5)

NgE!

=1
tr(XT(ZZT + 1) ' X)

RN

In order to minimize Eq.(5), we attempt to find a subset Z C X which can minimize tr(X7(ZZ7)71X). In

[30], after some mathematical derivations, the problem of Eq.(5) can be reformulated as follows:

n
min x; — Zog||? + a;[? 6
aieRl;H i ill Y1llel| (6)

The first term in Eq.(6) shows that the samples Z selected by TED are the most representative samples in the

test data X. That is, the selected samples z;(¢ = 1,...,l) can be used to reconstruct the data X most precisely
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[30]. In [30], Yu et al. proposed a sequential greedy method to select one sample z; at a time. However, the greedy
solution to this problem is always suboptimal.

To obtain the global optimum, a convex relaxation of Eq.(6) was carefully designed in [31]. By introducing
auxiliary variables 8 = (B1,...,0,) as a data selection coefficient to control the inclusion of samples into the

training data, the optimization problem of Eq.(6) can be reformulated as follows:

n nog2
min_ 3, (II@ — Xail|?+ X 5;7) + AllBlh
j=1

ai,BER™ ;7 7
stBi>0i=1,...,n
where o; = (a 1,...,;n)T , \is the sparse regularization parameter and ||-||; denote the /; norm. As indicated

by the well-known LASSO method [47], the minimization of the {3 norm ||S3||; will lead to a sparse §. It is easy
to check that, if 8; = 0, then all o j,...,ay, ; must be zero; otherwise the objective function goes to infinity.
Therefore, the jth sample will not be selected. It has been verified that the optimization of Eq.(7) is convex, and
thus the global optimal solution can be obtained. For more details, please refer to [31].

Conventional experimental design methods (i.e., A-OED, D-OED, E-OED and TED) are designed based on
supervised learning models (i.e., least-square ridge regression (LSRR)), which are usually not appropriate for CIR,
since the effort of labeling samples is generally laborious and vast amounts of unlabeled samples are readily available

in the database.

III. GOED For CIR

In this section, we first formulate the conventional RF in image retrieval as an active learning problem, and then
propose a novel active learning method, i.e., GOED, to select multiple representative samples in the database as the
most informative ones for the user to label. GOED can alleviate the small-sized training data problem by leveraging
the geometric structure of unlabeled samples in RKHS. Compared with the popular SVMactive, our method is
label-independent and can effectively avoid various potential problems caused by insufficient and inexactly labeled

feedback samples, and is more effective and useful for CIR.

A. Problem Definition

Let ¢ : RY — Hp denote a feature mapping function from an input space R? to an RKHS Hp, and ¢(x) denote
the sample = in RKHS. Regarding the positive and negative feedback samples as two different classes, RF can be
considered as an online binary classification problem and a classifier is expected to learn for image retrieval, which
can thus be used as a similarity metric to measure the similarity between a given sample = and the query image

via

y = sign(f(z)) (8)
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where the classifier is assumed to be f(x) = w? ¢(z) in this paper. Here, if y = 1, then x belongs to the positive
class; otherwise, it belongs to the negative class. It should be noted that a bias term can be incorporated into this
form by expanding the weight and sample vector as w < [w, b] and ¢(x) < [¢p(z), 1]. Generally, given a sample
x, a small value of |f(x)| means that the sample x is close to the optimal hyperplane and thus its corresponding
prediction confidence will be low, and vise versa.

Suppose we have a set of labeled feedback samples (z1,y1), ... (21, y1), where y; is the label of a sample z;, a
common principle for learning a good classifier f is to minimize the following structural risk in RKHS [48], [18],
[19]

l
f = argmin (J(w) =Y Ly, f(z) + 71||f||3<> ©)
=1

fE€HxK —
where L(-,-) is the loss function (e.g. hinge-loss in SVM, squared-loss in LSRR), v; > 0 and ||f||x is an
induced norm in an appropriately chosen RKHS Hp defined over a kernel Gram matrix K [49].

In general, the generic problem of active learning for RF is the following. Given a set of unlabeled samples
X = {z1,...2,} € R? in the database, we aim to find a subset Z = {z1,..., 2} C X, which contains the most
informative ones for the user to label. In other words, the samples z;(i = 1,...,1) can improve the performance
of image retrieval the most if they are labeled and used as the training data to acquire a more effective similarity
metric for image retrieval.

With the observation that the closer to the optimal hyperplane of f a sample is, the lower its prediction confidence
is, SVMactive methods have been widely designed to select the unlabeled samples closest to the optimal hyperplane
of f as the most informative ones so as to achieve maximal refinement on the hyperplane between the two classes
[17], [20], [21], [22], [23]. However, the optimal hyperplane of f is label-dependent and often sensitive to the
small-sized training data, which is always the case in image retrieval since the user would not like to label a large

number of feedback samples and also cannot label each sample accurately all the time.

B. GOED for CIR

Conventional active learning methods (e.g., SVMactive and OED) are developed based on supervised learning
models [17], [29], [30], [31], i.e., Eq.(9). However, in RF, the effort of requiring the user to label a large number
of samples is generally laborious, although vast amounts of unlabeled samples are readily available in the database
and can also provide useful information to enhance the performance of image retrieval. Semi-supervised learning
under such a scenario is often designed to significantly improve the generalization ability of supervised learning
by leveraging abundant unlabeled samples in the database. The common motivation of semi-supervised learning
methods [50], [38], [34], [37], [32], [33], [41] is to exploit the intrinsic geometric structure of unlabeled samples by
restricting the inductive prediction to comply with this geometry. The manifold regularization principle [38], [41],
one of the most representative techniques, assumes that the geometry of the intrinsic data probability distribution

is supported on a low-dimensional manifold. The manifold approximation term and supervised learning models are
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combined together under the conventional regularization framework [48], which can smoothen the model output
along the manifold estimated from the unlabeled samples [38], [41].

To alleviate the small-sized training data problem in RF, in this subsection, we propose a novel active learning
framework by leveraging the geometric structure of unlabeled samples in RKHS to simultaneously select multiple
informative samples for the user to label. The proposed scheme is largely inspired by the recent manifold reg-
ularization principle in the machine learning community [38], [41], which is usually the key in semi-supervised

learning to significantly improve the performance of supervised learning, i.e.,

l
f = argmin (J(w) = Llyi, f(2:)) + I f % + wllfl?) (10)

feHk i=1

where the additional ||f||? is a smooth penalty term to reflect the intrinsic geometric structure of unlabeled
samples. Parameters y; and -, are used to balance between the loss function and two regularization terms. The
manifold regularization term ||f||? plays a key role in semi-supervised learning and models the classifier output
smoothness along the manifold estimated from both the labeled and unlabeled samples in the database [38], [41].

The proposed active learning framework shares a similar objective function with that of the manifold regularization
framework in [38]. However, our method can effectively select the most informative samples for the user to label.
Different from conventional active learning methods (i.e., SVMactive and OED), the new scheme can effectively
alleviate the small-sized training data problem by exploiting the geometric structure of abundant unlabeled samples
as in various semi-supervised learning methods [32], [33], [37], [34], [38], [35], [36]. In CIR, the system can
effectively select the most informative samples for the user to label, which is an active learning problem. And
then, if the most informative samples are labeled by the user, the system can use both the labeled and unlabeled
samples to learn a classifier f and thus to measure the similarity between a given sample and the query image; this
is actually a semi-supervised learning problem.

Given the above active learning framework for CIR, the key issue to attack this problem is first to design an
appropriate RKHS induced by a kernel Gram matrix K, and thereafter find an effective way to identify the most
informative samples for the user to label. In the following, we will study to define the kernel Gram matrix K and
also to identify the most informative samples z;(i = 1,...,1) for the user to label.

Kernel trick is widely applied in the hope of discovering the nonlinear structure of the data by mapping the
original data into a higher dimensional RKHS [51]. The popular kernel functions include Gaussian and Polynomial
ones. However, the nonlinear structure captured by a data-independent kernel function may not be consistent with
the intrinsic geometric structure of data [37], [38]. To capture the geometric structure of data, in this work, we
employ a data-dependent kernel function, which can be constructed by a conventional kernel function (e.g., Gaussian
or Polynomial ones) from both the labeled and unlabeled samples with a kernel deformation principle [37]. For
clarity, below we briefly review the kernel deformation principle introduced in [37].

Let Hy denote the original RKHS induced by a kernel Gram matrix K, and H & denote the new deformed

RKHS induced by a new kernel Gram matrix K. In [37], the authors assume the following relationship between
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the two spaces, i.e.,

<f.9>p, =< [f.9>m +1' Mg (1

where f = (f(x1),..., f(z,)) and g = (g(x1),...,9(x,)) are evaluate functions on both the labeled and unla-
beled samples X, and M is used to capture the geometric structure of the data X. The deformation term, i.e.,
fT Mg, is introduced to assess the geometric relationship between the two functions f and g based on both the
labeled and unlabeled samples. According to [37], a new kernel function l~c(~, -) can thus be derived associated with
a new deformed RKHS H % by

k(wi,x;) = k(wi, ;) — ykL (I + MEK) ™ Mk,, (12)

where k(-,-) is the original kernel function (e.g., Gaussian or Polynomial ones) defined in Hy with its corre-
sponding kernel Gram matrix K = [k(z;,2;)|nxn, Kz, is defined as k,, = [k(z,21),...,k(zi,2,)]T, v is the
kernel deformation parameter and used to balance the original kernel function and the deformation term, and I is
an identity matrix. The key issue now is the choice of M, which should be designed with respect to the intrinsic
geometric structure of data X.

To capture the geometric structure of the data, we can turn to the graph Laplacian L as suggested by [37], [38].
Here, the graph Laplacian L is defined as L = D — W or L = D*%(W — D)D*% if normalized. The matrix
W € R™ x R" is the data adjacency graph, wherein each element W;; is an edge weight between two samples
x; and x;. In the diagonal matrix D € R™ x R", the ith entry D;; = Z?zl Wi;;. Various extensions of the graph
Laplacian have been proposed in [52]. A simple one is the following

Wi, = 1,ifz; € N(xj)orz; € N(z;) (13)
0, otherwise
where N(z;) denotes the k nearest neighbors of the sample ;. The graph Laplacian provides the following

smoothness penalty on the graph

n

(TLE =Y (f(m) — £(25))* Wi (14)

i=1

According to He and Niyogi [52], a definition in Eq.(14) corresponds to the approximation of [ ||V f(z)||?,
the manifold on which the data X reside. As indicated in [37], by setting M = L, the modified kernel Gram matrix
K allows us to reconstruct algorithms for semi-supervised classification and reinterpret them within the standard
framework of supervised learning [37], [38]. In particular, Laplacian SVM and Laplacian LSRR will become the
standard SVM and LSRR by using the new kernel function (i.e., Eq.(12)), respectively. In this work, by adopting
the squared-loss function as in experimental design methods [29], we can reformulate the active learning framework

(i.e., Eq.(10)) as a supervised learning model in the new deformed RKHS, i.e.,
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l

f = argmin {J(w) = W (=) — )+ 71||w||2} (15)

feHg i=1
where qﬁ(zl) denotes the sample z; in Hyc, which can reflect the geometric structure of unlabeled samples in the
database [37]. From the representation theorem [51], we know that w can be represented as a linear combination

of ¢(z),i=1,...,1, ie.,

l
w =Y vid(z) = $(Z)v (16)
i=1

where v =[vq, ... UI}T € R is the expansion coefficient vector. Bring Eq.(16) back into Eq.(15), we can derive

the following objective function

f:argmin{J(v) = ||I~(Zv—y||2+'ylle§'zv} (17)
fEfIK
where y = [y1,...,5]7, and K, € R" is defined only on the labeled set ¢(Z) = [p(z1), ..., d(z)] with its

8J(v)

entries computed as in the kernel Gram matrix K. By setting = 0, we can get the optimal solution to Eq.(17)

as follows

V= (K. +nD)y (18)

For an input sample x, we can predict its label by

!
Zl; (z,2;)0; (19)

where l’:;(7 -) is the new kernel function defined in Eq.(12). Therefore, Eq.(19) can be used to measure the
similarity between an input sample = and the query image. Then, the next problem is how to identify a set of the
most informative samples é(zl),z =1,...,1[ for the user to label. Let us consider the active learning framework
with a supervised learning model in Hz, i.e., Eq.(15). We define ¢(X) = [¢(x1),...,d(z,)] as the set of all
samples and ¢(Z) = [p(21), ..., d(2)] as the selected most informative ones in H ;. Motivated by TED [30], [31],
we attempt to minimize the expected average prediction variance on the test data é(X ) in H - Similar to Eq.(6),

the optimization problem can thus be reformulated accordingly as follows

min Z |3(xi) — &(Z)eul* + 1 |lal[? (20)

Consequently, GOED tends to select the representative samples ¢(Z) = [¢(z1), ..., ¢(z)] that can span a linear
space to retain most of the information of ¢~>(X ) in H > Which thus has a clear geometric interpretation to the
selected informative samples qNS(Z ) as TED [30], [31]. Moreover, different from SVMactive methods, GOED does
not depend on the labels y;(i = 1,...,1), but only on the training data ¢(Z) = [¢(21),...,d(z)], which can

effectively avoid various potential problems caused by insufficient and inexactly labeled samples in RF.
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Similarly, we can introduce a convex relaxation of Eq.(20) to obtain the global optimum, i.e.,

min Y (néw - d(X)ail + 32 ﬂ> + A8l
p

ai,BER™ ;=1 2n

s.tﬂj >0,5=1,...,n
where o; = (@;1,...,0;,)T, A is the sparse regularization parameter and || - ||; denotes the /; norm. The
minimization of the /; norm ||3||; can lead to a sparse coefficient 3. Further, when 5; = 0, all a3 j,. .., v, j must

be zero and the jth sample will not be selected as the most representative one. Therefore, 5 can be used as the data
selection coefficient. As has been stated earlier, this optimization problem (i.e., Eq.(21)) is convex, and therefore

the global optimum can be obtained [31]. In the following, we will discuss how to solve this problem.

Let Dg be a diagonal matrix with entries 31, ..., 3, and we have
na2
5 =ai Dyla 22)
j=1 Y

With some simple algebraic steps, we get

2
Qi

Bj

llé(z:) = ¢(X)as][* +

=1

@
Il 3
/\
I 3

—

>+/\IIB|1

n H(z:) — d(X)ow) T (i) — (X))o

g (</>(T)_1¢< Joi) T (Bai) — B(X) ) Bl 23
i=1 +ag Dﬁ o

d(a:)" d(as) — 20T $(X)" ()

1\ +af $(X)T6(X)as + ol Dy e

[
M=

+ Bl

.
Il

And then, taking the derivative of Eq.(23) with respect to «; and requiring it to be zero, we have

—20(X) T d(xi) + 26(X)T (X))o +2Dp ' = 0 (24)

Thus, we can get a;:

o = (D5 +9(X) 9(X))  (X)" d(x:) 25)
Let K'l be ith column vector of K’, ie.,

R = (3e) e, Blan) " dlar))

_ ~ (26)
= ¢(X) " o(w:)
Since ¢(X)T$(X) = K, Eq.(25) can be rewritten as follows:
Qi = (DEI + K)_lki (27)
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TABLE I
GOED FoR CIR

Input: The image database X with n unlabeled samples, the number of selected most informative samples [, the number of nearest neighbors k,

the regularization parameter -y, the data-dependent kernel deformation parameter -y, the sparse parameter A\ and the kernel type

Step 1: Construct a nearest neighbor graph with the weight matrix W as in Eq.(13) on the data X and calculate the graph Laplacian L = D — W
Step 2: Compute the conventional kernel Gram matrix K with the input kernel type and let M = L

Step 3: Compute the data-dependent kernel Gram matrix K according to Eq.(12)

Step 4: Initialize o;,; = 1, and iteratively compute 8; and «; according to Eq.(29) and Eq.(27), respectively, until convergence

Step 5: Rank the samples in X according to 3;(j = 1,...,n) in a descending order and return the top ! samples as the most informative ones Z
Step 6: The [ selected most informative samples Z should be labeled by the user and used as the training data to obtain a classifier f according
to Eq.(17) and Eq.(18)

Output: The classifier f, which can be used as a similarity metric to measure the similarity between a given sample = and the query image, i.e., Eq.(19)

Once oy is calculated, we can fix oy and find the minimum solution for 3;. Taking the derivative of Eq.(21) with
respect to 3; and requiring the derivative to be zero, we can have

n 2

Z(—O;j)Jr/\:o (28)
] J

Finally, we get the data selection coefficient

(29)

a;; and B; can be computed iteratively according to Eq.(27) and Eq.(29), respectively. The objective function
of Eq.(21) is convex, and thus the global optimum can be obtained after iterations.

We rank the samples in X according to the data selection coefficient 5 in a descending order and the top [ samples
are selected as the most informative ones Z. The system requires the user to label the relevant and irrelevant images
in Z as the positive and negative feedback samples in RF, respectively. Finally, these samples can be used to train
a classifier f according to Eq.(17) and Eq.(18) and then the classifier can be used as a similarity metric to measure
the similarity between a given sample = and the query image based on the output of f, i.e., Eq.(19).

The GEOD for CIR can be summarized in Table I.

The computational complexity of constructing the k nearest neighbor graph in Step 1 is O(kn?), where n is the
number of unlabeled samples. The computational complexity of computing the conventional kernel Gram matrix K
in Step 2 is O(n?). The computational complexity of computing the data-dependent kernel Gram matrix K in Step
3 is O(n?®) and the Step 4 requires O(tn3), where t is the iteration times. In our experiments, GOED converges

very fast and ¢ is usually a small number of iterations. Therefore, the overall computational complexity of GOED

is O(n?).
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Fig. 2. The framework of our CIR system. Different from conventional CBIR systems, our system can select the most informative images in

the database for the user to label and return the most semantically relevant images as the final results.

IV. THE COLLABORATIVE IMAGE RETRIEVAL SYSTEM
A. Overview of our CIR Framework

In this section, we first give an overview of our CIR system. As shown in Fig.2, when a query image is provided,
the low-level visual features are first extracted. Then, all images in the database are sorted based on a predefined
similarity metric. If the user is satisfied with the results, the image retrieval process is ended. However, most of the
time, RF is actually required because of the poor performance of the system. The CIR requires the user to label
some top informative images as the positive and negative feedback samples. Using these labeled samples as the
training data, an RF model can be obtained based on certain machine learning techniques. The similarity metric
can thus be updated together with the RF model. Then, all images are resorted based on the recalculated similarity
metric. If the user is satisfied with the refined results, RF is no longer required and the system gives the final
results, which are most semantically relevant to the query image. Otherwise, RF will be performed iteratively.

From Fig.2, it can be noticed that our CIR system is different from conventional CBIR systems, which can only
present relevant and irrelevant images in the top returned results for the user to label and is not proper since the
top returned results will not always be the most informative ones. The CIR system can accomplish a retrieval task
with fewer iterations than conventional RF schemes based CBIR systems and alleviate the labeling efforts of the

user with the help of the most informative samples in the database.

B. Corel Image Database and Image Representations

To perform empirical evaluation of the proposed method, first we should provide a reliable image database with
semantic groups. The Corel photo gallery is a professionally catalogued image database and has been widely used
to evaluate the performance of CBIR during the past a few years [12], [43], [44], [10]. To validate the effectiveness
of the proposed method, we group the images into a number of classes based on the ground truth. The original
Corel photo gallery includes many semantic categories, each of which contains 100 or more images. However,

some of the categories are not suitable for image retrieval, since some images with different concepts are in the
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Fig. 3. Some example images in the Corel image database.

same category. Therefore, existing categories of the original Corel photo gallery are ignored and the images are
reorganized into 80 conceptual classes based on the ground truth, such as lion, castle, bus, aviation, dinosaur and
horse. Note that each class of the Corel photo gallery has a clearly distinct concept and the quality of the images
can be considered very high. Finally, the Corel image database comprises totally 10,763 real-world images. This
way of using the images with semantic categories can help evaluate the performance automatically, which can
significantly reduce the subjective error compared with the manual evaluation. Some example images in the Corel
image database are shown in Fig.3.

To represent images in the database, we use three different sets of low-level visual features in a 631-D space,
i.e., 256-D RGB color histogram, 75-D edge distribution histogram and 300-D Bag of Words (BOW) [53]. For
the generation of visual words, we firstly apply the Difference-of-Gaussian filter [54] on the grayscale image to
detect a set of salient points; then we compute the Scale-Invariant-Feature-Transform (SIFT) [55] features over the
local areas defined by the detected salient points; finally we perform the vector quantization on the descriptors to
construct the visual vocabulary by using the k-means clustering approach. In this work, 300 clusters are generated
and thus the dimension of BOW features is 300. All feature components are normalized to a normal distribution

with zero mean and one standard deviation to represent the images.

V. EXPERIMENTAL RESULTS
A. Experiments on synthetic datasets

1) SVM is unstable with small-sized training feedback samples: SVMactive is one of the most popular methods
to identify the most informative samples for CIR, which requires the user to label the unlabeled samples closest
to the optimal hyperplane of SVM because of their low predication confidence. However, the optimal hyperplane
of SVM is always unstable with small-sized training feedback samples, i.e., this optimal hyperplane is always
sensitive to training data when the size of the training data is small, which is always the case in image retrieval.
To visualize the unstable problem with small-sized training feedback samples, firstly we use a toy problem to
illustrate the sensitivity of the optimal hyperplane of SVM in RF. In Fig.4, we use the open circles, triangles and

crosses to denote the positive feedback samples, negative feedback samples and unlabeled samples in the database,
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() (b) ©

Fig. 4. Tllustration of the unstable problem of the optimal hyperplane of SVM when dealing with small-sized training feedback samples. The
open circles, triangles and crosses denote the positive feedback samples, negative feedback samples and unlabeled samples, respectively. The
white solid line indicates the optimal hyperplane of SVM, which separates the positive and negative feedback samples. The unlabeled samples

closest to the optimal hyperplane of SVM will be identified as the most informative ones.

respectively. Fig.4 (a) shows the optimal hyperplane of SVM, which is trained by the original feedback samples
and adopted to identify the most informative unlabeled samples for the user to label. The unlabeled samples closest
to the optimal hyperplane of SVM will be identified as the most informative ones for the user to label. However,
as shown in Fig.4 (b) and (c), much different optimal hyperplanes will be trained by the original training data with
one and two incremental positive feedback samples, respectively. Consequently, the optimal hyperplane of SVM is
usually unstable and it is not appropriate to directly use this hyperplane to identify the most informative samples

when dealing with small-sized training feedback samples.

ot 4ot + ot e 4
+ oy R R + A

R
T+t
Lt

(a) (b) (©

Fig. 5. Performance comparison between TED and GOED in selecting the most representative samples. The black dots and blue crosses
indicate the relevant and irrelevant unlabeled samples in the database, respectively. The red open circles are the most representative samples

selected by TED and GOED in the database.

2) GOED can select the most representative samples in the database: GOED aims to select representative
samples in the database as the most informative ones for the user to label, which is fundamentally based on TED
with a convex solution in the new deformed RKHS [31]. The difference between the two algorithms is whether the
geometric structure of unlabeled samples is fully exploited. To visualize the effectiveness of GOED in selecting
the most representative samples, we give a simple toy example to compare the effectiveness of the two algorithms.

In Fig.5, we use two sets of samples on two circles to indicate the relevant and irrelevant unlabeled samples with

June 12, 2013 DRAFT



17

the query image in the database. Especially, the black dots on the small circle represent the relevant unlabeled
samples and the blue crosses on the big circle denote the irrelevant unlabeled samples, respectively. The eight most
informative samples in the database are required to be selected by TED and GOED for the user to label. Both
of the two algorithms use the Gaussian kernel function. As we can see, all samples selected by TED are from
the set of relevant samples on the small circle, while GOED can select four relevant samples on the small circle
and four irrelevant samples on the big circle, respectively. Clearly, the informative samples selected by GOED can
better represent the original database (i.e., two circles). It should be noted that we do not compare our method with

SVMactive because SVMactive cannot be applied in this case due to the lack of training data.

B. Experiments on a real-world image database

In this subsection, we will evaluate the effectiveness of the proposed GOED in selecting representative samples
in the database as the most informative ones for the user to label in image retrieval based on two experiments: first,
we investigate the GOED method for CIR by comparing it with a conventional RF scheme based CBIR system and
thus show the potential of CIR in improving the performance of image retrieval; then, we show the performance of
our CIR system by selecting the most informative samples for the user to label and compare it with some popular
RF schemes for image retrieval based on a large real-world image database.

We adopt widely used average precision (AP), standard deviation (SD) and average recall (AR) to evaluate the
performance of the compared algorithms. AP is the major evaluation criterion, which evaluates the effectiveness
of the compared algorithms. In experiments, we empirically set the regularization parameter v; as le — 3 and the
sparse regularization parameter as 100 in experiments. For all kernel-based methods, we choose the Gaussian kernel
function. Considering the computable efficiency, we do not use all unlabeled images in the database but only the
top 500 returned results in the previous round of RF. The number of nearest neighbors k is empirically set as 4
according to [52]. It should be noted that both the SVM and SVMactive methods adopt the hinge-loss function, and
all other methods (i.e., GOED, TED and LSRR) use the squared-loss function. In experiments, the data-dependent
kernel deformation parameter «y is empirically set as 0.1, which will be analyzed carefully in the next subsection.

1) Performance evaluation on a small-scale image database: In this part, we intend to examine how effective the
proposed GOED is when selecting the most informative samples for the user to label in image retrieval, and thus
evaluate the potential of CIR compared with the conventional RF based CBIR systems, which can only select the
top returned samples for the user to label. Basically, both GOED and TED are designed based on the LSRR model
in RKHS. However, LSRR can only require the user to label the top returned images. Therefore, we compare GOED
and TED with LSRR and show the performance difference of these algorithms. The experiments are conducted on
a small-scale image database, which includes 3,139 images with 30 different categories. All 3,139 images in the
30 categories are used as the query images to evaluate the compared algorithms. In this experiment, we select an
equal number of relevant and irrelevant images as the positive and negative feedback samples, respectively. For
GOED, the first 3 relevant images and first 3 irrelevant images in the 20 most informative samples selected by the

algorithms are labeled, whereas for LSRR, the first 3 relevant images and first 3 irrelevant images in the top 20
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Fig. 6. APs with 30 categories in the top 20 results of the compared algorithms (i.e., GOED, LSRR, TED and Baseline) after the second
round of RF.
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Fig. 7. APs of the compared algorithms (i.e., GOED, TED, LSRR and Baseline) after the first and second round of RF. (a) the first round of
RF (b) the second round of RF.

returned samples are marked as the feedback samples.

Fig.6 shows APs in the top 20 retrieved results after the second round of RF for all 30 categories. The baseline
describes the initial retrieved results without any RF information. Especially, at the beginning, the Euclidean distance
metric in the high-dimensional feature space are used to measure the similarity between the query image and the

images in the database. After the user provides the RF information, these methods can be applied to train a classifier
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and thus define a new similarity metric to resort the images in the database. As shown in Fig.6, the performance
of the three algorithms varies with different categories. For some easy categories, all of these three algorithms can
perform well (e.g., Categories 2 and 3). For some hard categories, all of these three algorithms poorly perform (e.g.,
Categories 16, 18, 22 and 23). After the second round of RF, all of these three algorithms can show much better
performance than the baseline and therefore significantly improve the performance of image retrieval. Compared
with LSRR, both GOED and TED can perform much better for most of the 30 categories (e.g., Categories 1, 4,
19, 20 and 27), which indicates that both GOED and TED are more effective for image retrieval since these two
methods can automatically select the most informative samples for the user to label. Compared with TED, GOED
can show much better performance for most of the results, since GOED tries to find the most informative samples
for the user to label by leveraging the geometric structure of abundant unlabeled samples.

Fig.7 (a) and (b) show APs of the compared algorithms after the first and second round of RF, respectively. As
shown in Fig.7, we can notice that all the three algorithms (i.e., GOED, TED and LSRR) can show much better
performance than the baseline on the entire scope, particularly after the second round of RF. This is mainly because
by iteratively cumulating the RF information, more feedback samples will be used as the training data and therefore
significantly enhance the performance of the system. Compared with LSRR, both GOED and TED can show much
better performance on the entire scope, since both GOED and TED can effectively select the most informative
samples for the user to label while LSRR can only label the top returned samples.

Based on the aforementioned results, we notice that both GOED and TED are more effective than LSRR thus show
the potential of CIR by selecting the most informative samples for the user to label in improving the performance of
image retrieval. We should highlight that, in the first round of RF, there are no training data and thus conventional
SVMactive cannot be applied to select the most informative samples for the user to label. Compared with SVMactive,
GOED is label-independent and thus will be more appropriate for CIR.

2) Performance evaluation on a large-scale image database: In this part, we design a scheme to model the
real-world image retrieval process. In a real-world image retrieval system, a query image is usually not in the
database. To simulate such an environment, we use a fivefold cross validation database to evaluate the compared
algorithms. More precisely, we divide the whole image database into five subsets with equal size. Therefore, there
are 20 percent per category in each subset. At each run of cross validation, one subset is selected as the query
set, and the other four subsets are used as the database for image retrieval. Then, 500 query images are randomly
selected from the query set, and RF is automatically conducted by the system. For each query image, the system
retrieves and ranks the images in the database. Finally, 9 rounds of RF are automatically carried out by the system.

To show the effectiveness of the proposed GOED, we compare it with TED, LSRR, SVMactive, SVM, biased
discriminant analysis (BDA)[11] and generalized BDA (GBDA)[14]. Out of these seven algorithms, GOED, TED and
SVMactive are active learning methods, whereas LSRR and SVM are standard classification algorithms. Different
from classification-based RF schemes, both BDA and GBDA are discriminant analysis-based RF schemes. BDA
is one of the most promising RF approaches to deal with the feedback samples imbalance problem for CBIR.

However, the singular problem of the positive within-class scatter and the Gaussian distribution assumption for
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positive samples are two main obstacles impeding the performance of BDA RF for CBIR. GBDA can avoid these
two drawbacks of BDA within one framework and thus significantly improve the performance of BDA RF for
CBIR. In each round of RF, 20 images are picked from the database and examined serially to mark as the positive
or negative feedback samples. In general, in a real-world image retrieval system, the irrelevant images usually
largely outnumber the relevant ones. To simulate such a case in the system, the first 3 relevant images are labeled
as the positive feedback samples, and all other irrelevant images in the 20 images are automatically labeled as the
negative feedback samples. The images that have been selected in previous RF iterations are excluded from later
selections. It should be noted that for active learning-based RF methods (i.e., GOED, TED and SVMactive), the 20
images are selected from the database by the algorithms themselves, whereas for conventional classification-based
RF methods (i.e., SVM and LSRR) and discriminant analysis-based RF methods (i.e., GBDA and BDA), the 20
images are composed of the top 20 returned images in the previous round of RF, which is the most popular way
to select the feedback samples in the existing research of CBIR. In this experiment, we calculate the APs over the
500 query images at different positions from the top 10 to top 40 to obtain the APs, and all experimental results
are computed from the fivefold cross validation.

Fig.8 and Fig.9 show the APs and SDs of the compared algorithms, respectively. As shown in Fig.8, GOED
consistently outperforms all the other compared algorithms on the entire scope. GOED and TED are mainly designed
based on the LSRR model in RKHS; however, both of them can significantly improve the performance of LSRR
by selecting the most informative samples for the user to label. Compared with TED, GOED performs much better
for all top results, since GOED tries to find the most informative samples for the user to label by leveraging the
manifold structure of the data on which the classifier is as smooth as possible. SVMactive cannot show better
performance than GOED and TED, since the optimal hyperplane of SVM is usually not very stable and accurate
with small-sized training data in a high dimensional space (i.e., about tens of samples in a 631 dimensional space
in this paper). Therefore, it is not appropriate to directly use the optimal hyperplane of SVM to identify the most
informative samples when the number of the training data is small. Different from SVMactive, GOED and TED
can select representative samples in the database as the most informative ones for the user to label, which are
actually label-independent and therefore more appropriate for image retrieval. Moreover, we should indicate that
SVMactive can only be applied when there is an initial classifier. Therefore, it cannot be applied in the first round
of RF. In experiments, we use the standard SVM to build an initial classifier. When considering more rounds of
RF, SVMactive can get little improvement over the standard SVM. Compared with LSRR, SVM can show slightly
better performance than LSRR for all top results especially after a few rounds of RF since the loss function in
SVM (i.e., hinge-loss) has much better generalization ability than the loss function in LSRR (i.e., squared-loss).
GOED can outperform other compared methods for most of the results since it can select the most representative
samples in the database for the user to label, which is more practical and useful for image retrieval.

Regarding the stability of the compared algorithms, we can also notice that GOED performs best among the top
10, 20, 30 and 40 results as shown in Fig.9. Then, for other top results, the performance of GOED is similar to

the other compared algorithms. The detailed results of the compared algorithms after 9 rounds of RF are shown in
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TABLE 11
APS AND SDs IN ToP N RESULTS OF FIVE ALGORITHMS (1.E., GOED, TED, LSRR, SVMACTIVE, SVM, GBDA AND BDA) AFTER THE
NINTH ROUND OF RF (APS + SDs).

Methods GOED TED LSRR SVMactive SVM GBDA BDA

Top 10 | 0.93£0.19 | 0.93+£0.20 | 0.78=0.37 | 0.84+£0.25 | 0.82=0.28 | 0.86+0.20 | 0.85=0.28
Top 20 | 0.83+0.24 | 0.81+0.25 | 0.69+0.40 | 0.80+0.28 | 0.74+0.31 | 0.76+0.25 | 0.76+0.30
Top 30 | 0.76+£0.25 | 0.74+£0.27 | 0.57£0.37 | 0.73£0.30 | 0.63£0.31 | 0.69£0.27 | 0.65£0.31
Top 40 | 0.71+0.26 | 0.68+0.27 | 0.49+0.34 | 0.64+0.30 | 0.55+0.30 | 0.64+0.28 | 0.57+0.29
Top 50 | 0.66£0.26 | 0.63x£0.27 | 0.43£0.32 | 0.57£0.28 | 0.49=0.28 | 0.60£0.28 | 0.51=0.28
Top 60 | 0.62+0.26 | 0.59+0.27 | 0.40+0.30 | 0.52+0.27 | 0.45+0.27 | 0.56+0.28 | 0.46+0.27
Top 70 | 0.5840.25 | 0.55£0.26 | 0.36=0.28 | 0.47£0.26 | 0.41£0.26 | 0.532£0.27 | 0.42+0.25
Top 80 | 0.35+0.24 | 0.5240.25 3340.26 | 0.4340.24 | 0.37+0.24 | 0.50+0.206 | 0.39+0.24
Top 90 | 0.524+0.25 | 0.49+40.24 | 0.31+0.25 | 0.40+0.23 | 0.35+0.23 | 0.4740.25 | 0.36+0.23

Table II. As given in Table II, GOED achieves much better performance compared with other approaches for all
top results. TED still obtains satisfactory performance, as compared with SVM, LSRR and SVMactive. Therefore,
we can conclude that the proposed GOED has shown its effectiveness in selecting representative samples in the
database for the user to label in image retrieval.

It should be noted that the performance difference between this work and the previous research is mainly due
to different experimental setup and platforms. As indicated in [17], to obtain a stable classifier, the user is usually
required to randomly select a large number of samples to label in the first round of RF and a large number pool
samples closest to optimal hyperplane of SVM (e.g., more than 20 samples in a 144 dimensional space), which can
then be used to train a classifier and identify the ambiguous samples for the user to label. However, in practice, the
positive feedback samples are usually much less than the negative feedback ones [9] and it is also not appropriate
to require the user to label a large amount of samples in RF. In this work, we select at most 3 relevant images and
all other irrelevant images in 20 returned samples in a 631 dimensional space as the feedback samples, which is
similar to a real-world image retrieval process. Moreover, we use a fivefold cross validation database to evaluate

the effectiveness of the compared algorithms, and this is different from previous studies [17].

C. Parameter sensitivity

In this subsection, we study the sensitivity of GOED with regard to the kernel deformation parameter 7 in
constructing the data-dependent kernel function, which is the key in GOED to significantly improve the performance
of image retrieval by leveraging the geometric structure of unlabeled samples in RKHS. With the observation that
the difference between GOED and TED is whether the geometric structure of unlabeled samples is fully exploited,
we show the performance difference between the two methods. The analysis is performed based on experiments
conducted on the small-scale image database given in subsection V-B-1. In experiments, we use all samples in the
database to construct the data-dependent kernel function and 500 images are randomly selected from the database

and used as the query images. For each query image, the system retrieves and ranks the images in the database
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Fig. 10. The performance sensitivity of GOED with regard to the data-dependent kernel deformation parameter ~. (a) APs (b) ARs

and 4 rounds of RF are automatically carried out by the system. In each round of RF, 20 most informative samples
selected by the algorithms are examined from the top. The first 3 relevant and first 3 irrelevant images in the 20
selected informative samples are automatically marked as the positive and negative feedback samples by the system,
respectively.

In experiments, we empirically set the kernel deformation parameter + as a value in a sequence, i.e., {2¢,i =
—10,-9,...,2,3}. Fig.10 shows how APs and ARs of GOED vary with ~ in the top 10, 30 and 50 results after 4
rounds of RF. The dashed lines indicate the corresponding results of TED. We can notice that the parameter y can
significantly affect the performance of GOED with regard to APs and ARs. As shown in Fig.10, when ~ is small
enough, the APs and ARs of GOED will approximate the corresponding results of TED. This is mainly because
GOED will result in TED when the parameter v is set as 0, i.e., GOED will be a standard supervised learning
method and cannot exploit the geometric structure of unlabeled samples as TED. When ~ becomes larger, GOED
shows much better performance regarding the APs and ARs. However, if ~ is too large, the performance may be
degenerated, and this is mainly due to the overdeformation in the new RKHS. As we can see, GOED achieves
consistently good performance with y varying from 274 ~ 272, The parameter can be further tuned to achieve better
performance. The analysis above also indicates that the GOED can effectively alleviate the small-sized training data

problem by leveraging the geometric structure of unlabeled samples in RKHS.

D. Discussions

In the proposed CIR system, several aspects can be improved. For instance, a much larger image database will
be utilized in the current platform. Recently, CBIR based on a large scale social web database (e.g., 1 million

Flickr images) has attracted much attention [3], [56]. In these systems, large scale social web images are first
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selected from social web sites (e.g., Flickr) and then manually grouped into semantic classes according to the
associated textual information. However, different users have different opinions on a same web image, and thus
will categorize the same image into different semantic groups. The CBIR results from such image databases will
be subjective and are difficult to objectively evaluate or compare. Moreover, due to the noise textual information,
it is still a problematic issue to categorize the images into semantic groups according to their rich associated tags.
Consequently, it is interesting to objectively evaluate the performance of a CBIR system based on a large scale
noisy social web database in our future study; newly proposed features may outperform the conventional ones, e.g.,
sparse coding representations [57].

The last two decades have witnessed the significance of RF provided by the user in improving the performance
of image retrieval. Various RF schemes have been widely developed based on different assumptions for the positive
and negative feedback samples [4], [58], [59], [11], [12], [60], [13], [6], [7], [8], [9]. However, it is more appropriate
for image retrieval to achieve satisfactory results within as few rounds of RF as possible since an online learning
task is usually tedious and boring for the user.

Active learning is one of the most powerful tools to reduce the labeling efforts of the user by labeling the
most informative samples. Discriminative models, e.g., SVMactive, aim to select the most ambiguous samples and
generative models attempt to identify the most representative samples. In general, when the number of the training
data is large, the methods which select the most ambiguous samples (e.g., SVMactive) may outperform the methods
which select the most representative samples (e.g., GOED). This is mainly because with a large amount of training
data, the classifier will be more accurate and thus the ambiguous samples selected by the algorithm can provide the
most amount of information. However, for image retrieval, it is not appropriate to require the user to label a large
number of samples in RF. Consequently, when the number of the training data is small, GOED is more appropriate
in selecting representative samples in the database as the most informative ones for the user to label compared with

the popular SVMactive for CIR.

VI. CONCLUSION

In this paper, we have introduced a novel active learning method, i.e., GOED, to select multiple representative
samples in the database as the most informative ones for the user to label in image retrieval. Especially, GOED
alleviates the small-sized training data problem by leveraging the geometric structure of unlabeled samples in
RKHS, and thus further enhances the performance of image retrieval. Different from the conventional manifold
regularization framework, the new method can effectively select the most informative samples for the user to
label in image retrieval. By minimizing the expected average prediction variance on the test data, GOED has a
clear geometric interpretation to select the most representative samples in the database iteratively with the global
optimum, and it is more effective and efficient for the user to label. Compared with the popular SVMactive, our
method is label-independent and thus can avoid various potential problems caused by insufficient and inexactly
labeled feedback samples, and is more appropriate and useful for image retrieval. Extensive experiments on both

synthetic datasets and a real-world image database have shown the advantages of the proposed GOED for CIR.
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Despite the promising results, several questions remain to be investigated in our further work. In general, ambiguity

and representativeness are two important aspects in considering an active learning problem, both of which can

provide useful and necessary information for alleviating the labeling efforts of conventional RF. Therefore, an

effective technique is required to integrate the two aspects of active learning for selecting the most informative

samples in the database. In addition, theoretic questions need to be investigated regarding how the proposed method

affects the generalization error of the classification model. More specifically, we expect that the active learning

method can improve the generalization ability of the classifier and further enhance the performance of the system.
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