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Abstract

that images that are “close” to each other in feature space
are also visually closer. Over the last couple of years, it
has widely been recognized that a fully automatic, “rigid”
approach to image retrieval cannot satisfy the information
need of a wide variety of users. Thus the human-in-the-loop
interactive approach has emerged as a de facto standard
methodology in more recent CBIR engines to bridge the
gap between the user-level high-level concept and the lowlevel representation of images in the feature space. Relevance feedback, commonly practiced in the information
retrieval (IR) community has been adopted by the CBIR
community as the means of user interaction – given a user’s
preferences (likes/dislikes) to a set of images, “similar” to
his query image (according to an initial metric), the goal
is to learn her notion of similarity, and improve the relevance of the retrieved images to that user over successive
iterations.
Commonly used relevance feedback techniques can be
broadly categorized into two: (1) geometric similaritybased, and (2) probabilistic similarity-based. In geometric
similarity-based approaches, a parametric distance measure
is assumed between two image feature vectors
and
such as

Most interactive, “query-by-example” based image retrieval systems employ relevance feedback technique for
bridging the gap between the user-defined high-level concept and the low-level image representation in the feature
space. We propose in this paper a unified relevance feedback methodology that offers flexibility in capturing user
perception and at the same time robustness to deal with limited training images. A generalized additive model based
nonparametric probabilistic approach is adopted for flexibility. A generalized ellipsoid based parametric model with
outlier rejection is proposed for robustness. Our approach
initially assumes a unimodal user perception, and depending on the size of the outliers infers a multi-modal perception, and switches to nonparametric mode. Experimental
results with simulated training set are presented to demonstrate the validity and effectiveness of the proposed relevance feedback technique. We also report results on real
image databases and show the effect of our algorithm on
the end-to-end retrieval performance.



1. Introduction
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 is diagonal if
where is the cross-correlation matrix.
feature independence is assumed. In a typical retrieval
  sce-
nario, given a query feature vector  , a distance
 in
is computed between  and an image feature vector
the database.  images with least distances are retrieved,

Rapid growth in the number and size of image databases has
created the need for more efficient search and retrieval techniques, since conventional database search based on textual
queries can at best provide a partial solution to the problem.
This is because either the images are often not annotated
with textual descriptions, or the vocabulary needed to describe a user’s implied “concept” may not exist (or, at least
not be known to the user). Additionally there is rarely a
unique description that can be associated with an image.
The standard paradigm for content-based image retrieval
(CBIR) is the so-called “query by example” where the user
provides the system with one or more query images, and
the system retrieves from the database images that are visually similar to the example(s). Initial designs of CBIR engines concentrated largely on selection of feature space so

and user’s opinion is sought (A rather interesting query
modification-based retrieval paradigm has been recently reported in [5]). The matrix entries (denoting feature weights)
are updated based on some feature properties of the relevant images. In MARS [3], one of the earliest CBIR systems employing relevance feedback the feature weights are
chosen inversely proportional to the variance of the feature
values in the relevant set, based on the intuitive argument
that if the relevant images are distributed widely along a
feature dimension, its importance in user’s mind must be
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small. MindReader formalized the MARS approach, and
obtained the weight updation rule for non-diagonal by
solving a minimization problem [4]. Rui et. al introduced
the concept of feature classes, and inter- and intra-feature
weights, and showed its effectiveness of the approach over
MindReader for image retrieval in [2]. Most of these geometric similarity-based approaches only handle unimodal
queries, and ignore the information from the non-relevant
set of images. Using information contained in the nonrelevant examples is essential to prevent the algorithm from
getting stuck in local minima. This also ensures that the
algorithm explores the feature space. For example, say an
user is interested only in images containing sun setting over
the sea and not in images of sunsets over land. This can
only be handled by algorithms which explicitly consider the
non-relevant images.

ages.

2 Outlier Rejection Based Parametric Relevance Feedback Technique
We propose a novel geometric similarity-based relevance
feedback technique in this Section that explicitly uses the
information about non-relevant image feature points. The
proposed approach iteratively updates the parameters of a
geometric similarity metric so as to fit the relevant feature vectors while excluding the non-relevant ones. This
is achieved by modifying the weights associated with the
relevant examples. Specifically, relevant points that are far
away from the non-relevant points are given more weights,
and relevant points that are close to non-relevant ones are
treated as outliers and given small weights.
Let
denote a set of image
feature vectors, and
be the corresponding user responses. is the dimension of the feature space.
if
is relevant to the user.
if
is
non-relevant to the user. Further assume
and
represent the set of relevant and non-relevant feature vectors.
represent the weights associated with the relevant examples. Initially
for all relevant feature
vectors. We assume a generalized ellipsoid-based similarity measure of the form, given by Equation 1. Then, given a
feature vector in the database, its relevance can be computed as

     
  

   

The probabilistic approaches on the other hand utilizes
the notion of likelihood-based similarity measures. Given a
user’s preferences on an initial set of images, the probability
density functions for relevant and non-relevant images are
obtained. Next the likelihood of two image feature vectors
being similar or dissimilar – one being the query feature
vector and the other one being an image feature vector
in the database is computed using these distributions. Most
likely relevant images are shown in successive iterations.
Nastar et. al proposed a forward model of density estimation in [8], and integrated both the positive and negative
examples in a common parametric density estimation technique. This technique was subsequently enhanced by using
nonparametric density estimation in [7], and Bayesian inference was performed to retrieve most probable relevant
images from the database. In general parametric methods
provide robustness over nonparametric ones, but at the expense of flexibility.
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where
represents the target concept, and entries of
represent the feature weights that capture the user perception. Our goal is to estimate and , so that the sum
of distances of relevant vectors from the target concept is
minimized. Or in other words, minimize

We propose a novel approach to relevance feedback in
this paper that offers advantages over existing methods in
terms of both robustness and flexibility by integrating the
geometric and probabilistic similarity measures. Initially
a unimodal perception is assumed and a novel geometric
similarity-based search is invoked that explicitly utilizes
the information from the non-relevant images. Specifically,
relevant images that are close to non-relevant images than
others to its class are removed as outliers and only rest of
the relevant images are used for updating the entries of
cross-correlation matrix . A nonparametric probabilistic method is invoked if the ratio of outliers and relevant
images crosses a threshold. A generalized additive modelbased approach is adopted for retrieving the most probable
relevant images. The individual performances of both the
proposed approaches are established over several existing
ones. Performance measurement is conducted using simulated datasets (to decouple the feature selection process
from end-to-end retrieval performance) as well as real im-
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where, is the covariance matrix for the set
images, given by
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to the examples in
being retrieved again in the next
iteration. To avoid this, the remaining relevant examples
are weighted by their cumulative distances from examples

in
. Hence, the metric estimated in the next iteration

is forced away from
.

In the above formulation, ’s are provided by the user in
each iteration. Typically existing systems require the user
to rank images based on their relevant to her, from very
relevant to not so relevant. We feel this multi-level relevance assignment is too difficult for a user and prone to
error. Recently Hong et. al proposed a Support Vector Machine (SVM) based technique for automatic weight assignment for relevant images [1], where the output of the trained
SVM for each relevant example is used as its weight. The
output of the SVM classifier gives the distance of the input
feature vector from the separating hyperplane in a transformed domain. Weighing the examples using this distance
to estimate a quadratic metric may not be meaningful in the
original space. Also, the authors do not address the issues
associated with using a small training set obtained from the
user’s feedback in training a SVM classifier.

 

 

Input:
,
the relevant and non-relevant examples.
Output: and  parameters of similarity metric.
Let  be the dimension of the feature space
class with smallest number of components;
Let      ;   ;
while (1)
Calculate "!# %$  '& using (4);
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2.1 Automatic weight updation for relevant
images



We propose a new technique where only binary relevance
assignment is sought from the user, and the weights
are
automatically computed based on their distances from the
non-relevant images. This proposed method updates the
weights ( ) and the parameters of the similarity metric
iteratively, so that the ellipsoids represented by the successive similarity metrics better capture the positive examples
while excluding negative ones. The algorithm, as shown
in Fig. 1 begins by initializing all the weights
to one,
i.e. initially all the relevant examples are considered to be
equally important. In each iteration, the parameters of the
similarity metric ( and ) using the current weight vector
are determined. The distances of the relevant and
the non-relevant examples from the learned target concept
 denote the farthest
( ) are determined using (2). Let
 be its
positive example having
a
non-zero
weight
and

distance from . Let be the ellipsoid defined by

 . Let
and having a radius
represent the set of
negative examples which fall inside the ellipsoid . The
aim of the algorithm is to modify the parameters
in
each iteration to reduce the number of such examples. This
is achieved as follows. The weight of the farthest positive
 is set to 0. The weights of the other positive
example
examples with non-zero weights are updated as the sum of

their quadratic distances from the examples in
. The
updated weights are then used to obtain a new estimate of
the similarity metric parameters and the iteration proceeds.

The iteration stops when the size of
becomes zero.
The algorithm proceeds by removing a positive example in each iteration. This positive example is considered
an ”outlier” since its inclusion in the estimation of the sim
ilarity metric results in negative examples (
) having
smaller distances than positive examples. This would lead
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The algorithm stops when either of the following conditions are satisfied:


1. There exist no negative examples inside , i.e.
is empty. We have achieved our objective of determining the parameters
to best fit the set of relevant
examples and excluding the irrelevant examples.
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2. The number of non-zero weighted positive examples
in (4) become
is so small that some of the matrices
singular. This happens when the number of positive
examples are too small or when they are distributed in
the image space.

! 

 -

and  .

Figure 1: Proposed weight updation algorithm.
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break;
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The algorithm is greedy in nature since the farthest positive example is removed in every iteration. Other methods
to search for the best subset of relevant examples can also
be employed. Jolion [6] describe a random sampling based
approach.
Refer to Fig. 2 to see how the proposed approach selects outliers and iteratively generates the similarity metric.
The dataset consists of 24 relevant and 25 non-relevant examples. Based on their proximity to non-relevant points,
13 relevant images were declared to be outliers (marked as
dark squares), and a similarity metric is derived. This is
depicted as an ellipse in the Figure. Evidently in the first
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Figure 2: Iterative learning of similarity metric on a synthetic 2-d dataset



3 Generalized Additive Model-based
Non-Parametric Relevance Feedback
A novel probabilistic relevant feedback method is proposed
in this Section that utilizes generalized additive models for
learning user’s perception given the user’s preference on a
set of images. This proposed technique is inherently nonparametric in nature, that makes little assumptions about
the underlying distribution. Thus this approach is natural
candidate for handling multi-modal user queries, in which
user’s preference cannot be approximated using an ellipsoid
in feature space.
The probabilistic approach estimates the likelihood of
an image to be relevant to the user, given a user’s responses
to a set of images. We assume a binary response from the
user - a for relevant images, and a  for the non-relevant
ones. Thus we define a binary random variable , which
would take the value at a feature point corresponding to
a relevant image and the value  at a non-relevant feature
point. Or, in other words, the probability of an image fea 
ture vector to be relevant is 
.
Similarly the probability of an image feature vector to be

marked non-relevant is  
. Obviously,
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Most of the reported work in the literature assume some
parametric form for the probability function, the sake of
convenience being one of the main reasons. Parametric
models also offer robustness in the context of interactive
image retrieval, given the lack of training samples (a user
cannot be expected to mark too many images as relevant or
non-relevant during a session). However, it is not likely that
information need of a diverse set of users can be satisfied
using parametric models (even if a set of choices is given to
the user, it is not practical to assume that the user can select
one). For example, if a multivariate Gaussian form for  is
assumed [7], retrieval performance will be satisfying a user,
only when the user perception can be expressed as a Gaussian cluster in the feature space. Similarly if a generalized
linear form for  is assumed, only a simple hyperplane in
the feature space can be realized. In this paper, we propose
a generalized additive model (GAM) based flexible method
for learning user’s perception.
Before getting into details, let us introduce the concept
of a logistic function from the statistics literature. Our prob#"
lem is to fit a function 
. By definition, the func"
$
. To simplify the form of the function,
tion %$
define a logistic function &
such that
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3.1 Non-Parametric ML Estimation of P

iteration
non-relevant examples are enclosed, which re
duces to zero after iterations.





where 
. The goal here is to estimate the func

tion  !
that maximizes the log-likelihood in 6. Using
this maximum likelihood (ML) estimate  !
, relevance of
entire database feature vectors are estimated, and the maximally relevant images are retrieved.
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( for relevance,  for non-relevance).Then the likelihood

of the current estimates for 
is given by the joint
probability of

Note that
$-&
logit function,

            
 
      be a set of image feature vectors,
Let
  #  be the corresponding user responses
and
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. The inverse is given by the
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This function has the properties of monotonicity and being
one–to–one and onto. It also has a simple intuitive meaning
4
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Figure 4: Back Fitting Algorithm

Figure 3: Local Scoring algorithm
fitting a curve in that dimension, and repeat this for all dimensions. This is repeated till the error falls below a preset
threshold : . The local scoring algorithm then uses the backfitting algorithm to fit values proportional to the values that
are left to be fitted, that is, points where the current model
does not perform well are given higher weights s.
The family of functions still remain to be estimated.
One of the ways to generate a function is to fit kernel
smoothers over the data. These are a sort of moving–
average functions that consider the function to be a average of nearby points. Gaussian kernel smoothers have been
used in [7]. One problem with Gaussian smoother is that
if training points are sufficiently far apart, the estimate of
the function would be wrong, as the Gaussians would go
to zero. Instead, spline smoothers are chosen to be the
smoothing function in this study. Splines have been shown
to have the form of a kernel smoother. Further, they can be
evaluated at new points quite easily. They are also easy to
calculate, taking time linear in the number of training points

[11].
Given the values
at the data points , without loss
%
%
%
%
 . The
of generality, assume ;<%
natural cubic spline smoother is defined to be the function
minimizing the expression



as the logarithm of the odds of  ! . The sigmoid form of
the function, takes value for $#  and  for &%  and
is still a continuous function (analogous to neural network

classification model). Now, the log-likelihood functional ,
given in Equation 6 can be rewritten as
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3.1.1 Generalized Additive Model



In the Generalized Additive Model (GAM) of Hansie and
Tibshirani [9], &
is expressed as a sum of general functions
in each feature dimension , i.e.,
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is the number of feature dimensions, and  is a
constant to be determined. Thus, the goal now is to solve
for  and family of functions
so that the following
log-likelihood functional is maximized
(')
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where  is the weight associated with the -th point, and
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is a parameter that determines the amount of ‘smoothing’.
A very low value would give a good fit to the data, while
not doing well for points outside the training sample. A
very high value would on the other hand be almost linear,
missing the variations in the data (see Figure 8.
It is well known that the solution is the function
in each
of the intervals
! !C Bthat ?isD"C cubicB
B
C
with the additional constraints that its first and second derivatives are

Hastie and Tibshirani’s local scoring algorithm is used
here to efficiently solve the maximization problem (Equation 11). This local scoring algorithm is shown in Figure 3.1.1. An iterative backfitting algorithm [10], shown
in Fig. 3.1.1 is chosen in this paper. During each iteration
the basic idea is to fit one dimension at a time, estimate how
much the contribution of the current dimension should be,

         3  
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all continuous at each of the



 

4 Combining the Parametric and
Non-Parametric Approaches

, and second and third
derivatives are zero at the end points
and
.

)

The spline function can easily be specified by the values of the function and its second derivatives at each of the
points , which are called “knot points”, i.e. the vectors
and  , where



Both parametric and nonparametric approaches have their
own strengths and limitations in the context of image search
and retrieval. Parametric methods by their very nature are
robust, and work well when there are not enough available
training data. This is particularly true in interactive image
retrieval framework where the user is not expected to mark
too many images based on which the system can learn his
intended “concept”. Parametric methods, however, assume
an underlying model (in our case generalized ellipsoid), and
if this model does not adequately capture the user perception, the retrieval performance becomes clear. On the other
hand, nonparametric (generalized additive models) methods offer flexibility in capturing the user perception in an
efficient manner but only at the cost of robustness. We propose a new integrated scheme that combines our parametric
and nonparametric the two approaches in a complimentary
way.
In this proposed integrated relevance feedback framework, the outlier rejection-based estimation algorithm is invoked first, given the user’s responses on the initial set of
retrieved images (K Nearest neighbors of the query vector
in Euclidean space). This algorithm, according to Fig. 1
computes the weights
in the first relevance feedback iteration. Now a decision is made based on the distribution
of , whether a generalized ellipsoid is sufficient to capture user perception or not. Efron [12] have proposed that
to robustly fit a model requiring  parameter estimates, at
least  observations are needed. Hence to obtain the generalized ellipsoid model, we need at least twice the number
of the ellipsoid parameters (the elements of the covariance
matrix and the mean vector). If after removal of outliers
the number of remaining points is less than this threshold,
GAM-based nonparametric method is executed. This sequence of steps are repeated, till the user is satisfied with
the retrieval result.

)
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 !    
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This form allows us to use the Reinsch algorithm (see
[10],pages 41-42) for a linear time solution to the problem.
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Estimated probability

Estimated probability

As mentioned earlier, nonparametric methods are inherently not robust in the sense that the estimate are not reliable at points far away from training samples. Thus if an
image feature vector is far away from all the feature vectors,
marked as the user, the spline smoothing may give poor results. We thus try to constrain the system so far distant feature points do not arbitrarily achieve high probability of being selected (that will remove the points, currently marked
relevant to be excluded in the list of retrieved images in
the next iteration). To alleviate this undesirable behavior of
splines, a discontinuity in the spline at the end points are introduced, and by drawing a curve from that point to a negative spline value (negative values give a probability zero
after the sigmoid is applied on them). This curve could be
simply taken to be a straight line to a boundary, or an exponential cut-off.
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5 Experiments
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In this section we demonstrate the performance of our algorithms on synthetic and real image datasets.
In the first experiment we present results on artificially
generated datasets. Two synthetic datasets were generated, corresponding to two assumed models of users perception. In the first dataset the users perception is modeled
as a Gaussian distribution. This models the case where the
user’s perception forms a single cluster in the feature space.
The second dataset was obtained by assuming a mixture of
gaussians model. This models the case where the users perception of relevance is distributed in disjoint clusters in the
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Figure 8: Spline fitting with different 
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feature space. The examples in the dataset for both these
cases were 2-dimensional and were generated using an assumed beta distribution. The examples in the dataset were
then ranked based on the assumed user perception model.
Examples having a confidence greater than a threshold were
labelled as relevant.
The second experiment uses the Columbia Object Image Library dataset. It contains pictures of  objects, each

viewed from different positions, giving a total of
 images. There are  views per object. The images are of size

 . The images after   block averaging are represented as vectors in a  dimensional feature space. The
feature space dimension is then reduced to through PCA.
In a particular experiment one of the objects was labelled as
relevant. The objective is to retrieve the views corresponding to this object with a small number of relevance feedback iterations. The experiment was repeated for different
objects.
The relevance feedback loop in the two experiments
works as follows. The starting queries in the experiments
were distributed along the boundary of the relevant examples. In the first iteration of the relevance feedback loop,
examples ranked based on their Euclidean distances from
the starting query are retrieved. These examples are labelled and input to the learning algorithm. Examples in
the dataset are then ranked by the learning algorithm. A
fixed number of top ranked examples are retrieved. After
labelling, the retrieved examples are input to the learning
algorithm, closing the relevance feedback loop.
We compare the performance of the learning algorithms
we have proposed in this paper with algorithms proposed
by Rui et. al. [3], Meilhac and Nastar [8] and by Ishikawa
et. al. [4].
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Figure 9: Data points in syn- Figure 10: Unimodal model
of User’s perception.
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5.1 Simulated dataset results
Fig.(9) plots the artificially generated 2d dataset. The coordinates of the points along each axis conform to a mixture
of 2 beta distributions.
5.1.1 Unimodal model
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0.9

Precision (% of retrieved)



1
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over different starting points. Precision is defined as percentage of retrieved examples which are relevant. Precision
over successive iterations is plotted for different algorithms
in Fig.(12).

  

was assumed
A Gaussian distribution centered at 

to model relevant examples. The ellipse obtained by thresholding the Gaussian is shown in Fig.(10). The points inside the ellipse are labelled relevant. Fig.(10) also plots
the starting query points. The relevance feedback loop was
simulated starting from each of these points. The learning
algorithm in each iteration is input  labelled examples.
To determine the generalization performance, the number
of relevant examples among the  highest ranked examples is used. The number of relevant retrieved examples in
an iteration of the relevance feedback loop was averaged

5.1.2 Multimodal model

      Gaussian
    

Three

at
 distributions
  were centered
  
used to model

relevant examples. The corresponding relevant regions
are represented by the ellipses shown in Fig.(13). The
learning algorithm is trained on  examples and tested on
 examples. The precision performance over successive
iterations is shown in Fig.(13). The nonparametric GAM
algoritm shows the best performance in this case.
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5.2 COIL dataset
35

moreover the training points are not necessarily representative of the database feature vectors. Thus incremental classification with few training samples and good generalization become the key issue. All existing relevance feedback
techniques, including ours choose a greedy approach, and
try to efficiently classify the training samples at each iteration. Our current research focus include application of active learning principles and that would reduce user interaction by seeking feedback on an intelligently selected more
informative set of images, and principles of learning from
incomplete data that would reduce the number of feedback
iteration.
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