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Abstract

Content-based image retrieval consists in retrieving from an image database the most
similar image with respect to a query, according to some similarity measure. This scenario
has numerous specific applications that include bioinformatics and medical imaging, among
others. However, because the size of image repositories grows very fast, finding patterns
in images requires an index to avoid a sequential scan, thus reducing the search time.
Considering that small (and high) levels are faster than larger ones in the memory hierarchy,
it would be very beneficial to have a compressed representation of the image database that
can give fast access and pattern matching functionalities in high memory levels.

In this thesis we propose a deep study of searching in compressed image databases, con-
tributing with new algorithms for approximate indexed search based on template matching.
Our specific objectives are to determine the feasibility of extending existing approaches for
indexed exact template matching to approximate template matching working on com-
pressed image databases, in particular allowing don’t care pixels; to design a similarity
measure based on information theory to be used for approximate template matching; and
to evaluate the impact on the performance and quality of results, in feature vector based
similarity search, when the index is compressed in lossy form.

1 Introduction

The advancement of multimedia services has emphasized the importance of tools for visual informa-
tion retrieval. Recently, searching for image information on multimedia databases have drawn tremen-
dous attention, and there have been many research works on image retrieval methods. In essence,
image retrieval consists in retrieving from an image database the most similar ones with respect to a
query image, according to some specific criteria that determine similarity. Image retrieval has numer-
ous specific applications that include fingerprint recognition, optical character recognition, and medical
imaging.

There are two approaches for searching an image in a database: exact or approximate. Each of them
has different characteristics of flexibility and speed. The exact search looks for an exact match between
the given query and the retrieved images. In real-world applications, exact search results are not very
useful: despite an image contains occurrences of the objects in the query image, they may not match
exactly due to slight variations in orientation, scale, and lighting. Approximate search allows us to
associate the query image with a similar one from the image database, according to a tolerance level
specified by the user. It can be flexible to variations in orientation, scale, and lighting, among others,
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and still provide similar enough results for a wide range of applications. Yet, the available algorithms
for approximate search are slow in practice due to a normalization process in both the images in the
database and the query that would allow us to have different types of invariance.

Up to now, there are two major directions for image retrieval research. One direction is a technique
that involves human-supplied text annotations describing image semantics. These text annotations are
then used as the basis for searching. However, they have been shown to be inadequate for searching
images, because the less expressive richness of the text about the visual characteristics cannot exploit the
full abilities of the human memory. Moreover, different people may input different textual annotations
for the same image.

The other direction involves content-based image retrieval. Such methods, that are classified as
template matching approaches, look for occurrences of a pattern (template). That is, the problem
is that given an image that contains the pattern to search for, one must return all the regions in
the image containing the pattern. Alternativelly, techniques that are collectively referred to as feature
descriptor approaches characterize what is really observed in an image by exploiting the color, intensity,
or luminance information in an image. Yet, it is difficult to determine which descriptors should be used,
and what should be the representation of a particular image database in the form of descriptors.

There is no clear consensus among researchers about which technique is the best for implementing
a general image retrieval system. The answer to this problem depends on many factors, such as the
number and complexity of the objects present in an image, and the amount of a priori information
about the scene. However, template matching techniques, as now available, have proven to be a very
useful tool for content-based image retrieval. In this thesis we propose a deep study of searching
in compressed image databases, contributing with new algorithms for approximate indexed searching
based on template matching.

2 Template Matching

Template matching consists in, given a reference image of an object (template), deciding whether
that object appears in an image, according to some similarity measure, and finding its location if it
does [CK02]. Formally, let us have an image I and a pattern template P , which are two-dimensional
arrays of size n×n and m×m, respectively. The template matching problem is to find a transformation
of pixel coordinates of P , bringing P to a location on top of I that gives a good enough match for their
corresponding superimposed intensities, or in a more general case, to evaluate the distance between P
and I in every location [Fre01].

Template matching is an important issue in image retrieval with many applications including remote
sensing [Bro92], medical imaging [FNU02], automatic inspection in industry [LC08], optical character
recognition [Bro92], fingerprint identification [FNU02], signature verification [Bro92], and also can be
an important low level building block of a high level vision system [Fre01, AV01]. In addition to the
applications already mentioned, template matching is a very useful tool in Bioinformatics, because
tasks such as gel electrophoresis [SAO+98, KSR02], detection and classification of microscopic entities
[ZCP04] and DNA microarray images analysis [GFP06], among others, can be greatly enhanced by
template matching methods.
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2.1 Supported Invariance Types

Rotation invariance is one of the desirable features in template matching and a basis for many
applications, such as medical imaging and computation of visual motion. The traditional approach
to the problem is to compute the cross-relation between each image location and each rotation of
the pattern template [FNU02]. This can be done reasonably fast using the Fast Fourier Transform
(FFT), requiring time O(Kn2 logn) where K is the number of rotations sampled. Typically, K is
O(m) which makes the FFT approach very slow in practice [FNU05]. Rotation invariant moment-
based methods require too much computing power for practical purposes and are sensitive to noise
[LP96, FS94]. Various approaches have been used for achieving rotation invariance, such as generalized
Hough transform, geometric hashing, graph matching, geometric moment-based matching, Zernike
moments, wavelet descomposition, and combinatorial template matching.

Orientation codes have been used for rotation invariant template matching [UK04]. Histograms of
orientation codes have been used for lighting and rotation invariant template matching [UKI01]. Using
another approach, Fredriksson et al. [FMN07] address this problem considering approximate matching
under several tolerance models.

Tanaka et al. [TSOO00] proposed a rotation and scale invariant template matching method. However,
the matching scheme becomes impractical when both arbitrary rotations and scale changes are present
in the template.

There are some proposed methods to achieve multi-invariance properties. Lin et al. [LC08] proposed
a method for template matching, invariant under translation, rotation, and scaling. Although this
method could be fast, precision is not good enough for real applications. A FFT-based matching
method, which is an extension to phase-correlation technique, is presented by Reddy and Chatterji
[RC96]. Their algorithm is characterized by being a translation, rotation, scaling, and noise invariant
template matching method.

In summary, the template matching research field faces great challenges to design a method that
is computationally efficient and highly accurate, in addition to provide a degree of tolerance for real
applications with respect to variations in rotation, scale, lighting, and translation of both the image
and the template.

2.2 Similarity Measures

The accuracy of a template matching process depends on the fitness of the similarity measure that
is used to determine the similarity between a template and an image. Although different similarity
measures have been developed, there is not a single similarity measure that is known to produce the
best result in all situations. Depending on the types of images provided, one similarity measure may
work better than another in template matching.

The most common similarity measures used in template matching are Sum of absolute intensity
differences [DK82], Cross-correlation coefficient [Anu70, Pra74] and Mutual information [MCV+97,
Vaj89]. It has been shown that cross-correlation coefficient produced more accurate matches than
the sum of absolute differences when the images had no rotational differences [SMA78], and also that
sum of absolute differences produced more accurate matches than cross-correlation coefficient when the
images had some rotational differences [PWL+98]. Compared to cross-correlation coefficient and sum of
absolute differences, mutual information is more sensitive to image noise. It has been found that slight
image smoothing, which reduces image noise, improves the template matching accuracy of mutual
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information [DGS01], and that mutual information did not perform as well as the cross-correlation
coefficient or the sum of absolute differences in matching of same modality images [PWL+98].

2.3 Template Matching with Don’t Cares

It is common that, in practice, images may differ in a number of ways including being rotated, scaled,
or affected by noise. Also, it should be considered the case where the intensity or brightness of an image
ocurrence is unknown and where parts of either image contain don’t care or wild card pixels, i.e., pixels
that are considered to be irrelevant as far as template matching is concerned [CC07].

One general problem for this kind of template matching algorithms is that the template may contain
a different background compared to the ocurrence of the template in the image, or some parts of the
template or its counterpart in the image may be occluded by some other objects. One possible way
to solve this consists in specifying which parts of the template are actually relevant and which are
background, so, we could requiere that only some pieces match [FNU05].

3 Indexed Searching

Searching for all the ocurrences of pattern P in image database D can be carried out in two forms:

• Sequential Searching: we search for the pattern P directly on the plain representation of
images of D. That is, we do not construct any data structure on the images, mainly because the
image collection is small, or it is not available in advance.

• Indexed Searching: we build a data structure (or index) on the image database to restrict
the search to a small portion of the collection, improving search time but increasing the space
requirement to solve the problem. This approach is used when the image collection is so large
that a sequential scan is prohibitively costly, many searches (using different patterns) must be
performed on the same images, and there is sufficient storage space to maintain the index and
provide efficient access to it.

The last consideration about indexed searching is a necessary condition to consider indexing at all.
At first sight, the storage issue might not seem significant given the common availability of massive
storage. The last decades have witnessed an exponential growth rate of the data available in digital
form, as well as a parallel growth of the storage capacities available for moderate prices. The real
problem, however, is efficient access. CPU speeds have been doubling every 18 months, while disk
access times have stayed basically unchanged, and larger and faster cache memories have appeared,
which are smaller, faster, and more expensive than the flat RAMs, and there have appeared even
several layers of caches. This multi-layered memory architecture with sharp efficiency differences from
one level to the next needs to be considered in indexed searching research.

For many years, there has been a lot of research on indexed search, focused on text search. Modern
text databases have to provide fast access to the text using as little space as possible. However, these
goals are opposite, because to provide fast access an index has to be built on the text, increasing
the space requirement. As an obvious consequence, there has been much research on compressed text
databases, focusing on techniques to represent the text and the index using little space, yet permitting
efficient text searching.



Searching in Compressed Image Databases 5

With the huge texts available nowadays (for example, the human genome consists of about 3× 109

base pairs, where each base pair needs 2 bits), one solution is to store the indexes on secondary memory.
However, this has a significant influence on the running time of an application, as an access to secondary
memory is considerably slower than an access to main memory. An alternative is to use compressed
text indexes, which increases processing time. However, given the relation between main and secondary
memory access times, it is preferable to handle compressed indexes entirely in main memory, rather
than handling them in uncompressed form but in secondary storage.

In the area of text indexing, a new branch of compressed indexing has emerged in recent years:
Given a sequence of characters, it is possible to obtain a compressed representation of the sequence
that operates also as an index [FM05, GGV03, NM07, Sad03]. The indexing features of these structures
can range from random access to elements of the original sequence to fast pattern matching capabilities.
These compressed representations are often called self-indexes, as they replace the original data and
can, thus, be considered as compression methods with some added value.

The combinatorial approach to searching for patterns on image databases relies on many of the
foundations of text searching. There is already an extensive development in searching for patterns
in two-dimensional sequences [GG95, Gia95]. At first, search algorithms were on-line, and as in the
case of unidimensional sequences, the indexed search was studied later [FNU05, FNU02]. In the latter
scenario, the images of the database are known in advance and can be preprocessed to speed up searches
later.

In the case of two-dimensional data (image) collections, the memory usage is not a trivial matter
even for medium-size image collections. The random access to pixel values is very significant because
of the large difference in the cost to access to different levels of memory. For example, a very large
image can be stored in compressed form in a large but slow memory level, and to access the values
of its pixels, it should be uncompressed and copied to a faster memory level. To search efficiently in
a collection of data (in this case, images) of regular size, it is necessary to use some kind of index.
However, if the index involves spending even more memory, it would be stored at a slower memory
level and the search time could be considerably affected.

Recently, two data structures have emerged to build self-indexes for a collection of images, that is,
compressed representations of images that provide fast access with support for exact search [MN08].
Thus, considering the huge size of image databases, having the entire database in main memory would
not be feasible, but it could be stored in a compressed form that allows direct access and accurate
pattern search.

3.1 Self-indexing for filtering image searching

This technique uses a classical text index for a string T [1, n] as a filter for the two-dimensional case
of images. The suffix array A[1, n] of T is an array of pointers to all the suffixes of T in lexicographic
order [MM93]. Given A and T , the occurrences of a pattern P = p1p2 . . . pm can be counted in
O(m logn) time. The occurrences form an interval A[sp, ep] such that suffixes tA[i]tA[i]+1 . . . tn, for all
sp ≤ i ≤ ep, contain the pattern P as a prefix. Self-indexes [NM07] replace the suffix array (and also
the text) with a structure using O(n log σ) bits instead of the O(n logn) bits required by the suffix
array, where σ represents the number of different gray intensities or different colors (commonly referred
as the alphabet).
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It is possible to apply the structure described above to an image I by concatenating all rows of I
into a sequence of length N = n2 . To search for an m ×m pattern P , we search for each of its rows
independently using the self-index of concatenated I [MN08].

3.2 Self-index based on 2D Suffix Arrays

This self-indexing technique is built on a well-known technique to index images based on so-called
L-suffixes [GG97, KKP03]. The idea is that each position I[i, j] of an image defines a two-dimensional
suffix. By building a suffix tree over those L-suffixes, it is possible to find all the positions where
any m ×m pattern occurs in time O(m2). It is not hard to derive a suffix array technique from the
suffix tree. The suffix array just points to all the (i, j) image positions, in lexicographical order of the
corresponding L-suffixes.

It is also possible to index a collection of images using just one suffix array, so that each suffix array
position points to some pixel of some image [MN08]. In this case, if N is the overall size of the collection
(in pixels), the search cost is O(m2 logN). The suffix array and extra structures occupy O(N logN)
bits of space. This is too high compared to the N log σ bits to store the plain representation of images,
which must also be maintained to permit searching. In order to reduce space, Mäkinen and Navarro
[MN08] use the concepts developed in Sadakane’s Compressed Suffix Array (CSA) [Sad03].

4 Similarity Search based on Feature Vectors

When using a feature vector approach in a content-based image retrieval system, the image objects
are often represented as d-dimensional feature vectors. One accesses the images using the feature vec-
tors and an appropiate similarity measure. The usually high dimensionality of the feature vectors leads
to high computational complexity in distance calculation for similarity retrieval, and inefficiency in
indexing and searching [CW06]. An important difference between multimedia indexing structures and
the general indexing structures is that the former is confronted with the influence of the curse of dimen-
sionality [LLYY05]. In recent years, several methods have been proposed to speed up similarity queries
in high-dimensional image databases [CZPC02, Lu02]: dimensionality reduction, multidimensional in-
dexing, and filter-based approaches. A retrieval algorithm may include a combination of two or more
of the mentioned methods. For example, one promising approach is to first perform dimensionality
reduction and then use appropiate multidimensional indexing techniques [CW06].

Dimensionality reduction is one of the most direct methods to deal with the curse of dimensionality.
This approach first condenses most of information in a dataset to a few dimensions by applying sin-
gular value descomposition (SVD) [HSE+95] or Hilbert curve filling [CC98], among others. However,
these methods have their own drawbacks, because they do not preserve the distances in the original
space and significant errors may result when lower-dimensional transformed feature vectors are used to
approximate the original feature vectors. In addition, traditional dimensionality reduction techniques
have a high computational complexity.

Multidimensional indexing methods treat d-dimensional feature vectors as points in a d-dimensional
vector space, and the similarity measure can be viewed as a measure of distance within that space. Fur-
thermore, these methods work by partitioning the data space, clustering data according to partitioons,
and using the partitions to prune the search space for querying. The existing multidimensional indexing
techniques include the KD-tree, KDB-tree, R-tree (and its variants R+-tree and R*-tree), and X-tree.
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The multidimensional indexing approach faces a challenge when accessing an image database: the per-
formance of existing multidimensional indexing schemes degrades dramatically as the dimensionality
increases [WLW00, WSB98].

The filter-based approach searches the nearest k neighbors of a query image by filtering the vectors,
so that only a small amount of them must be visited [CZPC02]. Clustering, classification, and latent
semantic analysis are commonly used filter methods [LLYY05]. Also, the triangle inequality is another
efficient filter approach [Lu02], when the distance measure is a metric. However, there are important
drawbacks because the design of an approximation is not a trivial work, the precision of the approx-
imation is not good while applying to image data of good locality, and additional information should
be added to enhance the filtering rate when the database is getting larger [CW06].

5 Thesis Proposal

In the following subsections, for each part of the thesis, we give the problem statement, and then we
define the objectives, and the main aspects of the proposed research.

5.1 Approximate template matching in image databases

Problem
What will be the performace of an indexed template matching using image self-indexes, with
some degree of tolerance k, compared to that of a sequential search? What will be the impact of
reducing image precision? What will be the impact of allowing don’t care pixels?

Justification
There are only a few research works on approximate template matching with (a combination of)
different degrees of tolerance, whose impact would be much larger than that of the exact approach
in real-world applications. Also, there have been proposed self-indexes for images, which support
only exact template matching, that could be extended to approximate template matching.

Objectives

• To determine the feasibility of flexible search in images, while maintaining reasonable ef-
ficiency according to a certain degree of tolerance in real applications and allowing don’t
care pixels.

• To determine whether the exact search on two-dimensional data self-indexes can be extended
to approximate search using time and space efficiently.

• To determine whether the reduction of image precision has a favorable impact on approxi-
mate search performance.

Aspects to consider in the research

• To design and implement algorithms for template matching in images considering different
models of tolerance in the matching, such as invariance to rotation, to scale, to brightness,
to color and to deformations, and combinations thereof.

• To design and implement algorithms for approximate template matching in images allowing
don’t care pixels.

• To evaluate the performance of the implemented algorithms in terms of required resources
(time and space) and retrieval quality:
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– To compare combinatorial pattern matching techniques with classical techniques.

– To consider sequential and indexed search, focusing on indexed search.

– To consider classic and compressed indexes, with a special focus on the compressed
ones, and on representations that encompass both image and index.

5.2 Template Matching Similarity Measures

Problem
What will be the impact on the retrieval quality of template matching when using a similarity
measure based on information theory with a compression approach? Will it be practical to use
an information theory based similarity measure for approximate template matching?

Justification
In the case of text compression, if two very similar texts are concatenated together and com-
pressed, the required space for the compressed text is very close to the space needed for one
of those texts in compressed form. This idea has not been used in any similarity measure for
template matching.

Objectives

• To determine the effectiveness of template matching results using a similarity measure based
on information theory involving a compression approach.

• To determine the feasibility of combining the similarity measure based on information theory
with template matching techniques for searching on images with some degree of tolerance.

Aspects to consider in the research

• To design a similarity measure based on information theory with compression approach to
be used for template matching.

• To compare the designed similarity measure to other similarity measures that are suitable
for template matching.

• To evaluate the performance of the implemented algorithms for aproximate template match-
ing using the designed similarity measure based on information theory, in terms of resource
usage (time and space) and achieved retrieval quality.

5.3 Compressed indexes for feature vector based similarity search

Problem
Will feature vector index compression have favorable impact on required resources and on result
precision?

Justification
Many of currently available multidimensional indexing techniques fail to handle high-dimensional
data efficiently. For example, the R*-tree works well up to 10 dimensions, but its performance
degrades quickly with incresing dimension and data sizes. In addition, there have been proposed
some text index compression techniques with very good retrieval results that could be extended
to work with two-dimensional data. This approach could be a solution to make the content-
based image retrieval approach truly scalable to large image repositories. Furthermore, some
recent studies aim to reduce the precision of inverted indexes for searching documents. These
theoretical and experimental studies show that this technique saves storage space while the
quality of responses is maintained (and improved, in some cases).
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Objective

• To determine the impact of the compression of the index in the required resources and
precision of image retrieval results using feature vectors.

Aspects to consider in the research

• To study feature vector based similarity models and associated indexes.

• To study retrieval algorithms for the reviewed models, especially considering the impact of
index compression on index performance, both in efficiency and in retrieval quality.

6 Deliverables

• Our main contributions to scientific community are expected to be:

– Algorithms for approximate template matching in compressed image databases.

– A new similarity measure based on information theory for template matching.

– Empirical evaluation of impact in quality results of index compression using feature vectors
for similarity search.

• We plan to implement a prototype of our algorithms and to make them freely available to the
scientific community.

• We hope to publish our main results in at least two high-level international conferences.

7 Conclusions

The type of search in images with more realistic applications is approximate seaching. However,
because the size of image repositories grows very fast, finding patterns in images requires an index to
avoid a sequential scan, thus reducing the search time. Considering the memory hierarchy, it would be
very beneficial to have a compressed representation of the image database that can give fast access and
pattern matching functionalities in high memory levels. Thus, the development of pattern matching
algorithms with compression support would impact the efficiency of many real-world applications.

There is much work on exact template matching and some in approximate template matching, and
many goals have been obtained separately. In this proposal, we have defined the working plan for
our thesis. As a general objective, we hope to contribute in the track of approximate searching in
compressed image databases. Our specific objectives are to determine the feasibility of extending
existing approaches for indexed exact template matching to approximate template matching working
on compressed image databases, in particular allowing don’t care pixels; to design a similarity measure
based on information theory to be used for approximate template matching; and to evaluate the impact
on the performance and quality of results, in feature vector based similarity search, when the index is
compressed in lossy form.
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