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ABSTRACT
Integrated Spatial and Feature Image Systems: Retrieval, Analysis and
Compression
John R. Smith

This thesis presents new methods for integrating spatial and feature information in order to improve
systems for image retrieval, analysis and compression. In particular, this thesis develops and demonstrates
an integrated spatial and feature query paradigm for image retrieval, a general framework for extracting
spatially localized features from images using histogram and binary set back-projections, a system for image
compression and analysis based upon a joint-adaptive space and frequency (JASF) graph, and a representation
of texture based upon spatial-frequency energy histograms.

These techniques are similar in their exploitation of images as two-dimensional, non-stationary signals. The
visually important information within images is often confined to spatially localized regions, or is represented
by the spatial arrangements of these regions. By developing processes that analyze and represent images in
this way, we improve our capabilities to develop powerful content-based image retrieval and image compression
systems.

This thesis examines several image system applications, such as image and video storage and retrieval,
content-based image query, adaptive image compression and image analysis. We demonstrate that by using the
proposed integrated spatial and feature approaches, we improve image system performance in each application
over non-integrated methods.
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Chapter 1

Introduction and Motivation

1.1. Visual information retrieval

The tremendous growth in the numbers and sizes of digital image and video collections 1s making necessary
the development of tools for indexing this unconstrained imagery. In order to provide a system with image
and video search capabilities, content-based visual query (CBVQ) techniques are being developed which index
the visual features of the images [102, 3, 112, 105, 156, 146] and videos [153, 45].

The objectives of CBVQ are, in the absence of image understanding, to obtain and utilize discriminants
that are useful in conducting similarity queries for visual information. Recent efforts of CBVQ have focused
on a few specific visual dimensions, such as color, texture, shape, motion and spatial information. However,
without integrating these visual dimensions, the current content-based techniques have limited capacity to
characterize the content of the visual imagery and to satisfactorily retrieve images.

This thesis presents a powerful enhancement of the recent CBV(Q techniques which integrates spatial and
feature information in order to improve systems for image retrieval, analysis and compression. In particular,
we develop several new processes that include:

1. Analysis — a technique for extracting spatially localized color and texture regions from images using
histogram and binary set back-projection,

2. Retrieval — a system for integrating spatial and feature querying of image databases, and

3. Compression — a new data structure and algorithm for analyzing and compressing images, which is
based upon a joint-adaptive space and frequency graph.

These techniques are similar in their exploitation of images as two-dimensional, non-stationary signals. The
visually important information within images is often contained within spatially localized regions, or is rep-
resented by the overall existence and spatial arrangements of these regions. By developing processes that
analyze and represent images in this way, we improve our capabilities to develop powerful content-based
image retrieval and compression systems. This thesis presents several new techniques for integrated spatial
and feature image systems and demonstrates improved performance in various applications.

1.1.1 Why unconstrained imagery?

The type of visual information referred to in this work 1s considered to be “unconstrained” because it is not
restricted to a particular domain of imagery. As such, we do not utilize any of the domain-specific constraints,
which are often components of traditional pattern recognition solutions [40]. The development of systems
that analyze, compress and retrieve unconstrained imagery is extremely relevant due to the enormous amount
of this type of imagery that is accessible and is accumulating.

Consider that everyday we view various forms of visual media, such as television broadcasts, photographs,
graphics, animations and videos. These media are provided and stored increasingly in digital form. For
example, the World-Wide Web (WWW) is one such source for viewing hundreds of gigabytes of digital visual
information [143]. While there is great accessibility to large stores of digital imagery, new systems need to be
developed to better manage, index and search for the visual information.

Since there is no restriction on the content of this visual information, we develop a class of techniques
for image systems which does not depend on the content or domain of imagery. However, the techniques we
propose are applicable in a variety of particular domains of imagery such as satellite images [28, 87, 82, 92],
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medical images [83, 79, 108, 135], environmental images [105] and geographical images [16, 15, 21]. In these
domains, representations of color and texture that are analogous to those for photographic images do exist.
Furthermore, the advantages in providing techniques for spatial and feature analysis of the type defined in
this thesis are also clear.

1.1.2 Image and video storage and retrieval systems

We formulate the basic problem that is addressed in this thesis as the search and retrieval of unconstrained
images and videos by using visual features. We consider the framework of the typical image and video storage
and retrieval (IVSR) environment, which is depicted in Figure 1-1.

We assume that the images and videos are stored in a digital form — in a database, digital archive, file
system or distributed network. We consider collections that contain on the order of 100 to 10,000,000 images
and videos. In the search and retrieval environment, users located on a network (i.e., local area network,
intranet, internet, WWW, or dial-up) search the collections to find particular images and videos. Several
example applications of IVSR include:

¢ stock photography distribution [3],

e Web-based image and video search engines [148, 147, 47, 70],
e on-line publication of multimedia documents [173, 83, 64],

e video-on demand (VOD) [130, 38, 88, 19],

e video editing [96, 95] and video re-purposing [37],

e on-line news, on-line sports and other types of photo-journalism, and so forth.

Indexing

o Feature
il Extraction

Interface

sl A AR R

-~ vl T NG

Browsing/ Compression ~ Database/
User Retrieval Storage

Figure 1-1: Image and video storage and retrieval.

In a straight-forward implementation of the picture database management system (PDBMS), text, an-
notations, and other attributes and records allow the users to search using information related to the pic-
tures. For example, textual and keyword annotations may include descriptions of the subjects of images,
or a photographer’s name, date, and so forth. This meta-data is often stored and accessed by using tradi-
tional relational database management systems (RDBMS) or object-oriented databases (OODB) (for exam-
ple, [21, 16, 15, 161, 28]).

However, this approach provides for limited capacity for retrieving visual information. For one, the
associated meta-data cannot fully describe the contents of the imagery. Very often, the images and videos
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are annotated manually, which is extremely time-consuming and human-resource intensive, especially if the
archive is large. In general, this approach is not scalable to large archives. Furthermore, it does not anticipate
the myriad of ways in which the content of the visual information is of interest to the users.

To enhance this approach, content-based visual query (CBVQ) techniques use the visual features of the
images and videos in the search process. The CBV(Q systems extract and index visual features such as
colors [159, 53, 102, 158, 66, 157], textures [117, 51, 92, 118], shapes [72, 135, 169, 85] and motions [137, 13].
The user constructs visual queries using graphical interface tools (for example [71, 151, 142]), or provides
examples of images and videos in order to search for and retrieve the desired items from the archive [3, 45].

Other important components of the system include: image and video compression for efficiency in storage,
browsing and transmission [149], feature access [93, 17], progressive retrieval [109] and viewing [123], and
the use of icons [22, 37, 162, 148]. The systems may also provide tools for browsing and navigating through
the archive using the visual features [177] and for learning from interaction with the user [97]. For example,
relevance feedback techniques [7, 77] guide the system and the user to the desired visual information.

1.2. Problem definitions

The techniques developed in this thesis provide several strategies for computing image queries that specify
the features, sizes and arbitrary spatial layouts of regions, which include both absolute and relative spatial
locations. We also address several special case spatial queries involving adjacency, overlap and encapsulation of
regions. Figure 1-2 summarizes the relationship of these query methods. We demonstrate that the integrated
spatial and feature approach improves image query capabilities over non-spatial, content-based approaches.

CBIQ Q

CBRQ abs SQ rel SQ

SaFe

Figure 1-2: Taxonomy of image query methods: CBIQ = content-based image query, CBRQ = content-based
region query, SQQ = spatial query, abs SQ = absolute spatial query, rel SQ = relative spatial query, SaFe =
spatial and feature image query.

1.2.1 Content-based visual query

The objective of content-based visual query (CBVQ) is to efficiently find and retrieve those images from a
database that are most similar to the user’s query image. CBVQ is different from a typical database query
in that it entails a similarity search. There are two forms of CBVQ:

e K-nearest neighbor query, which retrieves the K images that are most similar to the query image, and

e range query, which retrieves all images that are within a fixed similarity bound, D; < 7¢, from the
query image.

The difference is subtle, but it impacts both the strategies for computing queries (see Section 4.5.1) and the
interaction with the user. We further distinguish between two uses of CBVQ: content-based image query

(CBIQ) and content-based region query (CBRQ).
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1.2.1.1 Content-based image query

Problem 1 Content-based image query (CBIQ). K-ncarest neighbor query. Given a collection C of
N images and a feature disstmilarity function Dy, find the K tmages Ip € C with the lowest dissimalarity,
Di(Zg,Ir), to the query image Ig.

In this case, a query always returns K images, which are typically sorted by lowest dissimilarity to the
query image. The query computation needs to be more thorough than the bounded CBV(Q in order to consider
images that are outside of the similarity bounds in providing the K matches.

Problem 2 Bounded content-based image query. Range query. Given a collection C of N images and
a feature dissimilarity function Dy, find the images Iy € C such that Dy (Lo, Ir) < ¢, where Ig is the query
image and 77 15 a threshold of feature similarity.

In this case, a query returns any number of images depending on the bounds defined by the threshold of
feature similarity, 7;. The formulation of CBVQ as a bounded similarity search is particularly important in
the investigation of techniques for speeding up the search process. For example, the criteria for evaluating
query speed-up techniques include the requirement that no images from within the similarity bounds are lost
in the search process (no false dismissals, see Section 4.5.1).

We explore both types of CBVQ: unbounded and bounded similarities searches. We note that for any
unbounded query there is an equivalent bounded query with some dissimilarity threshold, which returns only
the top K matches. As such, we will only differentiate between the two formulations when necessary.

In order to provide for fast comparison of images, as illustrated in Figure 1-3, the CBVQ system typically
extracts, stores and indexes the features from the images off-line. For example, color histograms, which
describe the distribution of colors in an image, are pre-computed, stored and used as a basis for measuring
the similarity of images in [45, 3, 145].

query image target image
I 1D
ui A compare

-
Feature Feature
Extraction Extraction
guery features target features
\ H’
fq \ f,
D¢(fg fy)

Figure 1-3: Content-based image query (CBIQ).

The dissimilarity metric is devised to produce small values for similar images and large values for dissimilar
images. However, the performance of this method is limited by the quality of the feature extraction. Color
histograms and other similar global measures of image “content” provide insufficient information for comparing
images.

The process of CBVQ has been investigated in several recent efforts: ITBM’s QBIC project [102], MIT’s
Photobook system [112], the Chabot image retrieval system [105], and Virage’s commercial image retrieval
system [3]. These systems use feature-based approaches for indexing visual information. QBIC has investi-
gated features such as color, texture and shape. Photobook has investigated texture, shape and facial features.
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QBIC has placed a primary research focus on devising strategies for indexing the features [59]. On the other
hand, Photobook has investigated new methods for representing image features which not only provide for
discrimination of images, but also preserve their semantic information.

When the image database is large and the image feature representations are complex, the exhaustive search
of the database and computation of the image similaritiesis not expedient. Several recent techniques have been
proposed to speed-up image retrieval. Swain and Ballard [159], Stricker and Orengo [157] and QBIC [102] pre-
compute and utilize only simple and fairly compact image features. Petrakis and Faloutsos [114] and QBIC [44]
use a combination of data reduction techniques and efficient indexing structures, one such structure being the
R-tree [58], to speed-up image retrieval. QBIC [59] has also investigated effective pre-filtering techniques [59]
for reducing the amount of computations at query time. This thesis also presents two new techniques for
reducing query computation: binary set bounding (BSB) and query optimized distance (QOD) computation.

However, recent approaches for CBVQ have neglected an important criteria for similarity: region and
spatial information and spatial relationships.

1.2.1.2 Content-based region query (CBRQ)

In a content-based region query (CBRQ), the images are compared on the basis of their regions. This differs
from the previous formulation of CBVQ in Problem 1, which uses global feature measurements from the
images. However, the CBR(Q can be viewed as an extension of CBVQ in that a first stage of the query
computes the CBVQ on regions instead of images. Then, the final stage of the query determines the images
corresponding to the regions and computes the overall image distance by weighting the region distances.

Problem 3 Content-based Region Query (CBRQ). Given a collection C of N images and feature dis-
similarity function Dy, find the K best images I € C that have at least R regions such that Dy (Ig,ITE) <7y,

where Ig 15 the query tmage with R regions and 74 s a threshold of feature similarity.

CBRQ is improved by adding spatial information into the query. As such, the overall dissimilarity measure
considers the feature and spatial values of the regions. First, we examine the problem of spatial image query.

1.2.2 Spatial image query

In an effort largely different from CBVQ), researchers have developed techniques for spatial indexing which
retrieve images based on the locations of objects [55, 22, 27, 58, 56, 113]. These approaches compare symbolic
images in which the regions or objects have been defined a priori, as depicted in Figure 1-4. Spatial indexing
does not incorporate features such as color, texture, shape, and so forth. It is difficult to extend spatial
indexing to include feature measures of the objects [154].

We distinguish between two types of spatial indexing: relative and absolute. In relative spatial indexing,
images are matched based upon the relative locations of symbols. For example, a relative spatial query may
ask for images in which symbol A is to the left of symbol B. In absolute spatial indexing, images are matched
based upon fixed positions in the images. For example, an absolute spatial query may ask for images in
which symbol A is in the upper left quadrant and symbol B is on the bottom of the image. The two types
of spatial image query are depicted in Figure 1-5. An example query image is given in Figure 1-5(a). The
image in Figure 1-5(c) satisfies the relative spatial requirements of the symbols in the query. The image in
Figure 1-5(b) does not satisfy relative position constraints, but the symbols are close to the absolute positions
specified in the query image.

1.2.2.1 Relative spatial image query

The relative spatial image query is defined as follows:

Problem 4 Relative Spatial Query. Given a collection C of N symbolic tmages, find the images Iy € C
that contain at least R symbols in the same spatial arrangement as the R symbols in the example (query)
symbolic tmage.

1.2.2.2 Absolute spatial image query

The absolute spatial image query is defined as follows:
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Figure 1-4: Spatial image query, (a) query image (b) possible absolute spatial match, (c) possible relative
spatial match.

Problem 5 Absolute Spatial Query. Given a collection C of N symbolic images and spatial distance
function Dy, find the K best images Ip € C that have at least R regions such that DS(IS,ITE) < 75, where

Ig 15 the query tmage with R regions and 7, is a threshold of spatial distance.

1.2.3 Spatial and feature image query

We introduce a more powerful type of image search system that allows users to flexibly query for images by
specifying both the visual features and the spatial properties of the desired images. The integrated spatial
and feature querying gives the user control in selecting the regions and attributes that are most important
in determining similarity in a given query. As such, the system accommodates partial matching of images as
determined by the user.

1.2.3.1 Absolute spatial and feature query

The absolute spatial and feature query process integrates absolute spatial querying and content-based region
querying. A recent approach by Stricker and Dimai [157] investigates one form of absolute spatial and feature
querying. Their system divides each image into five fuzzy regions and extracts a color moment feature set for
each. In this way, the system provides for querying by the five absolute region locations. However, it is not
possible to query for images by specifying either arbitrary regions or the spatial relationships of regions.

Problem 6 Absolute Spatial and Feature Query. Absolute Spatial Query (Problem 5) + CBRQ (Prob-
lem 3).

1.2.3.2 Relative spatial and feature query

The relative spatial and feature query process integrates content-based region querying and relative spatial
querying.

Problem 7 Relative Spatial and Feature Query. CBRQ (Problem 3} + Relative Spatial Query (Prob-
lem 4).

1.2.3.3 Integrated spatial and feature query

We demonstrate in Chapter 7 that integrated spatial and feature image querying provides a powerful method
for image retrieval. However, it is extremely complex in that it requires that several disparate image query
techniques be combined. First, the feature query component requires the assessment of feature similarities of
regions. Second, the spatial query component requires the assessment of the similarities in spatial locations
and sizes of regions. Finally, the system requires that the spatial relationships, such as “above,” “below,” and
so forth, be resolved. We demonstrate an image query system which solves these problems and integrates the
separate methods into a single system.
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Problem 8 Integrated Spatial and Feature Query (SaFe). Absolute Spatial Query (Problem 6) +
CBRQ (Problem 3) + Relative Spatial Query (Problem {).

In the integrated spatial and feature query system, regions and their feature and spatial attributes are
first extracted from the images. The comparison of the images then considers the similarities of the feature
and spatial attributes of the regions as depicted in Figure 1-5. The overall match score between images is
computed by summing the weighted distances between the best matching regions in terms of spatial locations,
sizes and features. The relative spatial locations of regions in the target images are also compared to those
in the query image to determine the image matches.

query image target image
compare %ff@
IQ g : I+
e “ w
region region
extraction extraction
% [] L]y
A B C D A B C D
spatial spatial
composition composition
D D({qk},{tj}) D
Q= {ay T= {tj}

Figure 1-5: Integrated spatial and feature query.

1.2.3.4 Survey and related work

Recently developed image retrieval systems (for example, [102, 112, 105, 3]) have not integrated spatial and
feature querying methods. The QBIC system [102] provides querying of whole images (CBIQ) and manually
extracted regions (CBRQ) by color, texture and shape but not by spatial relationships. The Virage system [3]
provides for querying of only image global features such as color, composition, texture and structure. Pass,
Zabih and Miller [110] devised an image retrieval system which considers the spatial adjacency of colors.
Their technique splits the global image histogram into coherent and scattered components. The measure of
color coherence identifies the existence of connected colored regions. Although the technique improves on
color histogram indexing, it does not support querying by the spatial locations of the color regions.

Jacobs, Finkelstein and Salesin [71] devised a system which uses spatial information and visual features
represented by dominant wavelet coefficients. Their system allows the user to sketch example images and
provides for improved matching over image distance norms. However, their technique provides for little
flexibility in specifying approximate and relative spatial information.

1.2.4 Proposed solutions

In order to fully integrate CBVQ and spatial image query capabilities, we devise an image similarity function
which contains both spatial and feature components. We first note that the perceived attributes of an image
consist of both region and image attributes. For example, the region attributes refer to region features, sizes
and spatial locations. The image attributes refer to the number of regions and their spatial arrangement.

In order to quickly process queries, we design the representations for the region attributes such as the
region features, spatial location and size to require minimal computation in matching. The region attributes
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are indexed directly to allow for maximal efficiency in queries. The overall image matches are determined
from the candidate regions retrieved in the region queries.

In this way, a query specified by the user is translated directly into pruning operations on the region
attributes. The image attributes, such as region relative locations and special spatial relations, are resolved
only in the final stage of the query. This is because these evaluations have the highest complexity. The
pruning performed by the queries on the regions reduces the number of candidate images and regions that
need to be evaluated at the final stages.

1.3. Summary of contributions

We summarize the contributions of this thesis in improving systems for retrieving, analyzing and compressing
images as follows: in this thesis we

1. demonstrate a new integrated spatial and feature query paradigm for image retrieval,

2. develop a new representation of texture based upon texture channel energy histograms, which is sym-
metric to that for color histograms,

3. explore new binary set representations of color and texture and their applications in region extraction
and integrated spatial and feature image retrieval,

4. present two new approaches, binary set bounding (BSB) and query-optimized distance (QOD) compu-
tation, for efficiently computing feature similarity queries,

5. develop a new general framework for extracting spatially localized features from images using histogram
and binary set back-projections,

6. develop a new system for image compression and analysis based upon a joint-adaptive space and fre-
quency (JASF) graph, which includes:

(a) the development of the theory of partitionable expansions,

(b) the creation of a new framework for developing general tree- and graph-structured signal decom-
positions, which include spatial quad-tree, wavelet packets, the double-tree and the JASF graph,

7. implement several new image and video retrieval prototype systems, which provide for

(a) cataloging of and searching for visual information on the World-Wide Web,
(b) content-based and relevance feedback searching for images, and

(c) integrated spatial and feature image querying.

1.4. OQOutline of thesis

The thesis is organized as follows (see Figure 1-6): we develop representations of color in Chapter 2 and
texture in Chapter 3. In both visual dimensions, we first obtain multiple channel representations of images.
Through processes of transformation and quantization of the channels, we obtain feature spaces for measuring
the color and texture elements, respectively. From these, we obtain the histograms and binary sets. In short,
a color histogram defines the distribution of colors and a texture histogram defines a distribution of texture
elements. The binary sets define only the selection of colors and texture elements, respectively.

In Chapter 4, we define metrics for discriminating among images using measures of the similarities of color
and texture, respectively. We provide a thorough evaluation of eight distance metrics along the dimensions of
(1) retrieval effectiveness in example image queries and (2) query computation efficiency. We also introduce the
two powerful techniques for computing the feature queries: binary set bounding (BSB) and query optimized
distance (QOD) computation.

In Chapter 5, we investigate the process of extracting color and texture regions from imagery. We present
the histogram back-projection (HBP) procedure for detecting and extracting color and texture regions. We
describe and compare the performance of five back-projection algorithms and present some examples of color
and texture back-projection. We also develop a procedure for automatically extracting regions from images
by using a binary set iteration (BSI) and back-projection procedure.
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Figure 1-6: Map outlining the work addressed in this thesis.

In Chapter 6, we present a new system adaptive image compression and image analysis. The joint adaptive
space and frequency (JASF) graph integrates image frequency expansion and segmentation, symmetrically, to
achieve a joint expansion. Using the framework of partitionable expansions, we develop the highly efficient and
powerful JASF graph-based expansion of images. We demonstrate that the JASF graph improves access to
image features, and improves image compression performance over several recent image-adaptive compression
techniques.

In Chapter 7, we present new prototype systems for computing integrated spatial and feature image
queries. We describe the query processes and index structures used to facilitate the search for images. We
demonstrate that the spatial and feature paradigm improves image retrieval effectiveness over non-spatial
content-based approaches.

Finally, in Chapter 8 we present our recently developed systems for visual information retrieval that
demonstrate the image search concepts derived in this thesis: WebSEEk, VisualSEEk, and SaFe. We show
that the integrated spatial (relative and absolute locations) and feature (color and texture) query systems
provide a powerful solution to problems of image and video search and retrieval. We also demonstrate that
these techniques are easily integrated into diverse applications such as one for cataloging images and videos
from the World-Wide Web, and another for integrating visual features and text in the classification, search
and retrieval of images.
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Chapter 2

Representing Color

2.1. Introduction

We present a unified framework for representing the color and texture features. The objectives are to provide
a basis for

1. assessing the similarities of the visual features of images,
2. storing and indexing the visual feature information and
3. extracting the salient regions from images.

We will show that these objectives are accomplished by representing color and texture by histograms. The
histograms provide a measure of the distribution of features inside a region or image. By appropriately
designing the feature spaces in which the histograms are defined, the histograms sufficiently represent the
visual dimensions of color and texture and satisfy the above objectives.

In this chapter (for color), and the next chapter (Chapter 3, for texture), we generate and evaluate the
feature spaces for color and texture which allow for representation of color and texture using histograms
and binary sets. For both visual dimensions, we show that candidate feature spaces are generated through
the processes of transformation 7" and quantization ) of the image data. The design goal is to identify the
transformation and quantization pairs: (7;, Q.) for color, and (T3, Q;) for texture that generate perceptually
uniform, complete and compact feature spaces. We also examine the special case of histograms that are
binary. These binary sets are extremely compact and are suitable for representing, storing, indexing (see
Chapter 4) and extracting image features (see Chapter 5).

2.2. Feature representation

In both visual dimensions, color and texture, the image points are initially represented as multi-dimensional
feature points: a color point is defined by values in three color channels and a texture point is defined by the
energy in nine spatial-frequency (s-f) channels. The feature points are transformed and quantized to generate
feature spaces with 166 colors and 512 texture elements, respectively.

Using these feature elements, we utilize two approaches each for representing color and texzture: histograms
and binary sets. Histograms are a distribution of feature elements. Binary feature sets are a selection of feature
elements.

2.3. Related work on color image retrieval

The use of color histograms for image retrieval has been previously explored in [159, 103, 145, 43, 110].
The fundamental elements of this approach include the selection of the color feature space (T, Q.) and the
histogram distance metric P.. There has been no consensus about which color feature space 1s most suitable
for color histogram-based image retrieval. The problem is a result of the fact there does not exist a universally
accepted color space, and color perception is significantly subjective [175]. Therefore, we have seen a large
variety of color spaces used in practice.

For example, Swain and Ballard [159] utilize an opponent-axis (OPP) color system [4] quantized to 2048
colors in a system for color image retrieval. The IBM QBIC system [103] first quantizes the RGB color space
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into 4096 colors (16 levels per each color channel). Then, each color is transformed to the Munsell color space
by the MTM transform [98]. Finally, clustering determines the & best Munsell colors (typically, k = 64).
On the other hand, Pass, Zabih and Miller [110] simply utilize the RGB color space, quantized uniformly
to 64 colors, in their image retrieval system. Finally, Gray [53], to retrieve images, transforms RGB first to
CIE-LUYV and then partitions the CIE-LUV color space to 512 colors.
In this chapter, we present a framework for selecting and evaluating the color spaces for the purpose of
color histogram-based retrieval. We begin by discussing the basic properties of color and colorimetry.

2.4. Colorimetry

Electromagnetic radiation F'(A) in the range of visible light (A € {380nm...780nm}) is perceived as color
or colored light. It has been verified experimentally that color is perceived through three independent color
receptors which have peak response at approximately, red, green and blue wavelengths, A, = 700nm, A, =
546.1nm, Ay = 435.8nm, respectively. By assigning each primary color receptor, k € {r b, g}, a response
function ¢x(X), visible light of any color F(}), is represented by a linear superposition of the ¢;(A)’s [104], as
follows: by normalizing ¢ (A)’s to reference white light W(A) such that

W(A) =2e(A) +2,(0) +a(A),
F(X) produces the tristimulus responses (R, G, B), such that
F(A) = RE(A) +GE(A)+ Bep(A). (2.1)

As such, any color can be represented by a linear combination of the three primary colors (R, G, B).

2.5. Color image perception

The perception of color images is a complex process, and we make several simplifying assumptions: we assume
that color is a single pixel process. In this sense, the perception of color is assumed to not be influenced by
surrounding colors. We also assume that viewing conditions, such as ambient lighting, viewer adaptation,
viewing distance, and image display quality can be ignored. Generally, it is difficult to control these parameters
in the diverse application environments that are anticipated for color image retrieval.

2.6. Color space transformation and quantization

The space spanned by the R, G, and B values (see Eq 2.1) is complete in that all colors are represented
as vectors in the 3-D RG B space. We use this space as the starting point for representing color features
in images. We investigate the transformations 7. of RG'B and subsequent quantizations (. that generate
partitioned color spaces with properties of uniformity, completeness, compactness and naturalness. These
spaces allow for image color content to be defined by color histograms and color sets.

Property 1 Uniformity. The meiric prozimity between colors indicates the perceived similarity of colors.

We will see in Chapter 3 that the color-based image comparison utilizes a proximity metric of the color
features. For one, this comparison requires that color proximity is simple to compute. One way to assure
this, is to design the color space transformation such that color proximity is not a function of the position in
color space. The transformation 7., which is the primary determinant of the uniformity of the color space,
also determines along with quantization @), it’s completeness and compactness.

Property 2 Completeness. The color space includes all perceptually distinct colors.

It is necessary that the color space is complete in that all perceptually distinct colors are included. Visual
completeness does not guarantee mathematical completeness; however, the converse is true. In general, if
the transformation 7. 1s invertible, then the un-quantized color space will be complete. In this case, the
quantization ). will determine the completeness.

Property 3 Compactness. Fach color in the color space is perceptually distinct from the other colors.
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In order to restrict the dimensionality of the image color feature representation, or similarly, the number
of colors, the color space is non-redundant or “compact.” Mathematically, nonredundancy is assured when
the mapping from RGB is one-to-one or many-to-one. Visually, nonredundancy requires that no two colors
are so similar that they are perceived as identical. In general, selection of quantization @, will involve a
trade-off between completeness and compactness.

Property 4 Naturalness. The color space provides for a natural breakdown of colors into the three basic
perceptual attributes of color: brightness, hue and saturation.

The separation of color into components of brightness, hue and saturation are intuitive for the user [68]. The
ease in navigating the color space impacts the user’s ability to construct color-based image queries.

1. Brightness. Attribute of visual sensation which corresponds to a color exhibiting more or less light.
Variations range from bright to dim.

2. Hue. Attribute of visual sensation which corresponds to a color appearing similar to one or two of the
perceived colors red, yellow, green and blue.

3. Saturation. Attribute of visual sensation which corresponds to a color exhibiting more or less of its
hue. Saturation allows the judgment to be made of the degree to which a colored light differs from an
achromatic light regardless of their brightness.

We design the transformation 7, and quantization ). to produce a color space that meets these objectives.
These conditions are typically application specific. For example, medical and satellite images require different
color spaces than unconstrained imagery, such as color photos, in order to retain uniformity, completeness
and compactness in representing the color features.

We begin by defining a color point as a vector in the RG'B color space as follows

Definition 1 Color point, v.. A color point is a vector v, = (r,9,b) in RGB color space.

The transformation 7, and quantization ). of the RG'B color space reorganizes and groups the vectors v, to
create a finite set of M colors.

2.6.1 Color transformation

The color transformation 7, is an operation on the vectors v. € RGB to produce the transformed vectors
w,.. The simplest color transformations are linear. For example, from RG B, the color spaces: YI@Q (NTSC
composite color TV standard), YUV (PAL and SECAM color television standards), Y CrCb (JPEG digital
image standard and MPEG digital video standard) and opponent color space OPP are obtained by linear
transformation [126]. Other color spaces, such as HSV, CIE 1976 (L*a*b*) and CIE 1976 (L*u*v*) are
generated by non-linear transformations. The overall effect of color transformation 7, is to produce a new
color space.

Since the RGB color space is continuous, or possibly discrete with a large number of values (i.e., digital
photographs are typically represented in RG' B color space discretized to 256 levels per axis, which gives over
1.67 million distinct color points), the color space must be quantized or partitioned into a smaller number of
colors.

2.6.2 Color quantization

Since the color spaces are multi-dimensional, a partitioning of a color space is described by the vector
quantization of the space. In general, a vector quantizer @), of dimension k and size M is a mapping from a
vector in k-dimensional space into a finite set C containing M outputs [50]. Thus, a vector quantizer @, is
defined as Q. : % — C, where C = (yo,y1,...,ym—1) and y,,, € R* for each m €0,1,..., M — 1. In general,
the set C is called the codebook and has size M. In the case of vector quantization of the color space, k = 3,
and each entry in the codebook y,,, corresponds to a color point.

Therefore, the codebook C represents the gamut or collection of colors. In this way, a color, which
corresponds to one quantized partition R, of the color space and is an approximate perceptual unit. This is
distinguished from the transformed color point w,., which i1s a mathematical vector in the continuous space.
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Associated with the M point vector quantizer is a covering of ®* into the M partitions, where each partition
R,, contains all points w,. that are assigned the same codeword y,,:

Ry =w.€ %k : Qc(wc) =Ym-
From the definition of the partitions it follows that they completely cover R* and are non-overlapping:

URm = Rk and RmﬂRn Ym # n,

so that the partitions form a complete partitioning of R*.

Definition 2 Color, with index value m. A unit of color corresponds to a partition R, and is given by the
set of color points {v.}m, thal are assigned the same codeword y,, in the overall process of transformation and
vector quantization: ym = Q(Tv,).

VC WC
ch0 ch0
M hC M SC
© chl TC ch1 Qc B C
ch?2 ch?2

Figure 2-1: Transformation (7;) and quantization (Q.) produce the color feature space in which the color
histograms h, and binary color sets s. are defined.

2.7. Color spaces

We now present and evaluate several transformations 7, of the RGB color space which generate new color
spaces. Transformation of RG'B 1s the starting point in designing the appropriate color spaces for defining
the color histogram and binary color set representations.

2.7.1 RGB color space

The first candidate color space is the RG'B color space. However, the RG B space is not perceptually uniform.
As such, the proximity of colors in RG'B color space does not indicate color similarity. Since RG B is complete,
other complete color spaces are generated by transforming RG B using 7., which is not necessarily a linear
transform.

2.7.2 Linear transform color spaces

Several linear color transformations are in wide use for representing, transmitting and broadcasting color
images and videos [68]. Many of these transforms are computed by simple matrix multiplication.

2.7.2.1 OPP color space

The opponent color space (OPP) is obtained by linear transformation of the RGB color space [4]. There
is evidence that human color vision uses an opponent-color model by which the responses of the R, G and
B cones are combined into two opponent color pathways [101]. The transformation from RGB to OPP is
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obtained by w, = T9FFv, where

1 11
TOPP = | -1 -1 2 |. (2.2)
1 -2 1

The advantage with the OPP color space is that it is obtained easily by 79F¥. The disadvantages are that
it is not uniform or natural. The color distance in OP P color space does not provide a robust measure of
color dissimilarity. One component of OPP is a luminance channel. The two chrominance channels do not
correspond to hue and saturation, but rather to, blue vs. yellow and red wvs. green.

2.7.2.2 Linear color transform standards

The YIQ, YUV, and YCrC'b linear color transforms have been adopted in recent color picture systems. Each
of these produces a linear transform of RG'B which generates one luminance channel and two chrominance
channels. The transformations were designed specifically to the parameters of the expected display devices:
YIQ — NTSC color television, YUV — PAL and SECAM color television, and Y CrCb — color computer
display. None of these color spaces is uniform. As such, the color distances in these transform color spaces
do not correspond to color dissimilarities.

YI@Q color transform The Y@ color space was developed for the NTSC composite color TV stan-
dard [101]. The transformation from RGB to Y IQ is obtained by w. = TY1@v, [131], where

0.299  0.587  0.114
Y1 = | 0596 —0.274 —0.322 |. (2.3)
0.211 —0.523  0.312

2.7.2.3 YUV color transform

The YUV color space is used in the PAL and SECAM color television standards [101]. The transformation
from RGB to YIQ is obtained by w. = 7Y YVv,, where

0.299  0.587  0.114
TYUV = | —0.147 —0.289  0.436 | . (2.4)
0.615 —0.515 —0.100

2.7.2.4 YCrCb color transform

The YCrCb color space is used in the JPEG digital image standard. The transformation from RGB to
Y CrCb is obtained by w, = 7Y “"“v, where

0.2990  0.5870  0.1140
TYCrct — 0.5000 —0.4187 —0.0813 | . (2.5)
—0.1687 —0.3313  0.5000

Although the linear color transforms are simplest, they do not generate natural and uniform color spaces.
We look next, at the Munsell color order system, which was defined with the objectives of naturalness,
compactness and completeness.

2.7.3 Munsell color order system

The Munsell color order system [99] was developed to provide a notational system for colors, which organizes
the colors according to natural attributes. Munsell’s Book of Color [100] contains 1,200 samples of color chips,
each assigned a value of hue, saturation and chroma. As such, by Definitions 1 and 2, each Munsell color chip
corresponds to a color generated by some T, and @, of the RGB color space. The chips are arranged such
that unit steps between them are intended to be perceptually equal.

The advantage of the Munsell color order system is that it orders a finite set of colors by perceptual
similarities over an intuitive three dimensional space. The disadvantages are that the color order system does
not indicate the transformation 7, required from RG B color space or partitioning (). to produce the set
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of color chips. Although one transformation, named the Mathematical Transform to Munsell (MTM), from
RGB to Munsell HVC has been investigated for image data by Miyahara [98], there does not exist a simple
mapping from color points in RG B color space to Munsell color chips. Munsell was designed to be compact
(1200 perceptually distinct chips) and complete. However, the Munsell color order system does not satisfy
the property of uniformity. The color order system does not provide for the assessment of the similarity of
color chips that are not neighbors.

2.7.4 CIE color spaces

Towards the goal of deriving uniform color spaces, the CIE * in 1976 defined the CIE 1976 (L*u"v*) and
CIE 1976 (L*a*b*) color spaces [129]. These are generated by transforming the RGB color space first by
linear transformation to the XY 7 color space followed by one of two non-linear transformations: to CIE 1976
(L*u*v*) color space or to CIE 1976 (L*a*b*) color space. The first linear transformation between RGB and
XY 7 is given by

X 0.490 0.310 0.200 R
Y | =] 0177 0813 0.011 G . (2.6)
Z 0.000 0.010 0.990 B

The nonlinear transformations from XY Z to CIE 1976 (L*a*b*) and CIE 1976 (L*u*v*), which are given
in [175], are determined by relation to a nominally white object-color stimulus which gives the tristimulus
values X,,,Y,, Z,. In this case, the lightness is given by

v\ /3
L* =116 — — 16. 2.
’ (Y) ’ 27
The values for u, v and a, b are given as follows:

CIE 1976 (L*u*v*):
u* = 130" (v — ul)

vt =130 (v — ul), (2:8)
where
1 4X ! 4X,
U = Xiisvy137 Yn = X,¥15Y.+3Zn 2.9
v/ _ 9Y u/ _ 9Y, ( . )
= X+15Y+32 n T X,+15Y.+32Z,"
The color distance between two color stimuli 1s calculated from
AEY, = [(AL*)2 + (Au*)2 + (Av*)z]l/z. (2.10)
CIE 1976 (L*a*b*):
a* = 500[(%)1/3 — (YLn)l/B] @.11)
b = 20002 — (£, |
The color distance between two color stimuli 1s calculated from:
AR, = [(AL*)2 + (Aa*)2 + (Ab*)z]l/z. (2.12)

The CIE color spaces represent with equal emphasis, the three color variants that best perceptually
characterize color: hue, lightness and saturation. However, the CIE color spaces are inconvenient due to the
necessary non-linearity in forward and reverse transformations with RG B space.

2.7.5 HSYV color space

Another form of the hue, lightness and saturation transform from RGB to HSV is given in [68]. The
transform to H.SV is non-linear, but it is easily invertible. The H SV color space is natural and approximately

*Commission Internationale de I'Eclairage
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perceptually uniform. Therefore, we can define a quantization . of HSV to produce a collection of colors
that is also compact and complete.
2.7.5.1 HSV transformation

This transformation T, from RGB to HSV is accomplished through the following equations [68]: let the color
triple v, = (r,¢,b) be the to a color point in RGB space and let w, = (h, s,v) be the to the transformed
color point in HSV color space, such that w, = T,(v,), then T is given as follows:

Transformation 1 RGB to HSV Forr, g, b€ [0...1] then T. gives h,s,v € [0...1] as follows

v —min(r, b, g)

v = max(r, ¢,b), s =
v
v—r v — , v—1b
et f=— " y=— Y79 o YT
v —min(r, b, g) v —min(r, b, g) v —min(r, b, g)
546 ifr= max(r,g,b) and g = min(r,b, g)
1—¢ ifr =max(r,g,b) and g # min(r,b, g)
6h = 1+ 7 if g =max(r,g,b) and b = min(r,b, g)
- 3-b ifg= max(r,g,b) and b # min(r,b, g)
34 ¢ if b =max(r,g,b) and r = min(r,b, g)

5 —7 otherwise

Transformation 2 HSV to RGB For h,s,v € [0...1] then T ! gives r,g,b € [0...1] as follows

a = 6h — round(6h), wr = (1—8)*v,

wa=(1—=(s*a))=*v, wz=(1—-(s*x(1—a)))*v

v ifa=0ora=>5 v ifa=1lora=2 v ifa=30ra=4
r = wp Ha=Z2Z2ora=3 _ wp MHa=4dora=>5 b= wp MHa=0ora=1
- wy fa=1 &= wy fa=3 - wy fa=5

w3 Ha=4 w3 Ha=0 w3 Ha=2

2.7.5.2 HSYV quantization

We design the quantization @, of the HSV color space to produce a compact set of (166) colors. The HSV
color space is cylindrical, as illustrated in Figure 2-2. The long axis represents value: blackness to whiteness.
Distance from the axis represents saturation: amount of color present. The angle around the axis is the hue:
tint or tone. Since hue represents the most significant characteristic of the color, it requires the most fine
quantization.

In the hue circle, the primaries red, green and blue are separated by 120 degrees. A circular quantization
at 20 degree steps sufficiently separates the hues such that the three primaries and yellow, magenta and cyan
are represented each with three sub-divisions. Saturation and value are each quantized to three levels yielding
greater perceptual tolerance along these dimensions. The quantization ). provides M = 166 distinct colors
in HSV color space [145].

2.7.5.3 HSYV color similarity

Since the HSV color space 1s nearly perceptually uniform, the similarity of two HSV colors is determined by
their proximity in the HSV color space. The similarity between two colors given by indices m; = (hy, s;, v;)
and m; = (h;,s;,v;) is given by the euclidean distance between the color points in the cylindrical HSV color
space as follows:

a;; =1— — vj)z + (s cos h; — s; cos hj)2 + (s;sinh; — s sin hj)z]%. (2.13)

%[(Ui

The normalization by 1/\/5 gives the similarities: a; ; = 1, and a; ; = 0 for colors indexed by ¢ and j that are
separated by the maximum possible distance in HSV color space.



Integrated Spatial and Feature Image Systems: Retrieval, Analysis and Compression 17

A

B VAL

-

V. = (r,g,b) \Tvc = (h,s,v)

Figure 2-2: Transformation 7. from RGB to HSV and quantization gives 18 hues, 3 saturations, 3 values
and 4 grays = 166 colors.

2.7.5.4 Comparisons of color transforms

Table 2.1 summarizes the color transforms. Only the OPP, YIQ, YUV, and YCrCb color spaces are gener-
ated from linear transforms of the RG B color space. The transformation from RGB to HSV is non-linear
but reversible, and it is easily computed using Transformation 1. Of the candidate color spaces, only the
quantized HSV color space satisfies the properties of uniformity, compactness, completeness and naturalness.
The Munsell and CIE color spaces are natural, however, the Munsell color order system is not uniform, while
the CIE color spaces are not compact.

RGB | OPP/YIQ/YUV/YCrCb | Munsell CIE 166-color HSV
Uniformity No No No Yes Yes
Compactness No No Yes Possible Yes
Completeness Yes Yes Yes Yes Yes
Naturalness No No Yes Yes Yes
Transformation | N/A L NL L + NL NL

Table 2.1: Comparisons of color transforms (L = linear, NL = non-linear).

2.8. Representing color image features

Using the 166-color quantized HSV color space, we represent image features by measuring the distribution
of the 166 colors in the image.

2.8.1 Color histograms

The distribution of colors in the image is represented by a histogram. Given a color image I[z,y] which
consists of three color channels I = (Ig, Ig, Ip), the color histogram is given by, where X and Y are the
width and height of the image, respectively,

X-1Y-1
~ 0 otherw1se ’
z..0y.

Definition 3 Color histogram, h.. A color histogram determines the distribution of colors in an image,
region or object.

2.8.2 Color sets

Alternatively, the color content of images or regions is represented more compactly by binary color sets. The
binary color sets are obtained by selecting from the M colors; the overall process is depicted in Figure 2-1.
Let BM be the M dimensional binary space such that each axis in BM corresponds to one color, indexed by
m.
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Definition 4 Color set, s.. A color set is a binary vector in BM and determines a set of colors {m} in an
mmage, region or object.

A binary set is equivalent to a thresholded histogram, where each bin is thresholded to two levels. For
example, given threshold 7, for color m, a color set is obtained from (see also Figure 2-3)

(2.15)

s[m] = { 1 if hefm] > 7

¢ 0 otherwise.
The color set indicates only those colors that are found above threshold levels. However, it works well to
represent regional color. If a color is not well represented in a region — for example, if it is below threshold
Tm — 1t 18 ignored. In this way, using the binary color set representation, color content is represented by the
set of only the most prominent colors in the region.

M
P L Tc’ Qc'Tm
s . /\
= ol
W =M
s" |8
s |0 \/
1/
-1 O MmO
’ T RO
3-D Color Histogram Binary Color Set

Figure 2-3: Relationship between 3-D RGB color histogram and binary color set.

2.8.3 Color histogram compaction

Since our objective is to represent the color information of regions and images, we examine the characteristics
of the color histograms of typical images and regions. Figure 2-4 compares the energy compaction of the color
histograms for manually extracted image regions to those for full images. We see that the color information
for the regions within the images is defined by largely in a few most significant colors. For full images, the
color information is spread out into many colors. This observation provides several directions:

1. to represent regional color, we use compact features sets, such as binary color sets. We investigate the
retrieval effectiveness of the binary color sets in Chapter 4.

2. Since regions have few colors, we assume that the areas in images with few colors correspond to regions.
We explore this assumption in the development of an automated system for extracting color regions
from images in Chapter’ 5.

Since we will further explore the versatility of the color histogram and binary color sets, we define also a
fast mapping from histograms to the nearest binary sets (BSFM). We use this procedure in Chapter 4 in a
technique for efficiently computing histogram queries using binary set bounding (BSB).

2.8.4 Binary set fast map (BSFM)

We define an algorithm for determining the nearest binary set to an arbitrary histogram: the binary set
fast map (BSFM). The objective is to find the one binary set s, that minimizes the distance to the histogram
h,, that is, such that e (h,s.) is minimized. We define ¢, to be the mean square error metric as follows:

M-1

Ec(hca Sc) = Z (hc[m] - SC[m])za

Ise|

m=0

where |s.| denotes the number of non-zero elements in the binary set s.. The algorithm proceeds as follows:
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Figure 2-4: Compaction of color histogram energy for regions vs. images.

1. the elements in histogram h, are sorted in order of largest value.

2. Starting from the single largest element we generate a binary set of cardinality |s.| = 1 that assigns a
value of one to this element, and we compute the error between the histogram and the binary set.

3. The process is then repeated for the first two largest elements in the histogram, then the first three
largest elements, and so forth, until the collection of nearest binary sets of sizes [s.] = 0... M — 1 is
generated.

4. From this collection, the binary set that minimizes the error to the histogram is the nearest binary set.

The procedure is given in detail as follows: let M, be the mapping that sorts h.[m] such that g. = M;h.
and ¢.[0] > g.[1] > ... > ¢.[M —1]. We also note that h, can also be derived from g. by inverting the sorting
process: h, = M7 lg,.

Algorithm 1 Fast map to nearest size n binary set
Let x? be a binary set of cardinalily |x?| = n such that

n[m] = 1 m<n
" MT 00 otherwise

Then, let
M-1
rim
et = || 3 (ol - e
m=0
The nearest size |s.| = n binary set s. to histogram h. is given by s, = M7r?, where €? also gives the

distance between s. and histogram h., that is €?(ge,x?) = e.(he, s.).

The nearest |[r?] = n binary set to sorted histogram g, is given by r”?. By using the inverse mapping M !
that was used to sort h,, the nearest size |s.| = n binary set s, to histogram h, is given by s, = M7 'r?.

Algorithm 2 Fast map to nearest binary set The overall nearest binary set s, to histogram h, is found
by determining the nearest size |s| = n binary sels s? forn=1...M. The one thal provides the minimum
€? gqives the nearest binary set.
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Overall, the algorithm requires M log M operations to sort the histogram h., M computations of mean
square error and M operations to determine the nearest binary set.

2.9. Summary

In this chapter, we evaluated several transformations (7;) and quantizations (Q.) of color. The objectives
were to obtain a color feature space in which color histograms are defined. We demonstrated that the HSV
color space, quantized to 166 values provides a suitable color space because 1t is uniform, complete, compact
and natural.

We defined the color histograms (h.) as distributions of the HSV colors that appear in an image or
region. We also presented the binary color set representation. Binary color sets (s.) represent only a selection
of colors and provide a compact measure of image and/or region color. We also defined a fast algorithm
(BSFM) for computing the nearest binary color set to a color histogram.

Using the content-based image query paradigm, we explore the image retrieval effectiveness of the color
histogram and color set representations in Chapter 4. Then, in Chapter 5, we present and evaluate tech-
niques for extracting color regions from images using the color histograms and binary color sets. These
feature extraction and feature query processes are integrated to produce the spatial and color feature query
system described in Chapter 7. However, in the next chapter, we first develop the texture histogram and
binary texture set representations of texture that are symmetric with those for color. This allows us to uses
generic methods of feature and region extraction, and feature indexing and querying that are compatible with
representations of both visual dimensions.
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Chapter 3

Representing Texture

3.1. Introduction

The texture representation is symmetric with color in that texture is also defined from multiple channels.
The texture images are first decomposed into nine spatial-frequency subbands using a wavelet filter bank
(FB). Then, from the nine subbands, a texture channel generator (TCG) produces the nine channels. As
investigated in Chapter 2 for color, we investigate procedures for transforming (73) and quantizing (@) the
texture channels to produce a texture element feature space in which to define suitable histogram (h;) and
binary texture set (s;) representations of texture.

In this chapter, we present the overall process of representing texture using the texture histograms. We
present the wavelet texture energy feature set and compare it to Gabor filter-based representations. We also
present experimental evaluations of the wavelet texture feature sets that demonstrate excellent performance in
classifying the standard evaluation-set of Brodatz textures. We then investigate several transformations that
allow for approximate rotation or scale invariance. Finally, we present the process of generating the texture
histogram and binary texture set-based feature spaces that are symmetric to those for color histograms
discussed in Chapter 2.

The objectives of obtaining these representations of texture are to provide systems for measuring the
similarity of textures and extracting texture regions from images. In Chapter 4, we present and evaluate the
various techniques for computing texture similarity using the representations presented here. In Chapter 5,
we present the system for extracting texture regions from images using texture histograms.

3.2. What is texture?

Textures are homogeneous patterns or spatial arrangements of pixels that regional intensity or color alone
does not sufficiently describe. As such, textures have statistical properties; structural properties, or both [60].
They may consist of the structured and/or random placement of elements, but also may be without funda-
mental subunits. For example, Figure 3-1 illustrates the wide variety of textures from the Brodatz collection.
Moreover, due to the diversity of textures appearing in natural images it is difficult to narrowly define texture.

Texture is an important element to human vision. Texture has been found to provide cues to scene depth
and surface orientation [4]. People also tend to relate texture elements of varying size to a plausible 3-D
surface. Even in graphics systems greater realism is achieved when textures are mapped to the 3-D surfaces.
Texture features have been used to identify contents of ariel imagery such as bodies of water, crop fields and
mountains [92, 4, 87, 92]. Texture describes the content of many real-world images: for example, clouds,
trees, bricks, hair, fabric all have textural characteristics.

It has been hard to adequately model texture. The substantial body of work on texture has not yet
produced any clear solutions for the problems of texture analysis, classification, segmentation and synthe-
sis [164]. Furthermore, the analysis and extraction of texture in unconstrained imagery, which is the most
difficult problem, has not yet been sufficiently addressed.

Most research on texture is conducted on the Brodatz [9] texture collection (sixteen Brodatz textures
are illustrated in Figure 3-1), which provides a set of mostly homogeneous texture images. In the Brodatz
collection there is little visible distortion in the images that results from viewing perspective and lighting.
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d103 do49

Figure 3-1: Example textures from the Brodatz texture collection: d001: Woven aluminum wire, d056: Straw
matting, d095: Brick wall, d020: French canvas, d014: Woven aluminum wire, d006:Woven aluminum wire,
d003: Reptile skin, d004: Pressed cork, d087: Sea fan, fossilized with a coral covering, d005: Expanded mica,
d111: Plastic bubbles, d066: Plastic pellets, d011: Homespun woolen cloth, d103: Loose burlap, d049: Straw
screening, d01b: Straw.
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In the literature, most techniques for texture analysis are investigated and/or evaluated using Brodatz tex-
tures [160, 116, 89, 118, 30, 125, 61, 10, 92, 23] and are not generally applicable to “unconstrained” images.

The appearance of texture in unconstrained imagery is substantially different from that represented in the
Brodatz set. Textures in these real-world images are distorted by artifacts such as those resulting from non-
uniform lighting, shading and warping in the 3-D space. This makes the problem of texture region extraction
even more difficult.

We note that recent models of surface reflectance [4, 91] may prove useful for compensating for lighting and
shading artifacts. Furthermore, texture has proven useful for decoding shapes and perspective projections [4].
Similar techniques may aid in de-warping the texture patterns in images such that orthogonal views (where
¢ = 90° in Figure 3-2) are obtained. Although texture region extraction is one of the objectives of this work,
we do not focus on these aspects of texture analysis.

For the purpose of this work, we assume that the textures are free from perspective transformation. For
example, as illustrated in Figure 3-2, for one, we assume that the view angle for the textures is perpendicular
to the texture surface (¢ = 90°). However, the rotation (¢) and scale () are not restricted, and we explore
texture representations that approximate rotation- or scale-invariance.

to camera to camera

- - - “
A = illumination

& =scale

4 > O = rotation

//\\ —

\\w

\\\\\\\\\\\\\\\

texture surface texture surface
(a) (b)

Figure 3-2: Image formation from texture surface.

¢ =view angle

3.3. Related work on texture

Recent attempts at modeling texture include random field modeling [30, 89, 119, 46], fractal geometry [24],
spatial gray-level dependencies and co-occurrence matrices [52, 60] and spatial-frequency techniques [74, 84,
139, 23], which include, in particular, Gabor filtering [8, 121, 127].

A comparison of these four classes of texture features was made by Ohanian and Dubes in [106] using small
test collections of natural and artificial images. The authors found that co-occurrence matrices performed
best in the experiments, but they acknowledged that performance could be largely influenced by optimization
within each texture representation-type. Kundu and Chen report a spatial-frequency technique based upon
the QMF wavelet transform that improves texture image classification performance over spatial gray-level
co-occurrence matrices.

3.4. Related work on texture image retrieval

Several recent content-based image retrieval systems utilize texture feature sets to aid in the retrieval of
images. Within the applications of satellite image retrieval, recent systems by Li and Turek [87] and Ma
and Manjunath [92] use texture to retrieve images based upon the detection of various features of the earth’s
terrain.

The IBM QBIC system [103] uses several texture features for the retrieval of photographic images. The
QBIC texture features are based upon some of those proposed in [160], namely, coarseness, directionality and
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contrast. Other texture features in [160] such as linelikeness, regularity and roughness are not used. Both
the whole images and manually identified regions are indexed by texture in the QBIC system.

The Virage system [3] also uses texture measures for photographic image retrieval. In the Virage system,
the texture features describe the whole image, rather than regions of texture within the images.

A unified approach for the characterization of global color, texture and shape was proposed by Caelli and
Reye in [12]. Their objective was to classify objects which have color, texture and shape attributes. In their
experiments, they used hand-written text characters rendered with different color and texture patterns. Their
system was not applied to retrieval of unconstrained images.

Liu and Picard [89, 119] and Francos, Meiri and Porat [46] have investigated the Wold random-field model
for modeling texture. The Wold model separates the image into components that correspond, approximately,
to periodicity, directionality and randomness [119]. Liu and Picard have applied Wold feature to segmentation
and retrieval of natural scene images [89].

Gorkani and Picard have investigated a texture measure based upon “dominant perceived orientation”
for sorting photos [51]. The orientation is extracted over levels of a multiresolution steerable pyramid. They
found that this texture feature is successful in classifying scenes as “city” wvs. “suburb.”

We propose a new representation of texture which is derived from spatial-frequency energy of the texture.
From the energy values, a texture histogram is generated. The texture histogram is used to discriminate
textures and to retrieve images. This approach is compatible with color histogram-based methods for content-
based image systems. Furthermore, since the texture histograms are derived from the QMF wavelet transform,
the features are more directly accessible from wavelet-compressed image representations.

3.5. Representations of texture

As described earlier, the objectives in developing the texture feature set are to provide a basis for (1) as-
sessing the similarities of the texture features in images, (2) storing and indexing texture information and
(3) extracting texture regions from images. In order to develop the texture feature set, we formulate the
representation of texture from a set of channels. This provides an approach that is symmetric with that for
the color feature sets.

The most suitable models are based upon the spatial-frequency (s-f) techniques. For one, the s-f texture
models are also most aligned with the vision process. There is support that mechanisms of early human
vision use receptive field units tuned to orientations and s-f’s [54, 74]. In particular, models of the human
vision system that use Gabor filters to model the receptive fields sufficiently account for psychophysical data
obtained in texture discrimination experiments.

3.5.1 Space/spatial-frequency expansion

A space/spatial-frequency (s/s-f) expansion of the image captures its localized spatial-frequency content. In
general, image s-f transforms attain a joint resolution in space and s-f that is bounded by the uncertainty
principle [36, 171]. By spacing the filters at octave-band distances, the wavelet filter bank (FB) provides
dyadic trade-offs in spatial and s-f resolution. Obtaining a high joint resolution in space and s-fis critical in
texture region extraction where the localization of the texture pattern is important.

Gabor filters are one s-f technique which has been used to characterize texture by dominant s-f5 [8].
Gabor functions measure the localized s-f information at specific s-f scales and orientations. One objective
in modeling texture by Gabor functions is to characterize a texture by a single peak scale and orientation
set [8].

Alternatively, Chang and Kuo [23] have used the tree-structured wavelet transform (TSWT) to classify
texture, not by a single narrow subband, but by the overall best wavelet packet basis adapted to each texture.
Feature sets based upon s-f5 that use multiple subbands have also been investigated in [74, 84, 106]. We now
look more closely at the Gabor FB and examine their relationship to QMF wavelet FBs.

3.5.2 Gabor Functions

Gabor filters achieve the theoretical lower bound of the uncertainty principle. They attain maximum joint
resolution in space and s-f bounded by the relations Az - Au > ﬁ and Ay - Av > ﬁ where (Axz, Ay)
gives resolution in space and (Awu, Av) gives resolution in s-f This is highly significant in the process of

texture extraction in which the conflicting objectives of accuracy in texture representation and texture spatial
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localization are important. The Gabor filter based s-f analysis of texture was explored in [8, 120, 128, 41, 10].

In addition to good performance in texture discrimination and segmentation, the justification for Gabor
filters is also supported through psychophysical experiments. It has been demonstrated that human texture
segregation results from information corresponding to outputs of s-f channels [5]. Texture analyzers imple-
mented using 2-D Gabor functions have produced a strong correlation between outputs of the 2-D Gabor
FBs with actual human segmentation [128]. Furthermore, the receptive visual field profiles are adequately
modeled by 2-D Gabor filters [36].

The 2-D Gabor function is a harmonic oscillator, composed of a sinusoidal plane wave of a particular
frequency and orientation, within a Gaussian envelope. The frequency (w), bandwidth (o), location (zg, yo),
and orientation (#) are determined by parameters of the Gabor function. The Gabor function G is defined
as follows:

(3.1)

Gl,9,0,0,0,6) = J(2,y,0,0,6) exp (@ — o)’ + (v = yo>2) |

—202

where the harmonic oscillator J(z,y,w, 8, ¢) is given by
J(z,y,w,8,¢) = sin (wlxcosd —ysinf] + ¢). (3.2)

Here zg and yp specify the center of the Gaussian and o specifies the standard deviation along both axes.
The frequency of the sinusoidal plane wave is determined by w, and & is the angle of orientation, and ¢ is
the phase of the plane wave. The Gabor filters are frequency and orientation selective as demonstrated from
Fourier domain analysis. When the phase ¢ = 0, the Fourier transform of the Gabor function is given by

sl (e ([ ]) e

v

where 0, = 1/(270;), 0 = 1/(270y) and A = 270, 0y. This function gives two lobes in the spatial-frequency
domain, one centered at ug and another at —up [164]. For example, Figure 3-3 illustrates the spatial-frequency
response of a bank of Gabor filters to sinusoidal inputs (only ug term is depicted).

w = 120 Hz

(a) (b) ()

Figure 3-3: Gabor filter spectrum where contours indicate the half-peak magnitudes of filters responses. The
Gabor filter responses to pure sinusoids: (a) § = 0 and w = 30 and (¢) # = 45 and w = 60, are depicted in

(b).

Gabor functions are used for texture segmentation by tuning the filters to the image’s dominant spectral
information. This entails selection of parameters for frequency, orientation and bandwidth for each filter.
The selection is highly dependent on the image. In [8] a simple peak-finding algorithm applied to the power
spectrum was used to guide the choice of filter frequency. Then, by using the chosen set of Gabor functions,
the image is filtered. Each point in the image is labeled according to which filter output gives highest energy
value for the point. The result is that the image is segmented into regions according dominant spectral
information.

There are drawbacks with using the Gabor filters in practical application. The first concerns the conse-
quence that the selection of filters is image dependent. This process is nontrivial [8]. Otherwise, the accurate
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implementation of a complete Gabor expansion would entail a generally impractical number of filters. Since
the Gabor functions are not orthogonal, there is a trade-off between redundancy and completeness in the
design of the Gabor FBs.

Secondly, the application of the filters to images is not simple. The computation of the filter coefficients
i1s a complex process because the Gabor functions are not orthogonal. Furthermore, discrete versions of the
Gabor function must be obtained in order to be applied to images.

3.5.3 Wavelet expansion

A more practical way to exercise the trade-off between spatial and s-f resolution, without using Gabor func-
tions, is through the use of a quadrature mirror filter (QMF) wavelet FB. The QMF wavelet FB produces
octave bandwidth segmentations in s-f. It allows simultaneously for high spatial resolution at high s-fs and
high s-f resolution at low s-fs. Furthermore, the benefit of using the wavelet tiling for image analysis is
supported by evidence that visual s-freceptors are spaced at octave distances [35].

The QMF approach was investigated by Kundu and Chen [84]. The authors identified several aspects of
the QMF FB as being relevant to texture extraction:

1. ability to achieve perfect reconstruction,
2. outputs that are localized filters and
3. the decimation of filter outputs reduces complexity.

In the classification of Brodatz textures by Kundu and Chen, the QMF features performed better than those
proposed by Haralick [60].

3.5.4 QMTF filter bank (FB)

The 2-D QMF FB partitions the 2-D s-f plane such that the image are reconstructed by the partitions
(subbands), see Figure 3-4. Using the QMF filters, the reconstruction is nearly perfect [75]. The 2-D QMF
wavelet FB produces the particular set of subbands that are spaced at octaves in the 2-D s-f plane.

@ @
T[T N

(a) (b)
Figure 3-4: 2-D QMF filter bank (FB), (a) s-f plane partitioning, (b) subband interpretation.

Similar to the case for Gabor filters depicted in Figure 3-3, the 2-D sinusoidal signals produce responses in
the QMF wavelet FB, as illustrated in Figure 3-5. We see that the wavelet FB differs from the Gabor FB in
that the granularity in s-f resolution is fixed at octaves in s-f. In orientation, the wavelet transform separates
the texture only into only vertical, horizontal and diagonal subbands.

In a 2-D QMF FB, four filters are required, Hgo, Ho1, H1o and Hp; that have mirror-image conjugate
symmetry about their mutual boundaries [174]. For real filters, this is equivalent to

Ho1(2g,2y) = Hoo(2e, —2y)
HlO(Zvay) = HOO(_Zvay) (34)
Hi1(2g,2y) = Hoo(— 20, —2y).
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N

N

6 =0° wavelet image 6 = 45° wavelet image
w = 30Hz w = 120 Hz

(a) (b) (c) (d)
Figure 3-5: QMF wavelet FB responses to pure sinusoids: (a) @ = 0 and w = 30, (b) wavelet image for (a),
and (¢) ¢ = 45 and w = 60, (d) wavelet image for (c).
The 2-D baseband filter Hyy may be designed to be separable, in which case it is generated from a product
of two identical 1-D QMT filters [166],
hoo(m, 77,) = ho(m)ho(n) (35)
In this case, the four QMF filters H;; are constructed from

Hij(20,2y) = Hi(20)H;j(2y), where j € {0,1}. (3.6)

Filter terms for HO: (gmfl2a) Filter terms for H1: (gmfl2a)

Magnitude
Magnitude

Figure 3-6: QMT filters (a) low pass filter hg, (b) high-pass filter A;.

The QMF FB is designed to have no aliasing or phase distortion. By using separable filters, the QMF FB
is generated from the single filter kernel Hy(z) by Eq. 3.4 and Eq. 3.6. The separable QMF FB approximately
satisfies the following requirement in order to reduce or eliminate amplitude distortion [26], see Figure 3-6.

[HG ()| + [Hi(=2)| = 1. (3.7)

In Figure 3-6(a) and (b), the filters are given for a twelve tap QMF (QMF12a from [75]): Figure 3-6(a)
depicts the low-pass filter hg and Figure 3-6(b) depicts the high-pass filter h;. From the magnitude responses
in Figure 3-7 we can see that Eq. 3.7 is approximately satisfied; there is only slight ripple in |H2(2)|+|H3(—z)].

3.5.5 Tree structured separable QMF FB

By iterating the four-channel 2-D QMF FB on the output of filter Hyy we obtain a 2-D wavelet FB. The 2-D
QMF wavelet FB is depicted in Figure 3-8. The output of each wavelet filter channel is produced from a
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Frequency response of QMF filter set {HO, H1}: (gmfl12a)

HO"2 + H1°2
1 Uadiliblal
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Figure 3-7: Magnitude of the frequency responses Hy and H;.

cascade of filters and downsamplers. For example, the four subbands at depth = 3 in the cascade are given

by

1
Yooio0i(z29) = GIHG oos(aa®, 5/ )X (=0, 2/%) +
H) g0 (—2b/2, —21)X (=222, =2 17)], (3.8)
where 4,7 = {0,1} and
H) 00 (20, 2y) = Hoolze, 7)) Hoo(22, 22) Hy (22, 20). (3.9)

2 > Yi1 (k=9)
{2 > Yoo  (k=D)
2 > Y1  (k=6)
®© 2 > Yor o1 (k=5)
®, > Yoo (k=4)
@ > Yoo, (K=3)
@ Yoor, 001 (k=2)

Yoo1, 000 (k=1)
Yoo, 001 (k=0)

YOOO, 000

Figure 3-8: 2-D wavelet QMF FB.



Integrated Spatial and Feature Image Systems: Retrieval, Analysis and Compression 29

3.5.6 Representing texture by s/s-f energies

The texture features are produced by measuring the energy within the subbands as follows, where the subbands

are numbered as in Figure 3-8,
M-1N-1

Sy = ﬁ SN Iyelm, (3.10)

and M and N are the width and height of subband k. By Parseval’s relation, Sy = 57 ||Yg||?. The QMF
wavelet texture energy feature set f; is constructed from the Si’s as follows

£, = (So,S1,...,Sk). (3.11)

Figure 3-9 illustrates the wavelet transform of a composite of five Brodatz textures. We see that the
textures produce different responses in the subbands. The feature set f; captures the energy of the textures
in each of the subbands.

Figure 3-9: Wavelet transformation of a composite image of Brodatz textures.

We demonstrate two important invariance properties of the wavelet texture energy feature set: gray-level
shift invariance and size invariance. We note that rotation and scale invariance is not inherently provided.
We develop transformations 7; in Section 3.7.3 that generate feature sets that are approximately rotation- or
shift-invariant.

3.5.6.1 Gray-level shift invariance

The texture energy feature set is gray-level shift invariant. The gray-level shift transform is defined as
I(n) — I(n) + 5. (3.12)

In the FB, only h¢ has non-zero mean, i.e., > hg(n) # 0, and the rest of the filters have zero mean. Since,
> hi(m) =0 for i # 0, we have gray-level shift invariance as follows

yi(n) = hi(n)*(I(n) + )
s (m)I(n — m) + 8, ha(m) (3.13)
m Pi(m)I(n —m) = h;(n) * I(n).

2
= X

3.5.6.2 Size invariance

The texture energy feature set is size invariant since the energy measure is normalized by the size of the
subband. The elements of the feature set S; are normalized by M and N, the width and height of the
subband, respectively, in Eq 3.10.
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3.6. Texture classification experiments

We compare texture energy feature sets that are derived from several image transforms besides the QMF
wavelet, including DCT, QMF uniform subband. In the experiments reported here, 112 Brodatz texture
images (512x512) are cut randomly into rectangular pieces (average size 132x132). The texture energy feature
sets are used to classify the cuts to the correct Brodatz texture classes. We use a classification procedure
based upon Fisher discriminant analysis.

Classification rates of over 90% are obtained for both wavelet subband and uniform subband decomposi-
tions. DCT/Mandala-block gives just over 80% classification rate, while simple spatial block features produces
only 34% correct classification.

3.6.1 K-Class discrimination

Fisher discriminant analysis (FDA) derives the optimal linear classification function from the observation data
that describes the set of classes. The FDA constructs linear composites from training features that provide
for maximum average separation among classes. Although the resultant composites are not orthogonal, they
are uncorrelated with each other [39].

FDA is contrasted with principal component analysis (PCA), which is performed on the data covariance
matrix. PCA determines the most significant functions to best represent, not to classify, the data. Since our
goal 1s classification, we use FDA | which determines the eigenvectors of scatter matrices which describe class
separability. The criteria of class separability is formulated using the following scatter matrices: within-class

(W), between-class (B), and total (T) [48].

The FDA procedure is carried out as follows: let K = the number of classes. Each class k, where
k€ {0,..., K—1}, has aset of nj, observations and provides the length m feature vector as the jth observation
Tip = (x?k, x]lk, .. .,xﬂ_l), where j € {0,1,...,n; — 1}. Let T be the total mean vector over all observations
and all classes

K-1 Nk
=) 3 . (3.14)
k=0 j=0
Then, define ¢, as follows
nk—l
ty = Z (zjr — T)'(2jr — T). (3.15)
j=0
Then, summing the #;’s gives, T = Zf:_ol tr, which is the total-mean-corrected sum-of-squares of cross-

products of observation data.
Let T be the mean vector over all observations of class &

nk
j=0

Then, define wj, as follows
nk—l

wg = Z(l‘]’k—fk)t(l‘jk—fk). (317)

j=0

Then, summing the wy’s gives, W = Zf:_ol wg, which is the within-class sum-of-squares matrix.

Then, B = T — W gives the between-class sum-of-squares and cross-products matrix. The product W—'B
represents the ratio of between-class to within-class sum-of-squares for K classes. This matrix, which is non-
symmetric with rank equal to the minimum of m (the feature vector length) and K —1 (the number of classes
minus one) is used in the eigenvector decomposition as follows: denoting the eigenvalues of W~1B as )j, and
the eigenvectors as e, we determine which discriminant functions capture the most variation that separates
the classes by expressing each eigenvalue as a percentage of total variance accounted for using

A
Ny = e (3.18)
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Then, classification follows by using a subset {ey|A} > 7} of the eigenvectors corresponding to the eigen-
values accounting for the largest total variation. A minimum distance rule is used to assign new observation
data, unclassified texture images, to one of the classes. First, normalizing the eigenvectors, such that,

e

w if i =
. i_{l ifi=k<s (3.19)

e, = .
iK1 -
ijo np — K 0 otherwise,

we get Y, = et X, the kth discriminant, having unit variance, and matrix Y with zero covariances. Therefore,
the rule for classification using the appropriate measure of square distance and a subset of £ eigenvectors
follows: allocate x to class k if V;«p,

S (es(e P < 3 (es(e - ) (3.20)

3.6.2 Classification results and discussion

The twenty randomly sized and spaced rectangular cuts were made from each of the 112 Brodatz texture
images to produce 2240 total texture cuts. The training sets Sﬁ was formed by adding A cuts from each
class, A = {2,3,...}. The remaining B = 10 cuts from each class were assigned to test set S2 to evaluate
the texture classification performance. An example of classification using the Brodatz texture experiemntal
set-up is illustrated in Figure 3-10 and 3-11.

We examine several important parameters of the texture energy feature sets and the FDA process that
impacts the texture classification performance.

3.6.2.1 Effect of the training class size

As the number of texture cuts from each class used for training increases, the classification rate increases, as
indicated in Figure 3-12. As more training cuts are used, FDA produces more accurate discriminant functions.
Good performance is found by using as little as three training textures per class.

3.6.2.2 Effect of the number of training classes

Figure 3-13 illustrates that the classification performance degrades only slightly when a quarter of the classes
are used for training. In the image database application all possible texture classes are not available to derive
the discriminant functions. Therefore, it is beneficial when training from only the available textures generates
discriminant functions that perform well in classifying all textures.

3.6.2.3 Effect of the number of discriminant functions

The discriminant functions that account for the largest separation are indicated by having the largest normal-
ized eigenvalues. By using only a subset of the discriminant functions that sufficiently separates the training
classes, the computation for classification can be reduced.

It is advantageous to find feature sets which allow for the highest energy packing possible for classification.
Figure 3-14 shows the results of classification, using most significant subsets of the discriminant functions.
By using only the 5 to 10 most significant discriminants, the peak classification performance is reached.

3.6.2.4 Effect of the number of features

When correlated features are added to the feature set, FDA removes redundancy and produces a smaller set
of uncorrelated discriminant functions. In general, any feature that provides a measure of class separation
may be included in the feature set. However, there is a trade-off between classification performance and the
increased computation as more features are added.

In this experiment, both mean absolute value (L energy) and variance (Ly energy) of the subbands are
used in the feature sets. Figure 3-15 shows that the overall classification rate increases by using both energy
measures.
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3.7. Texture element histogram

We now use the texture energy features to derive the representation of texture using texture histograms. The
texture histograms are generated in an overall process that consists of the wavelet filter back (FB), a texture
channel generator (TCG), transformation T3, and quantization @ as illustrated in Figure 3-16.

Vi Wi
ch0 ch0 ch0
h; St
ch1 chl ch1 N

chK-1 ch K-1 chK-1

Figure 3-16: Generation of texture feature set. The filter bank (FB) and texture channel generator (TCGQ)
generate nine texture channels. Transformation 7; and quantization J; produce the texture feature space in
which texture histograms h; and binary texture sets s; are defined.

3.7.1 Texture filter bank (FB)

The wavelet FB and texture channel generator (TCG) system is illustrated in Figure 3-17. The 2-D four
channel FB is iterated twice on the lowest s-fsubband. By discarding the DC subband, nine channel subbands
are obtained Yy, where k = {0...8}.

3.7.2 Texture channel generator (TCG)

From each subband )j a texture channel is generated by computing the energy of the subband, upsampling
and filtering. First, the energy € of each point in subband % is computed from

exle,y)l = [V, y]?|- (3.21)

Then, €; i1s upsampled back to the full size by inserting zeros. The missing points are then filled-in using
block filters B; ; to obtain texture channel Sj. The block filters perform simple pixel replication, where

0<e<i 0<y<y
otherwise.

Bijle,yl = { Bj (3.22)

For each point in the image, the process illustrated in Figure 3-17 generates an energy value in each of
the nine channels [141]. This representation is now symmetric with the representation of color (Chapter 2).
Whereas, each point in a color image has values in the three color channels, here, we assign each point in the
image energy values in the nine s/s-f channels.

The overall conversion process for the image to multiple channels is illustrated in Figure 3-18. As shown,
the subbands of the wavelet image are used to generate the nine texture channels. Since the wavelet expansion
of texture gives k = 9 s/s-f channels, a texture point is a 9-D vector. A texture point is defined as follows:

Definition 1 Texture point, v,. A texture point is a vector vy = (Sp, S1,...,Sk_1) in R, where Sy, gives
the energy in s/s-f channel k.

By transformation (7;) and quantization (@) of the 9-D s/s-f texture space, the texture points are
reorganized and grouped to create a collection of texture elements. A texture element is generated as follows:
given the texture point v; and the transform T3, for each v; let the w; be obtained by w; = Tyvy.
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Figure 3-17: Texture filter bank (FB) and texture channel generator (TCG).
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Figure 3-18: Overall process for representing texture using texture histograms.
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Furthermore, let @; be a vector quantizer function (defined in Section 2.6.2) that maps the vector w; to
one of N codewords indexed by n. Then, n, where n € {0...N — 1}, is the index of texture element wy
assigned by the quantizer function and is given by y, = Q+(w:), where y,, is the codeword with index n.

Definition 2 Texture element, with index value n. A texture element is given by the complete set of texture
points {vi}, thatl are assigned the same index n in the overall process of transformation and quantizalion:

Yn = Qt(TtVt)~

3.7.3 Texture space transformations

Under certain conditions it is desirable to obtain texture feature sets that are invariant to rotation or
scaling. By transformation of the texture points, the features can be made approximately invariant to either
rotation or scaling.

3.7.3.1 Rotation

The approximate rotation-invariance is obtained through the singular transformation 7/ as follows

11100000 0
TRF=10 001 1100 0]. (3.23)
000000111

The transformation 7 compensates for rotation by combining subbands at each scale. Since a rotated
texture generates approximately the same scale energy as the un-rotated texture, 7} provides approximate
rotation invariance. Figure 3-19 illustrates that the energy is redistributed in the texture channels during
rotation. We see that the wavelet images change with rotation. Table 3.1 shows that the energy within
the same scale is roughly constant in spite of the rotation of the textures. We evaluate the amount of
rotation-invariance provided by examining the performance in classifying rotated Brodatz textures.

| rotation (f) | S[0] | S[1] | S[2] |
6.11313° | 205 | 1396 | 919
4.55157° | 218 | 1247 | 874
—26.0922° | 337 | 1327 | 893
—18.0881° | 253 | 1471 | 993
—42.2369° | 337 | 1183 | 792

Table 3.1: Rotated texture features. Energy is roughly constant within the same scale during rotation.

3.7.3.2 Rotated texture classification experiment

In a classification procedure similar that in Section 3.6., twenty randomly rotated, sized and spaced cuts
were made from each of the 112 Brodatz texture images to produce 2240 total rotated textures. For training
purposes, 10 cuts from each class are held aside. The additional 10 cuts from each class are set aside for
evaluating the classification performance. The rotation transformation 77 is used to produce feature vector
w; for each rotated texture image

wy = THvy,

which are defined in 3-D space, w; € 3. The test set of w;’s are used in FDA to derive the discriminant
functions for classifying the training set. Overall, the system obtains a correct classification rate of 52.32%
for classifying rotated Brodatz textures using the transformation 7% of the texture energy feature sets. This
represents a drop in the classification rate from that for unrotated textures (see Section 3.6.). However,
considering the simplicity of the transformation T, the performance is acceptable.
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3.7.3.3 Scaling

The approximate scale-invariance is obtained through the singular transformation T¥ as follows
100100100
7°=10 10 0 1 0 0 1 0 (3.24)
001001001

The transformation 7}° compensates for scaling by combining subbands across rotations. Since a scaled
texture generates approximately the same rotation energy as the un-scaled texture, 7° provides approximate
scale invariance. Figure 3-20 illustrates that the energy is redistributed in the texture channels during scaling.
We see that the wavelet images change with scale. Table 3.2 shows that the energy within the same orientation
is roughly constant in spite of the scale of the textures.

| scale (¢) | S[0] | S[1] | S[2] |
2.211 | 282 49 | 339
2.118 | 275 75 | 414
1.582 | 365 82 | 456
1.264 | 429 96 | 570
0.986 | 503 | 159 | 596

Table 3.2: Scaled texture features.

3.7.3.4 Scaled texture classification experiment

In a similar classification procedure, twenty randomly scaled, sized and spaced cuts were made from each of
the 112 Brodatz texture images to produce 2240 total scaled textures. The scaled transformation 7} was
used to produce for feature vector w; for each texture

_ mS
W —n Vi,

which are defined in 3-D space, w; € 3. The test set of w;’s are used in Fisher Discriminant Analysis
to derive the discriminant function for classifying the training set. Overall, the system obtained a correct
classification rate of 61.82% for classifying scaled Brodatz textures using the transformation 7;° of the texture
energy feature sets. This represents a drop in the classification rate from that for unscaled textures (see
Section 3.6.). However, as for transformation T}F, considering the simplicity of the 7)°, the performance is
acceptable.

3.7.4 Texture channel quantization

The next design parameter 1s the quantization ); of the texture channels. In order to produce a feature
space for defining texture histograms and texture sets that is fairly compact, we quantize the texture energy
channels. We investigate a procedure for choosing the quantizers to produce only two reconstruction levels
for each channel. The procedure is easily extended to a greater number of reconstruction levels. We examine
two quantizer design procedures — the Max-Lloyd and median trained quantizer design.

The Max-Lloyd quantizer for each channel is derived to minimize the mean square quantization error
(MSQE) [126]. By treating the texture channel energy as a random variable, the goal of the quantization
design is to produce mappings from texture channel energies to quantized values that minimize the error
in quantization. The process of the quantization is illustrated in Figure 3-21. Given a quantizer input,
represented by a random variable z, the output of the quantizer is . The quantization error is given by & — .

The MSQE-designed quantizer involves minimizing the squared quantization error, as follows

¢ = El(z — #)?] = /d (e — #)%p(x)de, (3.25)

1

where the input # ranges from d; to d, and p(z) is the probability density function of # [126]. Given that x
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Figure 3-21: The quantizer ) produces output & for each input . The quantization error 1s & — .

is a discrete random variable and p[«] is its discrete-distribution, the error function is given by

e=Elw—2)"=> (x—&)pl]. (3.26)

The objective of the MSQE quantizer design is to choose a set of decision levels d; and reconstruction
levels 7; such that Eq 3.26 1s minimized. A general tool for obtaining the sets of decision and reconstruction
levels has been given independently by Max and Lloyd and is known as the Max-Lloyd quantizer. We use
the results of the Max-Lloyd quantization design process to obtain the optimal decision and reconstruction
levels for the texture channels.

3.7.4.1 Max-Lloyd texture quantizer design

The Max-Lloyd procedure finds the optimal MSQE for a given number J of output levels. Here, we consider
J = 2, however, the procedure may be generalized to a greater number of reconstruction levels. We note that
Eq 3.25 can be rewritten as

e=El(x—2)*] = Z_: /del (x —7;)*p(z)dz. (3.27)

To minimize € set 86—5 =0,
Tk

ol [ / " = )Pl 1 / " mzp(x)dx]

k-1 dy

= (dk — Tk_l)zp(dk) — (dk — Tk)zp(dk) = 0 (328)
The result gives that input level dj 1s average of two adjacent output levels r; and rp_; as follows

Tk Trp—1

dy = ==

(3.29)

Since we are considering here the case that J = 2 (two output levels), we have to find only one decision
level di. Since d; = %, by finding ry and r; to minimize €, the decision level d; is obtained. Therefore,
we choose rg and r; to minimize the MSQE expression for J = 2 as follows

dy max(z)
€= Z(x — o) plz] + Z (x —r1)*ple], (3.30)
z=0 r=d1+1

where r1 > rg and max(z) is the upper bound on the input and # = 0 is the lower bound. To do this, we
measure the distribution p[a] of texture channel energies, and iterate through choices for 7o and 7y, picking
those that minimize e.

3.7.4.2 Texture channel quantizers

We use the Brodatz textures to train the quantizers. We generate the texture channels using the texture FB
and texture channel generation process described in Section 3.7.1. The texture channel quantizer training
process is illustrated in Figure 3-22.
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Figure 3-22: Texture channel quantizer training process.

Using the Max-Lloyd quantizer design process to obtain J = 2 output levels, an optimum decision threshold
is determined for each channel. The histogram of texture channel energies for channel £ = 1 is depicted in
Figure 3-24(a). Figure 3-23(b) illustrates the optimal decision level dy and the reconstruction levels ry and
ry for texture channel £ = 1 based upon the sample set of Brodatz textures.
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Figure 3-23: Determination of optimal J = 2 output quantizer for texture channel £ = 1.

The histogram of texture channel energies for channel £ = 8 is depicted in Figure 3-24(a). Figure 3-24(b)
illustrates the optimal decision level d; and the reconstruction levels ry and ry for texture channel ¥ = 8
based upon the sample set of Brodatz textures.

By repeating this procedure on all nine channels, the optimal decision levels are given as follows:

f1o = (303.7,357.3,87.3,642.3,313.4,60.4,517.1,682.7, 63.8).

3.7.4.3 Median texture energy quantizer

One alternative to the Max-Lloyd design procedure for choosing the optimal quantization thresholds is to
simply threshold at the median of the texture channel energy distributions. By picking these thresholds, the
optimal decision levels are given as follows:

A, =(104.3,113.4,40.1,120.6, 133.2,33.3,97.5, 113.4, 18.9).

Overall, since this gives two output levels for each of the nine channels, there is a combination of 2° = 512
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Figure 3-24: Determination of optimal J = 2 output quantizer for texture channel £ = 8.

outputs for the nine channels. From this 512-dimensional space, we define texture histograms and texture
sets.

3.7.5 Texture histograms

The texture histograms are analogous to color histograms and are defined as follows

Definition 3 Texture histogram, h.. A texture histogram determines the distribution of texture elements
m an image, region or object.

Given image I, y] with nine s/s-f channels; S, k € {0...8}, the texture histogram is given by

heln] = ZZ{ o M (TSl g]) = n (3.31)

otherwise.

The mean texture histograms obtained from 2240 Brodatz texture cuts are illustrated in Figure 3-25. In
Figure 3-25(a) the texture channel quantization was derived from the Max-Lloyd procedure. In Figure 3-
25(b) the texture channel qualtization was derived from the median texture channel energies.

3.7.6 Texture sets

The texture histograms are approximated by binary texture sets, which are defined as follows

Definition 4 Texture set, s.. A texture set is a binary vector in N-dimensional binary space BY and
determines a sel of texture elemenis {n} in an image, region or object.

The mean binary texture sets obtained from 2240 Brodatz texture cuts are illustrated in Figure 3-26. In
Figure 3-26(a) the texture channel qualtization was derived from the Max-Lloyd procedure. In Figure 3-26(b)
the texture channel qualtization was derived from the median texture channel energies.

3.7.7 Texture set example

Figure 3-27(a) illustrates an example of the texture set representation using a K = 3 channel FB. The image
is converted into the three texture channels (Sp,S; and Ss) using the FB and TCG. Next, (; quantizes each
channel into two levels. The quantized texture elements are assigned an index n.

The overall system segments the texture regions in the images as illustrated in Figure 3-27(b). Given that
each of the three channels is thresholded into two levels, eight texture elements are generated (= 23).
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Figure 3-25: Mean texture histograms from 2240 Brodatz texture cuts (a) obtained using Max-Lloyd trained
texture channel quantizers, (b) obtained using median trained texture channel quantizers.
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3.8. Summary

In this chapter, we derived new representations of texture based upon histograms of texture elements. The
texture elements are defined from the transformation (7;) and quantization (Q:) of QMF wavelet transform
energies. We presented several experimental evaluations of the wavelet texture feature sets that demonstrate
excellent performance in classifying Brodatz textures. We also investigated several transformations that allow
for approximate rotation (7f) or scale invariance (7}7).

The texture histogram representation satisfies the objectives of (1) providing a representation for image
or regional texture that is compatible with color methods (namely, color histograms), (2) being compatible
with compressed-domain texture extraction techniques (QMF wavelets), and (3) being suitable for region
extraction techniques. In Chapter 5, we explore the process of extracting texture regions from images using
texture histograms. First, in Chapter 4 we present and evaluate several techniques for computing texture
similarity using the representations presented here.

By using the histogram and binary set representations of color (see Chapter 2) and texture we efficiently
and effectively represent color and texture information in images and region. These visual dimensions are
extremely useful for image search and retrieval. When combined with spatial information, the most powerful
system for discriminating images is constructed (as we explore in Chapter 7). We now present techniques for
measuring computing color and texture-based image queries using the histograms and binary sets.
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Chapter 4

Feature Similarity and Indexing

4.1. Introduction

In this chapter, we investigate techniques for computing color and texture similarities using histograms. We
also evaluate strategies for indexing the high-dimensional histograms. The objective of these techniques is to
provide systems for search and retrieval of images by color and texture features.

We first evaluate the retrieval effectiveness of eight distance metrics for color and five distance metrics for
texture in a series of image retrieval experiments. We evaluate these metrics in terms of precision and recall
in retrieving images that are relevant to eight example image queries.

We next present two efficient strategies for computing histogram queries in large databases of images.
The first, query optimized distance (QOD) computation, prioritizes the elements of the computation in the
order of largest significance to the query. By prioritizing the computation in this way, the query is computed
more efficiently. Furthermore, by stopping the computation process to only approximate the actual histogram
distances, we show that the query response-time is reduced dramatically without significantly decreasing the
retrieval effectiveness.

In the second method, binary set bounding (BSB), binary feature set queries are used to prefilter the
more expensive color histogram queries. We formulate the BSB prefilter to provide no false dismissals. In
this way, the complete histogram distance needs only to be computed for a fraction of the images in order to
answer the histogram query. We now define the histogram metric space and the eight distance metrics which
are suitable for feature-based image retrieval.

4.2. Histogram space

The features of color (see Chapter 2) and texture (see Chapter 3) are defined by histograms. The histograms
depict the distribution of colors and texture elements, respectively, as they appear in images and/or regions.
Since the histograms are discrete distributions, they can be represented as feature vectors in M-dimensional
space, where M is the number of bins in the histogram. We define this #* space as the histogram space H™ .

4.2.1 Histogram normalization

In order to compare regions and images of varying size, we introduce the following class of normalizations,
where r = 1, 2,

ro__ h
o (M= |h[m] |yt (4.1)

One effect of the normalizations in Eq 4.1 is a reduction in dimensionality of the feature space. Notice that

in Figure 4-1 that the feature points for all two-bin histograms (normalized with » = 1) lie on a single line
segment. That is, given one element of a histogram, the other is determined.

In general, an M-bin histogram normalized with » = 1 lies on an M — 1 dimensional simplex. An M-bin
histogram normalized with » = 2 lies on the non-negative face of an M-dimensional hyper-sphere, which is
illustrated for M = 2 in Figure 4-2.
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Figure 4-2: Feature vector representation of discrete-space, two-bin normalized histograms (r = 2).

4.2.2 Histogram metric space

The histogram space H* is considered a metric space and the histograms h are points of the space if the
following conditions hold: for every pair of histograms h;, h; there can be found a corresponding number
D(h;, h;), called the distance between points h; and h;, which satisfies the following:

1. D(h;,h;) =0  (identity),

2. D(h;, h;) > (non-negativity),

3. P(h;,h;) =D(h;,h;) >0 (ifh; #h;) (commutativity /symmetry),
4. D(h;, hy) < D(hz,h )+ D(h; hy) (triangle inequality).

4.3. Taxonomy of distance metrics

In this section, we present and evaluate eight metrics (D1...D8) for measuring histogram dissimilarity,
summarized in Table 4.1. The histogram metrics are evaluated along two dimensions: (1) retrieval effectiveness
and (2) distance computation complexity. The second dimension includes the number of operations required
in computing the distance scores. The first — retrieval effectiveness, provides a measure of the relevance of the
histogram dissimilarity to subjective perceptual image dissimilarity. We evaluate in Section 4.4. the capability
of the histogram distance metrics to retrieve images that are perceptually similar to query images.

4.3.1 Minkowski-form distance

The first class of dissimilarity measures is based upon the Minkowski-form distance metric. Let h, and
h; be the query and target histograms, respectively, then

g = Z |hg[m] = he[m]["). (4.2)

As illustrated in Figure 4-3, histogram dissimilarity measures with the Minkowski-form (D1, D2, and D3)
neglect to compare similar, but not same, histogram elements. For example, a dark red image is equally
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|| Metric | Description | Category ||

D1 Histogram I; distance Minkowski-form (r = 1)

D2 Histogram L, distance Minkowski-form (r = 2)

D3 Binary set Hamming distance Binary Minkowski-form (r = 1)
D4 Histogram quadratic distance Quadratic-form

D5 Binary set quadratic distance Binary Quadratic-form

D6 Histogram Mahalanobis distance Binary Quadratic-form

D7 Histogram mean element distance | Non-histogram

D8 Histogram moment distance Non-histogram

Table 4.1: Summary of the eight histogram distance metrics (D1...D8).

dissimilar to a red image as to a blue image. By using measures of histogram element similarity within the
distance computation, we investigate whether the quadratic metrics (P4, D5, and D6) improve histogram
matching.

hqlm]

hy[m]

Figure 4-3: Minkowski-form distance metrics compare only “like” bins between the histograms.

4.3.1.1 Histogram intersection (D1)

The histogram intersection was investigated for color image retrieval by Swain and Ballard in [159]. Their
objective was to find known objects within images using color histograms. When the object (¢) size is less than
the image (t) size, and the histograms are not normalized, then |h,| < |h¢|. The intersection of histograms
h, and h; is given by:

M-1_.
> m=o min(hg[m], hi[m])

d tzl— )
v b |

(4.3)

where |h| = 2%2—01 h[m]. Eq 4.3 is not a valid distance metric since it is not symmetric: d, + # d; ;. However,

Eq 4.3 can be modified to produce a true-distance metric by making it symmetric in h, and h; as follows:

&, = 1 = Zmzo min(hy [, hifm)

min i, [ (44)

Alternatively, when the histograms are normalized such that |h,| = |hy|, both Eq 4.3 and Eq 4.4 are true-
distance metrics. It is shown in [159] that when |h,| = |hy| that D1(¢,¢) = d, ;, and the histogram intersection
is given by

M-1
D(q,t) = Y |hg[m] = he[m]]. (4.5)
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We recognize D1(q,t) as the Minkowski-form metric (Eq 4.2) with r = 1.

4.3.1.2 Histogram euclidean distance (D2)

The euclidean distance is a Minkowski-form metric (Eq 4.2) with » = 2, as follows, given histograms h, and

hta

M—-1
D2(q.1) = D2 = (b, —he) (hy —h) = 3 (hylm] = hem])?, (4.6)
m=0
We decompose D2 as follows
D2(¢,t) =h]h, +h/h,— 2hTh,. (4.7)
When |h,| = thhq =1 and |hy| = hTh; = 1, we have
D2(q,t) — 2 = —2h] h,. (4.8)

In this decomposition, P2 is computed from the inner product of the query h, and target histograms h;.
This decomposition has implications of efficiency in computing distances in the histogram database, which
we explore in Section 4.5.4.

4.3.1.3 Histogram cosine distance

Closely related to the euclidean distance metric (D2) is the cosine distance metric. The cosine metric is

commonly used to measure the similarity of text documents [172]. The cosine metric computes the difference

in direction, irrespective of vector lengths, where the distance is given by the angle between the two vectors.
Recall that the inner product between vectors h, and h; is given by

h, -h; = hl'h, = [h,[|hy| cos 6.

Then, the cosine metric 1s given as
1 g1 Dl (4.9)
—cosf=1— ———. .
by [

By substituting from Eq 4.6, where |hy| = thhq and |h;| = h7h;, we have

[by| + [by| — D2
l—cosf=1—- """+ ——— ——
2[hy||hy|
When |h,| = |h;| = 1, the cosine metric reduces to
1—cosl = bz
2

Figure 4-4 illustrates the relationship between the cosine metric and the euclidean distance metric D2.
The cosine metric is not influenced by vector length. It gives the same distance result between hy and h; in
Figure 4-4(a) as that between hy and hs in Figure 4-4(b). However, the euclidean distances differ in these
cases, that is D2(hg, hy) # D2(hg, hs).

4.3.1.4 Binary set Hamming distance (D3)

We also consider the special case when the histograms are approximated by binary sets. Recall that we
presented an algorithm for determining the nearest binary set to an arbitrary histogram in Section 2.8.4. A
binary set s is a binary vector in the M -dimensional binary space, s € B . The binary set Hamming distance
between s, and s; is given by, where |s| =", s[m]

D3(g,1) = 1=l (4.10)

 sgllsed
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Figure 4-4: The cosine distance metric considers the angle # between vectors, irrespective of vector lengths.

The euclidean distance metric D2 considers vector lengths and angle between them.
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Figure 4-5: Binary set Hamming distance metric (D3) computes the exclusive OR between elements. The

‘x’s indicate the positions of bit difference.
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Since the vectors are binary, the Hamming distance is determined by the bit-difference between the binary
vectors [34]. As illustrated in Figure 4-5, D3 is efficiently computed using an exclusive OR operator (®)
which sets a one in each bit position where its operands have different bit values, and zero where they are
the same [30],

D3(q,t)|sqlls¢| = 84 © s¢. (4.11)

The binary set metric D3 is efficient to compute, which justifies its exploration for use in large image database
applications.

4.3.2 Quadratic-form distance

To address the shortcomings of the Minkowski-form distance metrics, we investigate three quadratic-form
distance metrics: D4, D5 and D6. The quadratic-form distance metrics compare all histogram elements, and
weight the inter-element distance by pair-wise weighting factors (see Figure 4-6).

4.3.2.1 Histogram quadratic distance measures (D4)

A quadratic-form distance metric is used in the IBM QBIC system for color histogram-based image re-
trieval [45]. In [102], it is reported that quadratic-form distance metric between color histograms provides
more desirable results than “like-bin” only comparisons between color histograms. The quadratic-form dis-
tance between histograms h, and h; is given by:

Di(q,t) = D4*> = (b, — hy)" A(h, — hy), (4.12)

where A = [a;;] and a;; denotes the similarity between elements with indexes ¢ and j. The quadratic-form
metric is a true-distance metric when a;; = a;; (symmetry) and a;; = 1.

hglm]

Sv

hy[m]

Figure 4-6: Quadratic-form distance metrics compare multiple bins between the histograms using similarity
matrix A = [a;;].

In a naive implementation, the histogram quadratic distance is computationally more expensive than
the Minkowski-form metrics since it computes the cross-similarity between all elements. We present, in
Section 4.5.4, a strategy to decompose the quadratic-form metrics in a manner similar to that described for
the D2 metric (see Eq 4.8) to improve computation efficiency.
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4.3.2.2 Binary set quadratic distance (D5)

The quadratic-form distance metric also measures the distance between binary sets. The quadratic-form
distance between two binary feature sets s, and s; is given by

D5(q,t) = D5 = (s, — s1)T A(sy — 1), (4.13)

By defining i, = quAsq, pi = si As; and vy = As,, and since A is symmetric, the quadratic-form binary set
distance is reduced to the following expression

D5(q,t) = pig + 1 — 25, 1y (4.14)

4.3.2.3 Histogram Mahalanobis distance (D6)

The Mahalanobis distance is a special case of the quadratic-form distance metric in which the transform
matrix is given by the covariance matrix obtained from a training set of histograms, that is 4 = X1,
In order to apply the Mahalanobis distance, the histogram feature vectors are treated as random variables
X = [zg, &1, -, xpm—1). Then, the correlation matrix is given by R where R = [r;;] and r;; = E{z;z; }. Here,
E{y} gives the mean of the random variable y. Then, the covariance matrix is given by 3, where X = [02»2]»]
and o, = rij — E{w;}E{z;}.

The Mahalanobis distance between histograms is obtained by letting X, = h, and X; = h;, which gives

D6(q,t) = D6* = (X, — X,)T 271X, - X,). (4.15)

In the special case when z; are statistically independent, but have unequal variances, ¥ is a diagonal matrix

as follows [163]

In this case, the Mahalanobis distance reduces to

N ralm] = x[m]

D6(q,1) = e 4.16
(.0 = 3 (= (4.10)
m=0
When z; are not statistically independent, a new coordinate system is obtained in which the components are
statistically independent. This is implemented as a general eigenvalue problem whereby the goal is to obtain
eigenvectors ¢ such that A¢ = 3¢. In this case, X is transformed using the eigenvectors such that ¢Y = X.

Then, the Mahalanobis distance is given by

M-1 9
D6(q, 1) = > —(yQ[m]; yelml)” (4.17)

4.3.3 Non-histogram distance

Finally, we examine two metrics (D7 and D8) which are derived from the image feature channels (i.e., color
and texture) directly. However, the features are obtained from the histograms, which allows for the metrics
to be defined from the histograms.

4.3.3.1 Feature channel mean distance (D7)

The channel mean distance (P?) is computed from the mean in each of the feature channels. For example, a

mean color vector v = (7,7, b) is obtained by measuring the mean color in each of the three color channels
(r,g,b). In this case, a suitable distance metric between mean color vectors v, and vy is given by

DT =D7% = (vy —v) (vy — V). (4.18)
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Note, that each bin in a color histogram h refers to a point (v, ¢, ) in the 3-D RG B color space. As such,

v is computed from h by v = Ch, where C has size M x 3, and C[i] gives the (r, g, ) triple corresponding to

histogram bin ¢. In general, for K feature channels and M histogram bins, C is has size K x M. This allows
us to rewrite Eq 4.18 as

D1(q,t) = (h, — hy,)"CTC(h, — hy). (4.19)

4.3.3.2 Feature channel moment distance (D8)

Similar to the case for the channel mean, other channel moments may be considered, such as variance and
skewness. For example, color moments were explored by Stricker and Orengo for color image retrieval [158].
As in the case for D7, these moments are also computed from the histograms. We define D8 from the variance
of each of the channels in order to compare the retrieval effectiveness of color moments to the other metrics.

4.3.4 Distance metric comparison

We now evaluate the performance of the distance metrics by conducting image retrieval experiments. We
demonstrate that the set of metrics offers a trade-off in retrieval effectiveness and computational complexity.
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Figure 4-7: Distance metric retrieval effectiveness evaluation experiment setup.

4.4. Retrieval effectiveness evaluation

We first evaluate the histogram distance metrics by conducting image search experiments by color (eight
metrics) and texture (five metrics). In the experiment setup, illustrated in Figure 4-7, we generate five image
feature databases: (1) the histogram database, (2) the binary set database, (3) the mean element database,
(4) the channel moment database, and (5) the ground-truth database. In the ground-truth database, the
relevancies of each image to each of the queries is established manually. The retrieval effectiveness is evaluated
by comparing the results of the queries using the feature databases to the ground-truths.

4.4.1 Image test set

Since no standard image corpus exists for the purpose of evaluating image retrieval methods, a test set of
3,100 color images was generated for this thesis. The image collection of 3,100 images was purchased on
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CD-ROM from Expert Software®. Each of the 3,100 images was inspected and assigned a relevance to each
of the following queries in order to measure the query’s retrieval effectiveness. In this way, the image test set
and assigned image relevance scores provide a common framework for comparing the image retrieval methods.

4.4.2 Retrieval effectiveness

Two metrics for retrieval effectiveness are recall and precision. Recall signifies the proportion of relevant
images in the entire database that are retrieved in the query. Precision is the proportion of the retrieved
images that are relevant to the query [76]. More precisely, let A be the set of relevant items, let B be the set
of retrieved items, and a,b, ¢ and d are given as follows.

e a = retrieved and relevant (detection)

e b = retrieved and not relevant (false alarm)
e ¢ = not retrieved and relevant (miss)

e d = not retrieved and not relevant.

Recall and precision are defined by the following conditional probabilities:

ol = Py = BB = )
precision = P(A|B) = P;‘EEJ)B) _ aib' )

The measures of recall and precision require that the relevance to the query of each item in the database
is established ahead of time. For the experiments, this was done for each query by subjectively assigning one
of three values to each image in the database: relevant = 1, partially or marginally relevant = 0.5 and not
relevant = 0. The relevance value corresponds to the probability that the item is relevant to the query.

In each query experiment, the distance (one of D1...D8) between each relevant image (with relevance =
1) and all images in the database is computed. The images are then sorted in order of lowest distance to the
query image. In this order, the recall and precision are measured for each image.

The process is repeated for all the relevant images and an overall average retrieval effectiveness is computed
for each distance metric and each query example. This produces just one recall vs. precision curve (i.e., see
curve D1 in Figure 4-10). These experiments are repeated for all distance metrics to provide for comparison.

4.4.3 Color retrieval

We first evaluate the retrieval effectiveness using color histograms on the test set of 3,100 color images. The
collection includes images with a variety of subjects, such as cities, nature, animals and transportation. We
first examine example color queries: for images of (1) sunsets, (2) pink flowers, (3) nature scenes with blue
skies and (4) lions.

4.4.3.1 Query 1: Sunsets

In Query 1, the goal is to retrieve images of sunsets. Prior to the trials, the 3,100 images were inspected,
and 23 were designated to be relevant (to depict sunsets). Each of these images was used in turn to query
the collection. This was repeated for each distance metric. Examples of the retrieved images and plots of the
retrieval effectiveness are shown in Figures 4-10 and 4-11.

We see that all metrics are fairly successful at retrieving sunset images, except for D7. Simply using the
mean of each color channel does not sufficiently capture color information in the images. Table 4.2 compares
the retrieval effectiveness at several operational values. We see that the quadratic-form metrics D4 and D6
perform well in Query 1. However, the retrieval effectiveness for D1 is slightly better. Contrary to statements
in [102], in Query 1 we do not see that the quadratic-form color histogram metrics improve performance
substationally over the Minkowski-form metrics.

*Expert Software, Inc., 800 Douglas Rd., Coral Gables, FL. 33134
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|| 23 sunset images | D1 | D2 | D3 | D4 | D5 | D6 | D7 | D8 ||
# relevant in top 10(20) | 6(10) 5(9) 4(6) 5(9) 4(7) 5(9) 2(4) 3(5)
# retrieved to obtain
5(10) relevant ones 8(20) | 9(24) | 16(46) | 9(22) | 12(32) | 8(21) | 29(186) | 18(56)

Table 4.2: Query 1: Sunsets. Comparison of eight distance metrics.

4.4.3.2 Query 2: Flowers

The goal of Query 2 is to retrieve images of pink flowers. Prior to the trials, the 3, 100 images were inspected,
and 21 were designated to be relevant (to depict pink flowers). Examples of the retrieved images and plots of
the retrieval effectiveness are shown in Figures 4-12 and 4-13. Table 4.3 compares the retrieval effectiveness
at several operational values. The performance of metrics D1, D2, D4 and D6 is similar. These all provide
excellent image retrieval results, returning, on average, seven pink flower images among the first ten retrieved.
The binary set Hamming distance metric D3 provides a substantial drop in retrieval effectiveness. However,
the binary set quadratic-form metric D5 improves the retrieval effectiveness over D3.

|| 21 pink flower images | D1 | D2 | D3 | D4 | D5 | D6 | D7 | D8 ||
# relevant in top 10(20) | 6(9) 6(9) 5(6) 6(9) 5(8) 7(10) 2(3) 3(3)
# retrieved to obtain
5(10) relevant ones 7(21) | 7(24) | 10(62) | 7(21) | 8(34) | 7(18) | 48(201) | 43(185)

Table 4.3: Query 2: Flowers. Comparison of eight distance metrics.

4.4.3.3 Query 3: Nature

The goal of Query 3 is to retrieve images of nature with blue sky. Prior to the trials, the 3,100 images
were inspected, and 42 were designated to be relevant (to depict nature with blue sky). Query 3 is the most
difficult of the color image queries explored here. The test set contains many images with blue colors that
are not from blue skies. Only the fraction of images that contain blue skies are deemed relevant. The other
blue images are considered false alarms when retrieved by the image query methods.

We note that Query 3 is representative of a typical query for unconstrained images. We see that color
information provides only a partial filter of image semantic content. However, we see in this query that the
color query methods provide different performance in obtaining the images of semantic interest even in this
difficult image query.

Examples of the retrieved images and plots of the retrieval effectiveness are shown in Figures 4-14 and 4-
15. Table 4.4 compares the retrieval effectiveness at several operational values. Again, we see that the
performance of metrics D1, D2, D4 and D6 is similar. These require that, on average, approximately 25
images need to be retrieved in order to obtain ten images that depict blues skies. The binary set Hamming
distance metric D3 provides a substantial drop in retrieval effectiveness, which is improved only little in the
binary set quadratic-form metric D5.

|| 42 nature images | D1 | D2 | D3 | D4 | D5 | D6 | D7 | D8 ||
# relevant
in top 10(20) 5(8) 5(8) 3(4) 5(8) 3(5) | 5(9) 1(1) 2(3)

# retrieved
to obtain 5(10) | 10(25) | 10(26) | 27(76) | 10(26) | 20(62) | 9(23) | 148(462) | 33(108)
relevant ones

Table 4.4: Query 3: Nature with blue sky. Comparison of eight distance metrics.

4.4.3.4 Query 4: Lions

The goal of Query 4 is to retrieve images of lions. Prior to the trials, the 3,100 images were inspected, and 41
were designated to be relevant (to depict lions). Examples of the retrieved images and plots of the retrieval
effectiveness are shown in Figures 4-16 and 4-17. Table 4.5 compares the retrieval effectiveness at several
operational values. The performance of metrics D1, D2, D4 and D6 is excellent. Using these metrics, on
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average, only 13 to 14 images need to be retrieved in order to obtain ten lions images. With D3 and D5, over
twenty images must be retrieved.

[[ 41 Lion images | P1 | P2 | P3 | P4 | D5 | D6 | D7 | D8 |
# relevant in top 10(20) | 7(14) | 7(14) | 6(9) 7(14) | 6(9) 7(13) 5(8) 7(10)
# retrieved to obtain
5(10) relevant ones 6(13) | 6(14) | 8(26) | 6(14) | 7(22) | 6(14) | 8(32) | 7(18)

Table 4.5: Query 4: Lions. Comparison of eight distance metrics.

4.4.3.5 Overall color retrieval evaluation

In Query 1 through Query 4, we compared the retrieval effectiveness of eight color query methods. We found
that the color histogram query methods provide consistently good performance, regardless of the histogram
distance metric used: D1, D2, D4, or D6. We also found that the quadratic-form metrics P4 and D6 provide
little difference in retrieval effectiveness from non-quadratic-form metrics D1 and D2. This implies that the
simplest metric (D1) is a good candidate for use in image retrieval applications. These queries also evaluated
the binary color sets. We found that the performance drops with binary sets. However, the simplicity afforded
by these representations and metrics (D3 and D5) make them viable. Finally, the simple metrics based upon
color channel measurements (D7 and D8) performed consistently poorly and are not sufficient for retrieving
images by color features.

4.4.4 Texture retrieval

Next, we evaluate texture retrieval effectiveness using the Brodatz textures [9]. In the Brodatz experiment,
we evaluate five distance metrics: D1, D2, D3, D4 and P5. With metric D4, the similarity matrix A is derived
from the feature correlation matrix obtained by training on 1120 Brodatz texture cuts. We note that the we
investigated D6, the Mahalanobis distance, in the classification of texture in Chapter 3. We also explored, in
Chapter 3, the metrics based upon the texture channels directly, and therefore, investigations of D6, D7 and
D7, are not repeated for texture image retrieval.

4.4.4.1 Query 5: Brodatz textures

In the Brodatz texture retrieval experiment, twenty random cuts (of fixed size, 96 x 96) were made from
each of the 112 Brodatz textures (of size 512 x 512) to produce a total 2,240 texture images. In each of the
following query experiments, all twenty cuts from a class were used to query the collection of 2,240 Brodatz
texture cuts. The average retrieval effectiveness was computed from the twenty queries. We repeated each
set of queries using each of the five texture distance metrics.

Query 5.1: Brodatz texture (Brodatz #D4: Pressed cork) In this experiment, images of pressed
cork were used to query the Brodatz collection. The query results are shown in Figure 4-18. We see that
texture histograms perform better than the binary texture sets. Table 4.6 compares the retrieval effectiveness
at several operational values. The histogram metrics D1, D2, and D4 perform about equally well. These
return, on average, eight relevant images among the first ten retrieved. The binary texture sets return only
five to six relevant images among the top ten retrieved.

|| 20 pressed cork texture images | D1 | D2 | D3 | D4 | D5 ||
# relevant in top 10(20) 8(15) | 8(15) 5(9) | 8(15) | 6(11)
# retrieved to obtain 5(10) relevant ones | 6(12) | 6(12) | 9(22) | 6(13) | 7(17)

Table 4.6: Query 5.1: Brodatz texture (Brodatz #D4: Pressed cork). Comparison of five distance metrics.

Query 5.2: Brodatz texture (Brodatz #D1: Woven aluminum wire) In this experiment, images of
woven aluminum wire were used to query the Brodatz collection. The query results are shown in Figure 4-19.
We see that in this experiment, texture histograms perform much better than the binary texture sets.
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In Query 5.2, the binary set representation does not discriminate the “woven aluminum wire” textures
from the other textures. The reason is that many of the Brodatz textures, including “woven aluminum wire,”
have little energy outside of the DC subband and produce identical (empty) binary texture sets. Table 4.7
compares the retrieval effectiveness at several operational values. We found that D1 and D4 require only
twelve images to be returned in order to retrieve ten relevant images. In contrast, D2 requires 16 images to
be returned.

|| 20 woven aluminum wire images | D1 | D2 | D3 | D4 | D5 ||

# relevant in top 10(20) 8(14) | 7(11) 0 8(14) 0
# retrieved to obtain 5(10) relevant ones | 6(12) | 6(16) | > 500 | 6(12) | > 500

Table 4.7: Query 5.2: Brodatz texture (Brodatz #D1: Woven aluminum wire). Comparison of five distance
metrics.

4.4.4.2 Overall texture retrieval evaluation

In Query 5.1 and Query 5.2, we compared the retrieval effectiveness of five texture query methods. We found
that texture histograms perform extremely well for metrics D1, D2 and D4. We found that the binary texture
sets have a undesirable failure mode. When the texture does not contain sufficient spatial-frequency energy
outside of the DC subband, the binary texture set is empty. Since several Brodatz textures produce empty
binary texture sets, the binary texture set representation does not discriminate between them (as shown in
Query 5.2). However, in other cases (i.e., Query 5.1), the binary texture set provides retrieval performance
that is only slightly worse than the texture histogram methods.

4.4.5 Color and texture retrieval

We now compare the visual dimensions of color and texture in retrieving images from the test set of 3,100
images. In Query 6 through Query 8, we compare histogram metrics P2 and D4 for color with those for
texture. We evaluate the relative efficacy of color vs. texture in retrieving images of (1) coral, (2) wild cats,
and (3) yellow flowers.

4.4.5.1 Query 6: Coral

The goal of this query is to retrieve images of coral (which come in a variety of colors). Prior to the trials,
the 3,100 images were inspected, and 189 were designated to be relevant (to depict coral).

Examples of the retrieved images and plots of the retrieval effectiveness using color are shown in Figures 4-
20 and 4-21. We can see that none of the distance metrics perform well since color alone only partially
discriminates among the coral images. We compare the performance of color and texture in Figure 4-22. We
can see that texture discriminates between the coral images differently than color. On average, the color
metrics give slightly higher retrieval effectiveness than the texture metrics. However, in application, both
visual dimensions can be used in order to provide a more complete system for retrieving images.

4.4.5.2 Query 7: Wildcats

The goal of this query is to retrieve images of wildcats. Prior to the trials, the 3,100 images were inspected,
and 26 were designated to be relevant (to depict wildcats). Examples of the retrieved images and plots of
the retrieval effectiveness using color are shown in Figures 4-23 and 4-24. The color histogram metrics clearly
retrieve the wildcats better than binary color set metrics do. Since the wildcat images do not contain much
color information, the color sets do not sufficiently represent the wildcat images. As a result, the binary color
sets perform poorly in retrieving these images.

We compare the performance of color and texture in Figure 4-25. In this example, color better discrim-
inates among the wildcat 1images than texture. However, the texture representations capture the texture
information in the wildcat images, such as the spots on the wildcats’ heads. These features enable the wildcat
images to be retrieved effectively using the texture metrics.
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4.4.5.3 Query 8: Yellow flowers

The goal of this query is to retrieve images of yellow flowers. Prior to the trials, the 3,100 images were
inspected, and 34 were designated to be relevant (to depict yellow flowers). Examples of the retrieved images
and plots of the retrieval effectiveness using color are shown in Figures 4-26 and 4-27. As in the earlier
cases, the color histogram methods perform better than the binary color sets in retrieving the yellow flowers.
However, many yellow non-flower images are returned and reduce the effectiveness of the color metrics.

We compare the color metrics to texture in Figure 4-28. Texture alone does not satisfactorily retrieve
yellow flowers. However, texture does retrieve images of flowers of other colors, as depicted in Figure 4-28.
This query illustrates that color and texture provide complementary representations of the flower images.
The texture features characterize the spatial-frequency detail of the flowers. Color adds discrimination power
in determining the colors in the different flower images.

4.4.5.4 Overall color vs. texture retrieval evaluation

In Query 6 through Query 8, we compared the retrieval effectiveness of color and texture. We found in these
image retrieval experiments that color is more effective than texture. However, texture is still important.
In the case of the wildcat images (Query 7), there is little color in the images. As a result, we found that
the simple binary color set metrics could not discriminate among the wildcat images. However, the texture
metrics were able to retrieve the wildcat images. In the cases when the desired images are defined by color
(Query 8, yellow flowers), color performs much better than texture. However, given the objective of retrieving
images of coral of many colors (Query 6), texture and color perform nearly equally well.

The next important dimension in evaluating the feature distance metrics is the computation required
to answer the queries. We present some of the recent approaches for computing histogram queries such as
prefiltering and dimensionality reduction, and present two new methods: binary set bounding (BSB) and
query optimized distance (QOD) computation.

4.5. Feature indexing

There is great difficulty in indexing high dimensional feature vectors. For example, traditional indexing
techniques, such as the R-tree [58] are not suited for high-dimensional vector spaces. In general, the objective
of feature indexing techniques is to reduce the amount of data retrieval and computation in order to complete
the similarity search. The overall optimization considers the following criteria (1) computation, (2) data
retrieval (i.e., retrieved disk blocks), (3) misses and (4) false alarms. For example, in some situations, it is
desirable to allow some false matches in order to reduce computation and data retrieval.

Several recent techniques, such as prefiltering and dimensionality reduction, have been proposed for index-
ing histograms for CBVQ. The prefiltering divides the similarity search into stages such that the computation
required for evaluation at each subsequent stage increases and the number of candidate feature points de-
creases [59]. Alternatively, feature reduction techniques have been investigated to reduce the computation
and data retrieval in a similarity search, while possibly allowing use of indexing structures.

We propose two new techniques to improve feature indexing: binary set bounding (BSB) and query
optimized distance (QOD) computation. We describe these new techniques and compare them to other
methods based upon prefiltering and dimensionality reduction.

4.5.1 Prefiltering

The objective of prefiltering 1s to design a distance metric which is inexpensive to compute and can act as
prefilter, thereby, eliminating the necessity of computing the more expensive distance computation for many
of the images. The problem is posed as follows: design distance metric Dpre such that

Dpre(Q,T) < Dexp(@,T), (4.21)

where Dpre is inexpensive to compute and Dexp is more expensive to compute. If Dpre(Q,T) satisfies
Eq 4.21, then false dismissals are prevented [83].

We now look at the possibilities of using, in tandem, the distance metrics proposed above in order to
arrange a successful prefilter.
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4.5.1.1 Quadratic distance bounding

One special case of prefiltering for quadratic-form distance metrics was proposed in [59]. The basic idea is to
use distance metric D7 as a prefilter for distance metric D4. Tt is shown in [59] that for C (in Eq 4.19) and A
(in Eq 4.12) with certain properties (namely, A is positive semi-definite) that D4 > ADT for some constant
A, which is derived from C~1A.

In this case, given a query with a quadratic distance bound e (P4 < ¢), matches are first found such that
D7 < ¢/, which guarantees no false dismissals. Then, D4 is computed on this match list to find the best
matches.

A naive procedure for computing D4 on a database of size N has a complexity O(NM?), where M is
the dimensionality of the histograms. Quadratic distance bounding requires the computation of D7 on a
database of size N plus a computation of D4 on the smaller subset. This gives the new overall complexity
O(NK + LM?), where K is the dimensionality of the vectors used in D7 and L << N, which is a significant
reduction.

4.5.2 Binary set bounding (BSB)

We define a new efficient prefiltering technique based upon binary set bounding (BSB). We found in the image
retrieval experiments (see Section 4.4.) that histogram queries using distance metric D2 provide excellent
retrieval effectiveness. However, there are several disadvantages with D2. First, the histograms, which are
M -dimensional vectors, require floating-point representation. A significant amount of storage space is needed
for each histogram. This introduces an overhead in the query process in accessing the histograms from disk.
Second, D2 requires O(N M) floating-point multiplicationsin order to compute the histogram distances, where
N is the size of the database.

On the other hand, the binary set Hamming distance metric D3 does not retrieve images as well as D2
(see Section 4.4.). However, the binary sets are stored with only single-bit representation. An M-dimensional
binary set requires only M bits of storage space. Also, the computation of D3 is extremely simple; it is
computed from the bit-difference between histograms.

From these observations, 1t is natural to try and use the binary set metric D3 to prefilter the database
to reduce the computations needed for histogram metric D2. The BSB technique provides the strategy for
prefiltering as follows:

1. the query histogram (h,) is mapped to the nearest binary set (s,), with error €,(hy, s4),

2. the target histograms (h, ) are mapped, off-line, to their nearest binary sets (s, ) , with errors €, (hs,, 51, ),
and

3. the binary set distance is computed for all target images, D3(q, t3).

4. Given the histogram query threshold D2(q,t;) < 7, the primary binary set query selects from the
database only those images where D3(q,t;) — €, < T + ¢,. This provides for no false dismissals since
D2(q,tr) < D3(q,tr) + €1, + €4 is given by the triangle inequality.

5. Finally, D2 is computed only on the images that have survived the D3 prefilter stage.

Overall, the BSB prefilter technique requires O(M log M + M + pM) operations, where p << N, to compute
the query. The binary set fast map (BSFM) algorithm from Section 2.8.4 determines the nearest binary set
to a histogram, which requires O(M log M 4+ M) operations. The remaining computation O(pM) comes from
computing D2 on the surviving p images after prefiltering by the efficient bit-difference metric D3.

4.5.3 Dimensionality reduction

Another approach is to use dimensionality reduction techniques directly on the set of feature vectors. There
are two methods: data-independent reduction and data-dependent reduction — which requires a set of training
feature vectors. The objectives are to compact the feature vectors in order to reduce disk access, computation
and enable the use of indexing techniques [44, 1, 114].

Techniques for dimensionality reduction for image retrieval include the following, which are evaluated in
Figure 4-8,

e singular value decomposition (“A” = SVD),
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o discrete cosine transform (“B” = DCT),
e principal component analysis (“C” = PCA) and
e histogram sorting — (“D” = HS).

We examine the energy-packing ability of these methods using the 3,100 color image test set. The plots in

Figure 4-8 depict the mean transformed histograms, where the elements are sorted in order of largest value
(only the first 40 dimensions of the 166 element space are depicted).

histogram dimensionality reduction techniques
25 T T T T T T T

relative energy

1 1 1 1 1 1
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histogram elements in order of significance

0 I

Figure 4-8: Results of histogram dimensionality reduction: “A” = DCT, “B” = SVD, “C” = PCA, “D” =
HS (optimal sorting).

The plot for “A” gives the results for SVD — which obtains a unitary transformation of the histograms.
We see that SVD compacts the histogram energy. The plot for “B” gives the results for DCT. In this case, the
DCT of the histograms are first computed, then the elements of the mean of the DCT-transformed histograms
are sorted in order of largest coefficients; giving “B.” In this sense, we utilize a data-dependent form of the
DCT. We see that the sorted-DCT trails-off faster than SVD.

The plot for “C” gives the results for PCA, which generates an eigenvalue decomposition of the histogram
training data. We see that PCA compacts the histogram energy better than DCT and SVD. Finally, the plot
for “D” is obtained by direct histogram sorting (HS), that is by sorting each histogram in order of largest
element and then computing the mean of the optimal sorted training set. We see that HS compacts energy
better than SVD, PCA and DCT methods.

The HS method is not practical for compacting the histograms for storage (we would need to store for each
sorted-histogram also it’s inverse sort transform). However, we use this discovery about histogram energy
compaction from HS to derive a new powerful system for computing histogram queries — the query optimized
distance (QOD) computation. The QOD computation method first sorts the query histogram (to obtain an
energy compaction of the type depicted in Figure 4-8 — plot “D”), then accesses the elements of the target
histograms in the database in order of largest value in the sorted query histogram.

4.5.4 Query optimized distance (QOD) computation

We present the query optimized distance (QOD) computation technique and show that it is applicable to
both Minkowski-form (Section 4.3.1) and quadratic-form (Section 4.3.2) histogram and binary set distance
metrics.
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4.5.4.1 Quadratic-form QOD computation

We first explore the quadratic-form distance metric P4 (Eq 4.12). By precomputing g; = h¥ Ah; and
fg = thAhq and p; = Ah,, we have
D4 — pg = pir — 2h py. (4.22)

Let M, be a permutation matrix that sorts h, in order of largest element (HS). Applying this permutation
also to p; gives, where f, = M h, and ¢; = M,p;,

D4 — py = py — 2£] 0y, (4.23)

In this way, by first sorting the query histogram, the vector elements of p; are accessed in order of decreasing
importance to the query. It is simple to pre-compute p; from the h; for the database. We have now the
following expression for computing P4, where M 1s the dimensionality of the histograms,

M-1
DAM= = Dd— py =y =2 Y fy[m]0:[m]. (4.24)

m=0
By stopping the summation at a value k¥ < M — 1, we obtain an approximation of P4AM=1 such that
D4F < paFtt < < paMAL (4.25)

As such D4* can be used in a process of bounding similar to that described above for quadratic distance
bounding and BSB. Furthermore, the approximation of P4* to the P4 ~1 can be made arbitrarily close, and
can be determined by the system or user in application.

This technique provides for a reduction of complexity in computing D4. We have that nearly 80% of
image color histogram energy is contained in the k& & 10 most significant colors (see Figure 2-4). When only
the most significant p colors are used, the complexity is O(M log M + kN + N). Here, M log M operations
are required to sort the query color histogram and N is the size of the database.
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Figure 4-9: Average retrieval effectiveness for 23 queries for sunset images using QOD query method, K166
= all 166 colors, K6 = best 6 colors, K4 = best 4 colors, K2 = best 2 colors, K1 = best color.

To evaluate the impact of the QOD method on retrieval effectiveness, we repeat Query 1 (sunset images).
In the experiment, we sort the elements of each query histogram bfh, using HS. We then use only the k most
significant colors (k € {1,2,4,6,166}) to compute the query results. As in Query 1, we use each relevant
image, in turn, to query the image test-set. The average retrieval effectiveness from the set of queries is given
in Figure 4-9.
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We make several observations from Figure 4-9. As k increases, the initial retrieval effectiveness also
increases, which is expected. That is, the first images retrieved are more likely to be relevant. However,
at the point where approximately ten images are retrieved the retrieval effectiveness starts to decline as k
increases. We also see that for small values of k, 1.e., & = 6, the retrieval effectiveness approaches that for
k = 166. These results demonstrate that QOD provides a powerful method for reducing the computation
required to answer the feature-based queries.

4.5.4.2 Binary set quadratic-form QOD computation

The QOD computation technique applies also to the binary set quadratic-form distance metric D5 (Eq 4.14).
Since s, € BM (sq is a binary vector), we have, where r; = Asy,

D5(q,t) — pg = pie — 2 > ri[m]. (4.26)

vm, where s,[m]=1

Using this QOD computation, we need only to consider the elements of the query binary set where s;[m] =1
in the computation of the quadratic-form binary set distance D5(q,1).

4.5.4.3 Euclidean-form QOD computation

The euclidean-form QOD computation (of D2) is a special case of the quadratic-form where p, = gy = 1 and
pr = hy. Since yi; is constant for the query, the complexity is further reduced to O(M log M + pN).

4.6. Summary

In this chapter, we presented and evaluated techniques for computing color and texture similarities using
histograms. We presented eight distance metrics and evaluated the retrieval effectiveness in experiments of
retrieving images from a test set of images. In summary, we found that the non-quadratic-form metrics (D1
and D2) perform as well as the quadratic form metrics (P4 and D6). We also found that binary sets are an
efficient and compact alternative to histograms. Retrieval effectiveness with binary set metrics (D3 and D5)
i1s worse than histograms, but examples illustrate that their performance suffices as a first pass query.

We also compared the relative efficacy of the visual dimensions of color and texture in retrieving images
from the test set. While texture histograms perform well in retrieving Brodatz texture images, color methods
are better than texture methods in retrieving images from the set of “unconstrained” images.

We also presented two new strategies for efficiently computing the histogram distance queries using binary
set bounding (BSB) and query-optimized distance (QOD) computation. We compared these techniques to
quadratic distance bounding and other feature dimensionality reduction techniques. We note that these
techniques may be combined to provide a powerful solution for efficiently computing the histogram queries.

In the next chapter, we examine the problem of extracting color and texture regions from unconstrained
imagery. We use the color and texture histograms and binary feature sets in a novel process of region
extraction via histogram back-projection. We demonstrate in Chapter 7 that by extracting the regions from
images and by utilizing spatial and feature attributes in the query process, we improve retrieval effectiveness
significantly over the purely feature-based techniques explored in this chapter.
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Chapter 5

Region Extraction

5.1. Introduction

In this chapter, we present a novel system for detecting and extracting color and texture regions. We present
the framework for color and texture histogram back-projection. Histogram back-projection (HBP) determines
the most likely spatial locations of a given histogram within an image. We also define the procedure for
binary set back-projection which identifies the most likely locations of a given binary set within an image.
We investigate and compare five formulations of back-projection.

We also develop a procedure that automatically extracts regions from images by testing candidate binary
sets by performing simple binary set back-projections. The binary set iteration (BSI) procedure automatically
generates single- and multiple-element binary sets for an image in order to extract regions.

These powerful techniques allow us to define an overall strategy for the integrated spatial and feature query
system which includes the automated analysis of the images and extraction of color and texture regions.

5.2. Visual feature extraction

In the image retrieval applications, it is impractical to perform the back-projection or, in general, region
extraction, at the time of the query. Therefore, in order to develop the complete solution for integrated
spatial and feature querying by regions, we consider first that prototypal color and texture patterns are
available. Given a collection A with N images and a set £ with N color and texture patterns, we back-
project the L patterns onto the N images to generate a region database R with R regions. The process is
illustrated in Figure 5-1.

VFL Region Extraction System QUERIES

0 B | ——»| Prototype
Selection

(. Back (e
hist projection > Region
Database
T size R
Image
Database
size N
size L target images

Figure 5-1: Strategy for region extraction in the integrated spatial and feature image query system.

The set of color and texture patterns £ is generated in a number of ways. One method is to manually
extract example regions from the images in the collection A. Alternatively, fixed block segmentation of the
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images combined with clustering provides examples (centroids) of the typical color and texture patterns in
the image collection. These can be used to form £. Finally, we present a novel approach in Section 5.5. for
generating the set £ automatically using binary feature sets.

The set of color and texture prototypes form the visual feature library (VFL) in which each element refers
to a particular visual prototype of color, or texture, or both. Corresponding to each element £; in the VFL
is a feature type vy (such as color or texture), a histogram hY, a histogram metric space M}, and a concept
or class wy related to the prototype such that £y = [vg, b, H}, wk].

Whereas hj — the measured feature, or histogram, is drawn from a multidimensional continuum of values,
the variable wy comes from a discrete and finite set € of concepts or classes [133]. To each wy € 2 a distinct
name is associated, i.e., “grass,” “checker board,” “sky,” “zebra stripes.”

The back-projection techniques detect in images, the elements Ly, which are assumed to be given. In
particular, the strategy for region extraction is as follows: for all elements £ in the VFL, select each and try
to detect (or to verify) it in the image. In this way, the strategy uses a top-down or model-driven approach
to the general problem of recognition [104].

5.2.1 Region extraction strategies

There are many possible strategies for region extraction in CBVQ. The least complex method involves manual
extraction. The images are evaluated by people, and the pertinent information is identified visually. For
example, this approach is explored in the IBM QBIC system [102]. However, the manual extraction of regions
and objects is extremely tedious and time-consuming for large image and video collections. Several recent
techniques have been devised to facilitate the manual region extraction process, such as the use of active
contours and snakes [78, 57] to automatically improve the coarse descriptions of region boundaries that are
obtained manually.

Alternatively, blocks of regions can be extracted by fixed segmentation of the images. This approach was
investigated by Stricker and Dimai for retrieving color images [157]. In their system, the images are divided
into five regions. Using this type of segmentation, the authors improved image retrieval performance. However,
in general, it is difficult to pick the scale and locations at which images should be blocked. Furthermore, fixed
block segmentation is not invariant to shift or scale changes.

A third technique involves image segmentation. Many techniques have been proposed for segmenting
images. Chua, Lim and Pung developed a segmentation technique which uses color pairs [29]. Later, Hsu,
Chua and Pung extended the color pairs technique to perform foreground object color extraction [66]. Celenk
developed an image segmentation technique which performs a clustering of colors [14]. The process determines
simple structures and surfaces. Color histogram thresholding has been investigated extensively for segmenting
color images. Ohta, Kanade and Sakai investigated one recursive histogram thresholding technique to derive
a color space that is most suited for region segmentation [107]. However, the general problem of segmentation
of unconstrained images i1s poorly defined, as we explain shortly.

In order to extract region from images that are used in the spatial and image feature query system, we
propose a new technique which partly employs the HBP method developed by Swain and Ballard [159]. The
authors use HBP to detect known objects within images [159]. HBP was later investigated by Ennesser and
Medioni for devising a system which solves the “Find Waldo” puzzles ([33]) by computer [43].

5.2.1.1 Histogram back-projection
We define HBP as follows:

Definition 1 Histogram back-projection (HBP). A class of algorithms designed to detect within images
the regions with feature-histograms that are similar a giwven model histogram hy,.

In Swain and Ballard’s formulation, HBP determines the most likely location of a specific histogram
h, within an image I[z,y] [159]. By back-projecting the quotient of the query histogram and the image
histogram, the location of the query histogram is found. More specifically, given query histogram h, and
image histogram hy, Vim0 ar—1 let s[m] = min(h,[m]/hi[m], 1). Then, replace each point in the image by
the corresponding confidence score, Vg ., I'[z,y] = s[k], where k = I[z,y]. After convolving I'[z, y] with a
blurring mask, the location of the peak value corresponds to the most likely location of the model histogram
within the image.
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In small image retrieval applications, the HBP may be computed at the time of query to find objects
within images [159, 43]. However, for large collections it is not feasible to compute the back-projection at
time of query. A faster color indexing method is needed.

5.2.1.2 Region extraction in the image collection

We apply the back-projection technique to the problem of image retrieval by pre-computing the back-
projections of elements {L} onto the images. By processing these back-projections ahead of time, the
system solves the spatial and feature queries without extracting regions at the time of the query.

We begin by establishing the connection between the back-projection method and detection theory. We
show that the back-projection techniques are closely related to those for pattern recognition and signal
detection. However, we demonstrate that, since these approaches are overly constrained, they cannot be
used as a system for region extraction in a collection of unconstrained images. We demonstrate that the
back-projection coupled with the VFL provide a powerful solution for extracting regions in a large collection
of unconstrained images.

We first describe the problems addressed by the general techniques of pattern recognition (PR) and image
segmentation (IS). We argue that the frameworks presented for PR and IS are not suited to the problem of
region extraction in the collection of unconstrained images because

1. pattern recognition requires that the set of region classes €2 is determined a priori, and is fixed, |2 = N
for the duration of the application, and

2. the segmentation of unconstrained images is not a well defined problem.

In general, it is not possible to determine the ground-truth segmentation from which the results of an image
segmentation can be evaluated.

5.2.2 Pattern recognition

Pattern recognition is the process of inferring the class wy of an observation hj, [133]. There typically exists
a finite set of K possible classes, Q@ = {wp,w1,...,wk_1}, where wy are the classes and €2 is the set of classes.
In a closed-world assumption, the K classes are mutually exclusive and complete [133]. Associated with
each wy is a measurement vector hj, which is a collection of observations about class wy. In general, the
measurement vector h? defines a vector point in the M-dimensional space H".
The objective of pattern recognition is to provide the mapping from the h,’s into the w’s through a

decision function d(h,) as follows: h, g w.

D2
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Figure 5-2: Pattern recognition is the process of classifying image points into a set of known classes (£2). (a)
Brodatz texture composite image, (b) example of labels (wy) assigned by pattern recognition process.

Typically, pattern recognition is accomplished by computing the distance of the unknown pattern to each
class. Then, the unknown pattern is assigned to the nearest class k. This 1s accomplished as follows, given
the unknown pattern with feature measure A, allocate h” to class k if V¢, DV(hY, h}) < DV(hY, hY), where
DY is the measure of dissimilarity of the type v features, (i.e., v € {color, texture}).
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Pattern recognition is not suited for the problem of extracting regions in a collection of unconstrained
imagery because:

1. the set of classes €2 must be determined before hand, and has fixed size. For example, when a new
pattern class is added, the prior results of a pattern recognition procedure are invalidated.

2. The pattern recognition system is limited to using one feature measurement for all classes. It i1s not
possible to define a texture measure for some classes and a color measure for others.

We contrast pattern recognition with image segmentation, which does not require that the pattern classes
are established a prior:.

5.2.3 Image segmentation

Image segmentation is the process of partitioning an image I[z,y] into non-overlapping segments R;. A
segmentation requires that the set of partitions {R;} is non-overlapping and complete as follows

| Jri=1 and (R =0. (5.1)

(b)

Figure 5-3: Image segmentation is the process of segmenting the image into non-overlapping regions. (a)
Brodatz texture composite image, (b) example results of image segmentation.

Image segmentation does not require that the pattern classes are known. In general, the objective is to
separate the image into homogeneous regions [4]. For example, segmentation methods have been developed
that perform fixed block segmentation using spatial quad-trees [155, 69] and region merging [111]. Other
techniques, such as region growing [4], edge detection [81], texture segmentation [11, 67, 73, 86, 127, 176, 41,
24, 25, 138] and color segmentation [90, 122, 165, 14] have also been developed for segmenting images.

However, segmentation is not a well-defined problem in the case of unconstrained images. The pursuit of
homogeneous regions is ill-posed for unconstrained images since the definition of the term “homogeneous” is
application and domain-dependent. Furthermore, for unconstrained images there is no way of establishing
the ground-truth segmentation in order to evaluate the correctness of any given segmentation {R;}.

There are multiple ways to choose the partitions R; to satisfy the constraints in Eq 5.1. For example,
Figure 5-4 illustrates two ways to segment the Barbara image in order to satisfy Eq 5.1. In our application for
extracting regions from unconstrained images, it is not possible to decide which is more acceptable. Therefore,
we consider that both are acceptable by relaxing the constraints in Eq 5.1.

5.2.4 Region detection

We define the problem of region detection as the determination of the existence and location of a model
within an image. The problem is formulated as follows: given image I[z,y] and model L, detect the model
in I[z,y]. The region detection problem is illustrated in Figure 5-5.

The problem of region detection is related to pattern recognition in that model patterns are used. However,
the difference is that there is
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(b) ()

Figure 5-4: Demonstration of multiple solutions for image segmentation (a) unsegmented image, (b) segmen-
tation into six regions (b) segmentation into eleven regions.

Figure 5-5: Region detection is the process of detecting a model pattern within an image. (a) Brodatz texture
composite image, (b) example of the region detected for model pattern = “Cane.”
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1. no restriction on the number or collection Q of models that are used. The complete set of models does
not need to be defined a prior:.

2. Each model may use a different feature measurement type v. Some model patterns are defined in terms
of color and others in terms of texture.

When a library of models is used to extract regions of differing patterns from an image, the problem
resembles that for image segmentation: a set of regions R; are extracted from the image. However, the
difference is that, here, | JR; < 1 and [ R; > 0. That is, the extracted regions may overlap and may not
necessarily completely partition the image.

We now look more closely at the process of region extraction. We propose several HBP algorithms for
extracting regions from images. In order to understand the HBP process, we present the framework of decision
theory. We first show that the confidence HBP algorithm defined in [159] is related to the likelihood ratio
test [163].

5.2.4.1 Decision theory framework

The simplest decision theory problem consists of several components: the source, the probabilistic transition
mechanism, the observation space and the decision rule [163].

In our application, the first component corresponds to the source that generates the image. The source
consists of the objects in the real-world and the light that is reflected from the objects into the camera. The
probabilistic transition mechanism corresponds to the light pattern this i1s probabilistically generated by each
object depicted in the image.

Given a model, we wish to determine the patterns in the image that correspond to the model. We formulate
this as a simple two-hypothesis decision theory problem with the following two classes

Hy; : model present

Hy :  model not present.

We assume that the probabilistic transition mechanism generates points according to the corresponding two
conditional probability densities: points generated by the model follow py|g, (R|H1) and other points follow
prim, (R[Ho).

Given the a priori probabilities for model presence P, and model absence Py, and cost assignments for
each course of action Cj; the expected cost of the risk ¥ is given by

R

C11 P1Py(detect: Hy|Hy)

Co1 Py Pr(miss: Ho|Hy)

CioPyPr(false alarm: Hi|Hy)

CooPoPr(no detect: Hy|Hy). (5.2)

+ + +

By minimizing ® the likelihood ratio test is obtained by [163], choose H; when

pria, (RIH1) Hy Po(Cho — Cop)
prim, (R|Ho) Pi(Co1 —Cn)’

(5.3)

In our application, it is difficult to determine the a priori probabilities and cost assignments C;;. We consider
instead, the conditional probabilities for detection Pp and false alarm Pr, which are defined as follows

PF I/ pI‘|HD(R|H0) and PD I/ pI‘|H1(R|H1) (54)
Z4 A

By constraining Pp, the Pp can be maximized, which gives the Neyman-Pearson criterion,

prja, (RIH1) H,

P, (RITo) (5:5)

Here, A determines the tradeoff between Pr and Pp. We now apply this to the detection of regions, where
the conditional probabilities are determined by the feature histograms.
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5.2.4.2 Back-projection framework

In the case of images, the probabilistic transition mechanism generates an observation as each point in the
image. We presented measures for these observations in terms of color in Chapter 2 and texture in Chapter 3.
In this way, the features of regions are represented by histograms (color histograms and texture histograms).
These histograms correspond directly to the transition mechanism probability distributions. That is, a model
Hy generates a histogram hy in accordance to hy = pyr g, (R|Hy), where r is the measurement vector.

In the general two-class detection problem, we define the histogram h; for the model and hy for non-model.
From this, we reformulate the likelihood detection using the feature histograms as follows

h1 Hy

n oA (5.6)

We now present the HBP algorithms, which are variations of Eq 5.6.

5.3. Back-projection algorithms
The HBP process is carried out using the following histograms:

1. model histogram, hy, = h;,
2. target image histogram, hy = hg, and

3. local region histogram, h;.

The back-projection systems slide a window through the target image and compute the likelihood that each
image point belongs to the model. The likelihood image is then filtered to reduce noise. By thresholding at
A, the locations of the model are determined in the image.

We investigate five formulations of back-projection: (1) confidence back-projection, (2) quadratic confi-
dence back-projection, (3) local histogramming, (4) binary set back-projection and (5) single-element back-
projection. The back-projection algorithms consist of several stages: back-projection, smoothing, thresholding
and detection.

5.3.1 Confidence back-projection (BP1)

Confidence back-projection was proposed by Swain and Ballard [159]. The confidence histogram h, is first
generated by taking the ratio of the model h, and target histograms h;

he[m] = . (5.7)

Each point in the image is assigned a likelihood as follows
let k= 1I[x,y], then ['[x,y]= h,[k]. (5.8)

The image I'[2, y] is then smoothed to reduce noise giving I"'[,y] = B[z, y] * I'[z, y], where * gives the 2-D
convolution with blurring filter B[z, y] as follows

W-1H-1

e,y = Z Z Ble —w,y — h]I'[w, k). (5.9)

w=0 h=0

Finally, I"[z,y] is thresholded. The peaks reveal the locations of the detected model h,. One drawback
of BP1 is that the back-projection only compares like-bins. This is similar to the drawback of using the
Minkowski-form metrics for computing histogram distance (see Section 4.3.1). To address this, we develop
BP2 to consider the similarity of each target element h:[m] to all the elements in the model histogram h,.
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5.3.2 Quadratic confidence back-projection (5P2)

In quadratic confidence histogram back-projection, h, is generated by taking the ratio of the model h, and
target histograms h; as follows
_ 2n hglm]Am p

hy[m] = T hm] (5.10)

where A, ,, defines the similarity of the histogram elements indexed by m and n. Each point in the image is
assigned a likelihood as follows

let k= I[z,y], then ['[x,y]=h,[k] (5.11)

The image I'[x, y] is then smoothed to reduce noise and thresholded to reveal the most likely locations of h,.

5.3.3 Local histogramming (BP3)

In local histogramming, the smoothing operation and back-projection steps are combined. In this case, for
each point in the target image I[z, y], a local neighborhood histogram h; is computed and its distance to the
model histogram h, determines whether each image point belongs to the model. Define hy? to be the local
neighborhood histogram for the region R;”; in image I[xz,y], centered at point (z,y) with size w x h. Then,
let

e, y) = dgi(hg, hy¥). (5.12)

BP3 is more robust than BP1 and BP2 since the most effective distance metric dy; may be used (see
Chapter 4).

5.3.4 Binary set back-projection (BP4)

In binary set back-projection, the target image points are assigned 1 or 0 depending on membership in the
model binary set s, where s, € BM  In this way, BP4 is extremely simple as follows

let k= I[z,y], then I'[z,y] = s,[k]. (5.13)

The image I'[x, y] is then smoothed to reduce noise and thresholded to reveal the most likely locations of s,.

5.3.5 Single element quadratic back-projection (BP5)

Single element quadratic back-projection combines BP2 and BP4. The target image points are weighted by
similarity to the back-projection element m, where s,[m] = 1 and s,[k] = 0, Vr2pn, such that

let k= I[z,y], then I'[z,y] = Ap k. (5.14)

The image I'[x, y] is then smoothed to reduce noise and thresholded to reveal the most likely locations of s,.

5.4. Back-projection region extraction examples

We demonstrate the back-projection methods by detecting models of color and texture in example images.
The results are given in Figures 5-6, 5-7, 5-8 and 5-9.

5.4.1 Color histogram back-projection

Figure 5-6 illustrates the results of color HBP using algorithms (BP1...BP4). The model image depicts
a sample of “yellow grass.” The first row depicts the back-projection images. The second row depicts the
filtered images. We see that BP2 improves the detection results over BP1, however, BP3 best determines
the location of the model. The binary set back-projection BP4 detects the model sufficiently well, which
indicates that BP4 has a role as a pre-filter before a more expensive back-projection, i.e, BP3.
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Figure 5-6: Color histogram back-projection comparing methods BP1, BP2, BP3, and BP4 in detection of
yellow grass.

5.4.2 Object detection and histogram back-projection

Figure 5-7 illustrates the results of detecting an object within a crowded image using color HBP. The model
depicts the “Waldo” character. The objective is to “Find Waldo” within the crowded scene. This problem
was motivated by Ennesser and Medioni and was addressed in [43]. The first row depicts the back-projection
images. The second row depicts the filtered images. The “Find Waldo” problem is difficult because many
false Waldo’s are present. In this difficult detection problem, BP3 clearly gives the best performance. The
others detect the location of Waldo but have several false alarms in addition.

5.4.3 Texture histogram back-projection

Figure 5-8 illustrates the results of texture HBP using algorithms (BP1...BP5). The wavelet images for the
target and model images are also depicted. The first row depicts the back-projection images. The second
row depicts the filtered images. The model image depicts a set of vertical zebra stripes. The objective is to
detect the zebra stripes within the image. We see that all back-projection methods detect the stripes well.
However, again BP3 best determines the location of the model. The binary set back-projection BP4 detects
the model sufficiently well for texture back-projection.

5.4.4 Combining color and texture histogram back-projection

We combine color and texture back-projections results to better detect regions. Figure 5-9 illustrates an
example of combining color and texture back-projection. Neither color or texture alone sufficiently extracts
the flower region from the image. However, by combining the individual results, the model is better detected.

5.5. Region extraction systems

We now present systems for automatically generating the VFL’s and extracting regions from the images.
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Figure 5-7: Color histogram back-projection comparing methods BP1, BP2, BP3, and BP4 in “Find Waldo”.
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Figure 5-8: Texture histogram back-projection comparing methods BP1, BP2, BP3, and BP4 in detection
of zebra stripes.
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Figure 5-9: Combined color/texture back-projection.
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5.5.1 Single-element quadratic back-projection system

The single-element back-projection algorithm BP5 is a special case in that it is suited for detecting only
models with single-element features. We develop a simple process for single-element region extraction by
iterating over single-element histograms. This provides a novel approach for automated region extraction. In
this case, the VFL is generated automatically and adaptively to each image.

For example, we generate first, for each image, a histogram h; (color or texture). For each m such that
hi[m] > 7 we generate a binary set such that s™[m] = 1 and V;x,,s™[:] = 0. The collection {s™} of binary
sets constructs a VFL for the image.

We then back-project, using BP5, each binary set s™ onto the image. The detected regions are extracted
and are made available for integrated spatial and feature querying. The results of two examples of single-color
quadratic back-projection system are illustrated in Figure 5-10 and Figure 5-11.

We consider a generalization of the single-element back-projection system in which single-, and multiple-
element binary sets are back-projected using BP5. In general, we develop a binary set iteration procedure
for generating the VFL adaptively to each image.

5.5.2 Binary set iteration (BSI) system

In the binary set iteration (BSI) and back-projection system, two histograms are created: the target image
histogram h; and a residue histogram h,. We utilize two thresholds for each bin, 7, and 7., in the iteration
process as follows: for each m such that hy[m] > 7 the single-element back-projection procedure is performed.
Then, the histograms for all the extracted regions are summed to generate h(Y). We compute h, = h; —h(%),
Then, for all pairs of elements (m,n) where h.[m] > 7, and h.[n] > 7, binary color sets are generated such
that s [m] = 1 and s [n] = 1 and ¥,z »s™[i] = 0. These two-element binary sets are back-projected
using BP2. The process is repeated until V., h.[m] < 7.

5.6. Summary

We presented a strategy for extracting regions from images in an image collection. By using a visual feature
library (VFL) and the histogram back-projection (HBP) system, the feature elements in the VFL are tested-
in and extracted-from the images. We presented two systems for generating the VFL’s automatically using
binary sets.

We also presented and compared five algorithms for histogram back-projection and demonstrated their
performance in detecting regions from images. In the color and texture back-projection examples, the
back-projection technique based upon local histogramming (BP3) performs best. However, computation-
ally cheaper methods such as binary set back-projection (BP4) perform sufficiently well in detecting regions
in the example back-projections.

We use the back-projection system and the VFL to develop the overall strategy for the integrated spatial
and feature query system. By using the representations for color and texture presented in Chapters 2 and 3,
the feature similarity measures of Chapter 4 and the region extraction techniques presented here, we have the
tools for developing the complete spatial and feature query system. Before presenting the query process, we
describe next in Chapter 6 a new method for adaptive image analysis and compression. The compression of
images is a key component for storage and transmission in the image systems.
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Figure 5-10: Results of the single color quadratic back-projection system (BP5) for automated region extrac-

tion from the “Baboon” image.
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Figure 5-11: Results of the single color quadratic back-projection system (BP5) for automated region extrac-

tion from the “Stop sign” image.
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Chapter 6

Adaptive Image Analysis and Compression

6.1. Introduction

The transformation of signals is of critical importance in applications of compression, feature extraction and
noise reduction. It provides a re-organization of data by which the signal can be better analyzed, prioritized,
quantized and/or discarded. Recently, algorithms have been proposed, such as those based upon, wavelet
packets [31, 124], quadtree segmentation [136, 132], matching pursuits [94, 6], and the double-tree [62], for
generating bases adaptively to the signal. However, each of these has shortcomings. Wavelet packets do not
adapt to local spatial content. The quadtree provides poor energy compaction. The double-tree provides
an asymmetric adaptation in the space and frequency domains. Matching pursuits compute a sub-optimal
expansion.

In this paper, we present a joint adaptive space and frequency best basis selection method. The joint
adaptive space and frequency (JASF) graph provides a complete and symmetric expansion of an image into
a library of spatially and frequency localized basis elements. By implementing the frequency expansion in
a partitionable-form, any near-redundant terms are prevented, allowing the basis elements to be indexed by
the JASF graph.

The JASF graph provides for (1) the efficient expansion of the image into a library of basis elements, (2)
detection of the best basis and (3) coding of the best basis. The JASF graph examines exponentially more
bases than previous methods. For example, for a JASF expansion of depth = 6, the JASF graph examines
102° times as many bases as a double-tree of the same size.

6.1.1 Signal expansion

Signal expansions are produced by linear transforms and/or filter banks. Fast algorithms make them viable
for practical systems. For example, they are well suited to applications such as real-time video coding, where
both the encoder and decoder need to have low complexity. The constraints allow for little adaptivity in
the signal expansion. As a consequence, fixed transforms such as the discrete cosine transform (DCT) have
become most common for image compression (JPEG) [168] and video compression (MPEG) [49].

However, there are many new applications that support an asymmetric coding model whereby the con-
straints at the encoder and the decoder differ. For example, in digital image and video library applications the
data is typically encoded once — off-line, and is stored. Real-time compression is not required and the encoder
does not need to be of low complexity. The compressed data is retrieved later for purposes of analysis [139],
decompression and viewing. The encoded images and videos need to be quickly and cheaply decompressed
and possibly analyzed directly in the compressed domain [17].

In general, digital and image libraries require new and efficient compression systems that jointly (1)
decrease the code size, (2) lower the visible distortion, and (3) improve access to visual content and image
features [115, 18]. Given these new applications, it is worthwhile to investigate new procedures for the adaptive
compression of images in the design of the image systems.
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6.1.2 Adaptive signal expansions

Recent methods in image compression adaptively decompose the images in order to compact the information.
The purpose is to derive a particular segmentation, transformation or filter bank that is customized to each
image. In several solutions, tree- and graph- structured expansions are used to generate libraries of basis
elements [31, 124, 170, 62, 140, 144].

In these methods, a basis element is defined to consist of one set basis functions that is generated and
coded as a group; each basis element corresponds to one node in the tree or graph. The objective of the
compression algorithm is to identify the best basis which consists of a “complete” set of basis elements that
have the least total coding cost. The completeness constraint enables perfect reconstruction (PR) in the
absence of quantization. The various tree- and graph-expansions differ in the sizes of their basis element
libraries and/or the number of unique bases they provide.

The two main approaches decompose the images either by frequency, such as wavelet packets (WP), or
spatially, such as quadtree (QT) segmentation. Hybrid approaches such as the double-tree (DT) algorithm
incorporate both segmentation and frequency expansion. However, the symmetric joint space and frequency
expansion of images has not been addressed.

For example, Figure 6-1 illustrates the set of (18) possible time-segmentations and frequency expansions
for a four point 1-D signal. Notice that strategies based upon adaptive segmentation-only or frequency-only
generate only a fraction of the available bases, only five bases each. The DT generates a greater number of
bases (14), however, because of the DT’s asymmetric treatment of segmentation and frequency expansion, the
DT still misses four bases. The JASF graph generates the complete set of (18) bases. We demonstrate that in
compressing images, the extra bases generated by the JASF graph greatly improve the potential compression.
We describe these four methods in more detail.

w,s,d,g sd,g s,d,g sd,g sd,g w,d,g w,d,g w,d,g w,d,g

dg dg g g dg dg g g dg

Figure 6-1: Example time-frequency bases for a four point 1-D signal. The squares depict the 18 possible
ways to partition the time-frequency plane. The vertical lines correspond to segmentations in time while
the horizontal lines correspond to segmentations in frequency: s = segmentation-only, w = wavelet packet

(WP)-tree, d = double-tree (DT), g = JASF graph.

Wavelet packet (WP)-tree  An algorithm for adaptive selection of the best frequency, or wavelet packet
basis was proposed by Coifman, Quake, Meyer and Wickerhauser [31]. The wavelet packet (WP) algorithm
generates a library of orthonormal functions that are derived from a single filter kernel. The WP algorithm
searches through the basis element library to find the best basis for the image [124].

The WP expansion is generated using a tree-structured cascade of filtering and downsampling operations
(filter banks). The tree also guides the search for best basis [31, 170, 124]. But, an important drawback of
the WP-tree is that the expansion is performed on the entire image. For example, a WP-tree expansion is
illustrated in Figure 6-2(a). The WP-tree cannot adapt to variations in spatial content in separate regions of
the image — or to non-stationarity.

Spatial quadtrees (QTs) Spatial quadtrees (QT) generate a hierarchy of spatial segmentations of the
image. Figure 6-2(b) depicts an example of QT segmentation. Since the spatial QT can adapt to the different
spatial regions, it better adapts to image non-stationarity than the WP-tree. However, the spatial QT does
not have the same capacity as the WP-tree for compacting the energy of the image into a small set of most
significant elements.
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Figure 6-2: (a) Wavelet packet (WP)-tree adapts to global frequency, (b) spatial quadtree (QT) adapts to
spatial content. (White lines = frequency expansion, black lines = spatial segmentation)

(a)

Figure 6-3: (a) Double-tree (DT) expansion treats space and frequency asymmetrically, (b) JASF graph
expansion treats space and frequency symmetrically. (White lines = frequency expansion, black lines =
spatial segmentation)
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Double-tree (DT) To address the problem of non-stationarity without sacrificing energy compaction, the
double-tree (DT) algorithm was proposed by Herley, Kovaéevié¢, Ramchandran and Vetterli [62]. The DT
finds the best WP basis for a hierarchy of binary segmentations of the signal. The overall best basis search
identifies the best overall segmentation and best WP basis for the segments.

However, the DT does not exploit the full potential of a joint space and frequency expansion. The
insufficiency results from the asymmetric treatment of the space and frequency operations in the tree cascades,
as illustrated in the example of a DT expansion of the Barbara image in Figure 6-3(a). Furthermore, we will
show that a “single critical pruning decision” reduces the DT to a WP-tree. We have observed for images
that the DT is most typically pruned into a WP-tree. Therefore, in practice, the DT offers no advantage over
the WP-tree.

JASF graph The JASF algorithm treats the space and frequency operations symmetrically in a graph
structured cascade [140, 144]. An example of a JASF graph expansion of the Barbara image is illustrated in
Figure 6-3(b). Both the DT and its dual are embedded in the JASF graph. The JASF graph requires that
the basis functions are modified to generate a partitionable frequency expansion. While this does impact the
frequency expansion, it allows the JASF graph to examine a greater number of bases, and to adapt to the
image in both space and frequency.

6.1.3 Outline

In this paper, we present the JASF graph image expansion and basis selection method. In Section 6.2., we first
review the framework for signal expansion using filter banks. We also develop the theory of “partitionable”
frequency expansions which are fundamental to the JASF graph. In Section 6.3., we present the process
of spatial segmentation of images using spatial QTs. In Section 6.4., we integrate frequency expansion and
segmentation by cascading the “partitionable” filter banks and spatial QT segmentations. We show that by
using “partitionable” expansions, the generation of the basis library and the reconstruction of the image from
the library elements follows a number of equivalent paths.

In Section 6.5., we show that the JASF graph greatly increases the available number of bases. In Sec-
tion 6.6., we describe the basis selection procedure which consists of selecting elements from the JASF library
via the graph-structure [150]. In Section 6.5.1, we compare the sizes of the various tree- and graph-structured
basis element libraries and number of bases they provide. Finally, in Section 6.7. we demonstrate improved
compression performance using the JASF graph over the WP-tree spatial QT and DT methods.

6.2. Image signal expansion

We first consider a 1-D signal, the extension of the 1-D signal expansion to 2-D discrete-space images is
straightforward and will be explained when necessary. We first consider that a discrete-time filter bank
produces a series expansion of a 1-D signal into a set of basis functions.

6.2.1 Series expansion
A series expansion represents the signal using a set of orthonormal basis functions {¢g} such that
x[n] = Z(fbk,l‘)fﬁk[n], neEz. (6.1)
kezZ

Here (¢p[n], ¢1[n]) = é[k — {] dictates an orthonormality constraint and the inner product is given by {(x,y) =

S . z*[n]y[n]. The expansion of z into the set of basis functions {¢;} produces the transform coefficients

X where X[k] = {¢5, z).

6.2.2 Filter bank

A two-channel filter bank implements an orthonormal expansion when even shifts of the analysis h; and
synthesis g; filters are related to the basis functions by [167]

ho[2k —n] = go[n —2k] =  ¢ax[n], and
h1[2k‘ — 77,] = gl[n - 2]6‘] = ¢>2k+1[n]. (62)
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In the filter bank (FB), the inner products for the signal expansion are accomplished using convolutions with
time-shifted, time-reversed versions of a finite set of basis function prototypes. Furthermore, the two FB
channels (yo, y1) correspond to the odd X[2k + 1] and even X[2k] transform coefficients

yo[k] = X[2k] and yi[k] = X[2k + 1]. (6.3)

The subbands yy and y; are generated by the FB by the analysis frequency expansion matrices Hy and Hy,
respectively, as follows, for ¢ = {0, 1},

yi = Hi[... «[0],2[1] ... [N —1] .. ] (6.4)

By using finite impulse response (FIR) filters of length L, the frequency expansion matrices H; are constructed
from the filters hg and h; as follows, for i = {0, 1},

hill =1 hiL—2] - hilo] 0 o 0

0 0 hi[L —1]  hi[L — 2] hi[0] 0 0
H, = . . (6.5)
0. 0. - 0. hi[L — 1] hi[L — 2] s hi.[o]

Following from Eq. 6.1 and Eq. 6.2, and by similarly defining G; from the g;[m]’s in Eq 6.2, the signal is
resynthesized by 2 = (GoHg+G1H;)z. The analysis frequency-expansion is orthonormal when G; = HY and
the FB satisfies the following condition of perfect reconstruction (PR) [167], where I is the identity matrix,

GoHy+ GH, =1 (6.6)

The two-channel FB is illustrated in Figure 6-4. In the z-domain, the output of the analysis section are the
two subbands, Y;(z), where ¢ = 0, 1, which are given by,

Yo(2?) \ _ 1 [ Ho(z) Ho(-z) X(z) (6.7)
Vi(2*) ) 7 2\ Hi(z) Hi(-2) X(=2) )° '
The signal )N((z) is reconstructed from subbands Y;(z) and Y1(z) by the synthesis filters G; as follows

X(2) = Go(2)Yo(2?) + G1(2)Y1(2?). (6.8)

Hl o Yl o @ Gl

1

Ho

® ©®

Yo (1%

Figure 6-4: Two-channel filter bank (FB). Analysis filtering with H; and subsampling generate subbands Y
and Y7. Upsampling and synthesis filtering with G; and adding reconstruct X = X.

6.2.3 Finite signal expansion

Since images are finite signals, say size N X N, in order to maintain the PR, property of the FB, the frequency-
expansion matrices Hyp and H; must be modified to generate a finite set of basis functions. This is achieved by
utilizing circular convolution (or equivalently, periodic signal extension) in the filtering process. The modified
filters h; and g; are periodically related to the basis functions by

ho[2k —n] = go[n —2k] = ¢2x[n mod NJ,

hi[2k —n]l = gi1[n — 2kl =  d2p41[n mod N]. (6.9)

The PR condition is retained for the expansion of a finite signal since G; = HZT and GogHy + GiH; = 1.
For example, for a 1-D time series of length N = 8, and filters of length M = 4, the subbands yy and ¥
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are generated by

vi[0] Rl Ril0] 0 0 0 0 R3] hil2] im
will] } _ [ Ril3] A2l he1] hefO] O 0 0 0 (6.10)
vi[2] 0 0 hi3] hil2] As[1] RifO] O 0 : ’ ’
¥i[3] 0 0 0 0 A3l hil2] Rs[1] hiO] 2[7]
vi H, <
The resynthesis of * = & is provided by & = 221:0 G;y; = 221:0 G;H;x;, which gives
Ri[1] Re[3] O 0
. Ri[0]  Ri[2] O 0
o L | oo mllompl o wilo]
z 0 hi[0]  hs[2 0 il
: - Z 0 (E ] hiH hi[3] zz H (6:11)
+17] =0 0 0 hf0] hif2] vi[3]
hi[3] 0 0 hi[1]
hi[2] 0 0 hi[0]

We consider in addition to constraining the basis function set to be finite, we further constrain the
frequency-expansion matrices to be “partitionable.” The partitionable frequency expansion generates, simul-
taneously, an orthonormal expansions of the full signal and of the segments of the signal.

6.2.4 Partitionable expansions

The orthonormal “partitionable” frequency expansion is constructed by concatenating sub-expansions which
are orthonormal over segments of the signal. In general, an orthonormal expansion produced by filter banks
1s not necessarily partitionable, but it may be made partitionable as we explain shortly. Frequency analysis
expansions Hy and H; that are at least M-partitionable are required in order to produce the JASF graph
expansion of depth M.

6.2.4.1 l-partitionable expansion

We begin by first defining a 1-partitionable frequency expansion (1-PFE) as follows,

Definition 1 The frequency expansion mairiz H is 1-partitionable if it has only zeros in the upper right and
lower left quadrants.

If the frequency expansion matrix set {Hg, H;} generates a I-PFE then the overall expansion consists of two
independent expansions over the two half-length signals, as we now explain. First, observe that for QMF
filter banks the frequency expansion matrices H;, ¢ € {0, 1} can be written in the following form [167]

M M
H; = ( iy ! ) (6.12)

We construct the 1-PFE from H; by H; = H{} + Hf as follows:

iy _( Hi O . Hf—l—Hf 0
H; _< 0 Hi)_< 0 HE+HE ) (6.13)

We now state the following useful results and definition: if the original frequency expansion set {Hp, H; }
satisfies the condition of perfect reconstruction and orthonormality, that is H{Hy + H{H; = IV, then the

1-PFE set {Hél),H(ll)} is orthonormal and the set {Ho,H1} also generates an orthonormal expansion of
length N/2.

Definition 2 The frequency expansion (1-PFE) matriz set {Hél),H(ll)} s 1-partitionable and orthonormal
if {Ho,H1} salisfies the perfect reconstruction condition. For proof, see A..
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It is also obvious to see that for a FB using length L = 2 filters, such as the Haar expansion, the H;

generate a 1-PFE since, H; = H{ and H? = 0, which gives
R:[1]  hi0] 0O 0
0 Ri[1] hil0]
0 0 0
0 0 0

0 0 0 0
HY — ( H: 0O ) _ 0 0 0 0
U ] - ‘h'[l] hi[0] 0O 0

, (6.14)

0
0
0 0 0 hi[1]  hs[0]

6.2.4.2 l-partitionable convolution

The frequency expansion matrices H; for i € {0,1} can be made l-partitionable by summing the quadrants
as illustrated in Eq 6.13. This is equivalent to wrapping the filters at the N/2 boundary (using circular
convolutions with period = N/2) as long as the filter length L < N/2. This is implemented by first segmenting
the length N signal into two half length N/2 signals and expanding each separately. In the I-PFE, the modified

filters hgl) and gl(»l) are periodically related to the basis functions by

¢ok[n mod N/2] (2k < N/2and n < N/2) or
rO12k —n] = (M [n — 2k] = (2k > N/2 and n > N/2)
0 otherwise
tok41[n mod N/2]  (2k < N/2 and n < N/2) or
2k —n) = g [n - 2k] = (2k > N/2 and n > N/2) (6.15)
0 otherwise

This assignment of the basis functions gives Hgl) the required 1-partitionable form. For example, for a set of
length L = 4 filters, hgl),i € {0,1}, we have

Ril] Ry
HY — ( M+ HY 0 ) _ | _Ril3] Al
0= 0 Ha 4+ HY

It follows that Ggl)Hél) + G(ll)H(ll) = IV and GoHo + GiH1 = IV/2, where Ggl) = (H(»l))T and G; = HZ»T,
from the proof in Appendix A..
6.2.4.3 M-partitionable expansions

We extend the 1-PFE to the M-partitionable frequency expansion (M-PFE) as follows:

Definition 3 A frequency expansion mairiz H is M -partitionable if the upper left and lower right quadrants
are (M — 1)-partitionable.

Thus, the M-PFE matrices HEM) for i € {0, 1} are defined recursively by

(lm 1)
M HZ 0

We see that HEM) are block diagonal with 2% partitions. For example, a 3-partitionable matrix has the
following form:

0 H;

(6.18)

H; 0
0 H;

Definition 4 The frequency expansion (M-PFE) matriz set {HEM), H(lM)} is M -partitionable and orthonor-
mal if {Ho,H1} salisfy perfect reconstruction condilion.

We note that the Haar FB implements a (M — 1)-PFE where M is determined from the length of the signal
as follows:

Lemma 5 The Haar filterbank implements a (M — 1)-PFE where 2M is the length of the signal.
For proof, see Appendix B.
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6.2.4.4 M-partitionable convolution

In general, H; can be made M-partitionable by wrapping the filters at the ij-1 boundaries (circular convo-

lutions with period = ML_H) as long as the filter length L < ML_H This is equivalent to first segmenting the

length N signal into length ML_H signals and transforming each separately, then concatenating the results.
The modified filters th) and gl(»M) are periodically related to the basis functions by
L0 ~ () . ¢ak[n mod ML-H] (2k < % and n < Mﬁl) or
0 [2k —n] = 99 [n—2k] = (QkZM_I_l ananM_I_l)
0 otherwise
() () $2k+1[n mod ML-H] (2k < % and n < Mﬁl) or
R RE—n]l= g7 [n—2k] = (2k > 7757 and n > M+1) (6.19)
0 otherwise

This gives the M-PFE, HEM), as follows

HM = 0 0 (6.20)

H,;
0

0
H;

2M partitions

It follows that GEM)HEJM) + G(lM)H(lM) =TIV and GoHo + Gi1H1 = IMJVJ;l, where G; = (Hi)T and GEM) =
(M) .
H,"’ forie {0,1}.

6.2.4.5 M-partitionable expansion (M-PFE) example

We now examine the implications of using the M-PFE and observe that it alters the frequency expansion from
the non-partitionable expansion that is derived from the same filter kernel. We examine the following cases
in which a four-tap QMT filter constructs the frequency expansions. The filter (QMF4) from [75] is given by

hi=[a b ¢ d;], (6.21)

where

ap = —0.0915 by =0.1585 ¢ =0.5915 dy = —0.3415

ap = 05915 by = —0.1585 ¢; =0.5915 d; = —0.0915. (6.22)

The “non-partitionable” frequency expansion matrices H; are generated from Eq 6.21 and are given by, where
i €{0,1} (notice that H; has the form depicted in Eq 6.12),

a;  b; ci d; 0

H _ o bl d . (6.29)

Since, the 4-tap QMF filters are linear phase, FIR filters, the h; are nearly orthogonal and closely approximate

the PR condition GoHy 4+ G1H; & I, where G; = HZT From Eq 6.21 and Eq 6.15, the 1-PFE matrices Hgl)
derived from QMF4 are given as

a; by ¢ d; 0
p

iS4

S
=
=

a; b

(6.24)
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We note that by defining a;, b;, ¢; and d; as in Eq 6.22, the 1-PFE gives Gél)Hél) + G(ll)H(ll) =~ I, where

Ggl) = (Hgl))T. Finally, the 2-PFE matrices ng) are generated from QMF4 using Eq 6.21 and Eq 6.19,
which gives

(2) = J J : . (6.25)

a; by e dy
ci di a; by

We still approximate PR from the 2-PFE; since, ng)ng) + G(lz)H(lz) ~ I, where ng) = (ng))T.
The frequency expansions generated by H;, Hgl), and ng), which are all derived from the same nearly-PR
filter set (Eq 6.21), generate nearly-PR FBs. We now show that the specific frequency expansions are altered

in the PFE forms. Let an impulse signal u be given by u[0] = 1 and V,zou[m] = 0. Then, H;, Hgl), and ng)
are defined as above from the filter kernel in Eq 6.22, which gives

Hou = ( -00915 0 0 0 0 0 0 05915 )
H%l)u = ( —-00915 0 0 05915 0 0 O 0 ) (6.26)
HPy = ( 00915 05915 0 0 0 0 0 0 )
Hiu = ( —0.3415 0 0 0 0 0 0 —01585 )
H(%l)u = ( -0.3415 0 0 —0.1585 0 0 0 0 ) (6.27)
HYy = ( —03415 —0.1585 0 0 00 0 0 ).

We can see that the frequency expansions are modified in Hgl) and ng). Later, we will see that, although
the PFE matrices change the frequency expansion, they enable the JASF graph to better adapt to the signal.

The overall effect is still to improve compression.
6.2.5 Image expansion

The extension of the frequency expansion to images is accomplished using separable transformations of the
rows and columns of the image. This produces a four-channel FB where the output ; ; of channel ¢, j, where
i,j €{0,1}is given by y; ; = HZxH]T The image is resynthesized from the four subbands by

=Y GGl =) GHuzH]G]. (6.28)
i

i,J
6.3. Image segmentation

The next building block is segmentation. Segmentation is a process by which all data outside of a particular
range is set to zero, preserving only a segment of the signal.
6.3.1 Binary segmentation

In general, the binary segmentation of a signal z into two half signals wg and w; is given by wy = Spz and
w1 = Siz where

I 0 0 0
In the case of segmentation of a signal = of length N, we denote wy = Sz and w; = Sz where
| VA 0 0
sgV:[ 0 0] and s{V:[O IN/Z]’ (6.30)

% X % and INV/Z s the % X % identity matrix. The signal is resynthesized by adding

the segments, # = wo + wy; = SYx + S¥z. The PR condition is satisfied since the S!s satisfy the following

where SV has size
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constraint
SV +s¥ =1V (6.31)

The PR binary segmentation system is illustrated in Figure 6-5.

Figure 6-5: Binary segmentation and resynthesis.

6.3.2 Image spatial quadtree (QT) segmentation

The extension of segmentation to images is accomplished using separable segmentation on the rows and
columns of the image. This produces a QT spatial segmentation where segment w; ;, for 4, j € {0,1} is given
by w;; = Sil‘S]T. The resynthesis of the image from the four segments is produced by z = >~, je{o1} Yig =

T
2ijefoy SiS;

6.4. Combining frequency expansion and segmentation

We now integrate segmentation and PFE to generate the JASF expansion of the image. There are two basic
ways to incorporate segmentation into the FB: (1) before analysis frequency expansion and (2) after analysis
frequency expansion. In general, these are not equivalent for arbitrary FBs. However, by using PFE’s in the
FB, an equivalency is guaranteed.

We first examine the case of building a expansion by cascading segmentation and frequency expansion to
produce an overall depth = 2 expansion. Then, we illustrate the advantage of using a 1-PFE in the depth =
2 cascade to produce a more compact joint space and frequency expansion.

6.4.1 Non-partitionable expansion cascade

We first note that the frequency expansion matrices H; (from Eq. 6.12) can be separated into four quadrants
using the segmentation operators S; (from Eq. 6.30). For example, the first quadrant of H; is segmented by

( 732' g ) = s)/?H; 8N (6.32)
In general, quadrant j, k € {0, 1} of H; is segmented by

H* = s)’H;S). (6.33)
In the depth = 2 expansion, eight basis elements are generated (Hgk’s), which are defined by Eq 6.33, since,

i,7,k € {0, 1}. From these eight basis elements a variety of expansions and reconstructions of the signal « are
generated, such as

o the two half-signals Spz and S,z from Spz = 3", Z]' Gngkx,
e the two signal subbands, Hyz and Hyx from H;z = Z]' >k Hgkx,

the segmented subbands, S;V/ZHM‘, for i, € {0,1} from S;V/zHix =3 Hgkx, and

the frequency expansions of the half-signals, H;S¥ x, for i, k € {0,1} from H;SYz = Z]' Hgkx, and

the reconstructed signal z from x =37, >7. >, GZkaa:
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HI Gy Gy G G Gy Gy Gi Gy

HO I I o o I I o0 0O -
N2 o o I I o o I I S, ' “HoS}
So o o o I I 0o 0o 0 o0 SyPHoSY
S; ' "THy 0 0 0 0 0 0 1 1 sN2g, gN
s¥/q, I I o o 0 O0 0 0 S?v/zHls?V
N/2 = 0o 0o o o I I o o 9 1 (6.34)
S1 " Ho SN2 H,SI

SN GO 0 G1 0 GO 0 G1 0 }\7 5 029

& 0 Go 0 G 0 Gy 0 Gy sNV/2H,sN
Hllsév 0 0 I 0 0 0 I 0 SimHlSéV
H SN o o o I o o o I sN/2gg gN
Hls}v I o o o I o o0 o© 1 1

0=q
Hos N o I o o o I o o

These expansions from Egs 6.33, 6.31 and 6.6 and are summarized in Eq 6.34. The set {ka}, which are
generated from the non-partitionable frequency expansion are of the type of basis elements that are generated
in the time-frequency tree explored in [63].

6.4.2 Partitionable expansion cascade

We now examine the advantage of using 1-PFEs in the depth = 2 expansion. It follows from Eqgs 6.33 and 6.13
that if Hgl) are 1-PFE because we have S;V/ZHgl)Sch = 0 for j # k. This given by Definition 1, which requires
that the upper-right (SéV/ZHgl)SJlV = 0) and lower-left (Sjlv/zHgl)SéV = 0) quadrants of Hgl) are zero. This
reduces the number of non-zero basis elements (Hgk’s) from eight to four. As a result, Eq. 6.34 takes the

modified form illustrated in Eq. 6.35. In other words, now from only the four basis elements (S;V/zHgl)Sj»V,
for ¢,j € {0,1}), the same previous variety of expansions of the signal that were generated from the eight
“non-partitionable” basis elements are formed. Notice that commutativity of segmentation and frequency

I
H(l) Ggl) G(ll) Ggl) G(ll)
D I o I o
N/21 (1) 0 I 0 I
S H 0 I 0 0
SN/ ED
1 1 0 0 0 I SN/2H(1)SN
s 2ul) I 0 0 0 N /2erlt) o
s¥ogh | = 0 0 I 0 So. Hi 'Sg (6.35)
Tgn?© 1 g sV?uVsy
sy G G 0 0 1 0ol
% 0 ! 1 1 srglign
sV 0 o eV g v HTSy
H(l%SN 0 I 0 0
Hil)SN 0 0 0 I
D aN I 0 0 0
E?U:N 0 0 I 0
0 1
expansion is now provided using 1-PFE, because for 7, j € {0, 1} we have,
si/*HY = HVsN = s H{VsY. (6.36)

The commutativity of segmentation and 1-PFE allows the graph structure to generate the complete joint
expansion rather than requiring separate tree structures, as in [63], as we see shortly.

6.4.3 Two-step expansion cascades

We first look in more detail at the process of integrating the segmentation and frequency expansion in the depth
= 2 cascade. There are four cases that correspond to the four unique, four-step paths that decompose signal
z into four basis elements and reconstruct x as illustrated in Figure 6-6. Since the PR condition of the filter
bank and segmentation are satisfied, the following two four-step cascades: F(1) — § — §=1 — (F(l))_1 and
S — F — (F(l))_1 — S71 reconstruct the signal. We now address the other two cases and demonstrate
that reconstruction is provided regardless of the orders of the segmentation and 1-PFE operations in the
analysis and synthesis paths.
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Figure 6-6: Hybrid cascades with frequency expansion and segmentation (F(1) = {Hgl), H(ll)}, and (F()=1 =
GV, G},

6.4.3.1 Case 1: F() = § — (F))=1 _ g-1

F Y1 s Vo[V gt -1
X > N P, | w, -2
Yo Vo[V

A 4
X

Figure 6-7: Hybrid cascade case 1: F() — § — (F(1))=1 — g-1,

The FB and segmentation are cascaded such that the orders within the analysis and synthesis cascades are
not mirrors, as depicted in Figure 6-7 and Figure 6-8. First, we see that the two-step cascade F(1) — §
produces four pieces, v{;, where i,j € {0, 1} given by

ro_@N/2 @ N/2gq (1)

v; =87 Ty =8, "H w. (6.37)
The resynthesis of the original signal by (F(l))_1 — S~ is possible because Hgl) are 1-PFE. From the

commutativity of segmentation and 1-PFE in Eq 6.36, it follows that vgj = HEI)S?T. In this case, the signal
is reconstructed by (1) 1-PFE synthesis and (2) adding the appropriate basis elements, as follows,

1
> E]' Gg )Ugj
G0+ G+ G, + G 3)

z

6.4.3.2 Case 2: S — F(1) — §-1 _ (F(1))~1

S F ViVl o

1 Y -
X » W [ W, > F

Voo Vol Yo

1
» X

4

Figure 6-8: Hybrid cascade case 2: S — FO L g-1 (F(l))_l.

By segmenting before the 1-PFE as illustrated in Figure 6-8, the two-step cascade S — F(1) produces four

pieces, v{;, where 4,j € {0, 1} given by

oy = HVSV e, (6.39)
The resynthesis of the original signal by S—! — (F(l))_1 is possible only because Hgl) are are l-partitionable.

N/zHgl). In this case,

From the commutativity of segmentation and 1-PFE in Eq 6.36 it follows that v;; =5;
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the signal is reconstructed by (1) adding the appropriate basis elements and (2) 1-PFE synthesis, as follows,
po= G T

Ggi)(%/o + Uﬁﬁ) + Ggl)(lv/fo T v11) X (6.40)
Gy + Gy = (GVEEY + GIVH e = .

6.4.4 Multiple step expansion cascades

We generalize to an arbitrary-depth joint expansion. By using k-PFEs; the basis elements are generated by
following any of the number of paths that lead to that node in the JASF graph. For example, in Figure 6-9,
this requires that the frequency expansion F* is carried out with a FB that implements a k-PFE Hgk) and

H.

Figure 6-9: K step expansion cascade in space and one step in frequency.

Figure 6-10 illustrates the depth = M, JASF graph which combines segmentations (S) and k-PFEs (F*).

Figure 6-10: JASF graph combines k-PFE filter banks (F* = {Hék) and H(lk)}) and segmentation (5).

6.5. Tree and graph structured expansions

We adopt the following notation to illustrate the tree- and graph-structured expansions: Figure 6-11(a)
summarizes the WP-tree depicted in Figure 6-12, and Figure 6-11(b) summarizes the QT depicted in Figure 6-
13. In other words, in Figure 6-11 each straight-line corresponds to an embedded tree. We look in more detail
at each tree and graph.
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6.5.1 Complexity

We evaluate the tree- and graph-structured expansions in the (1) sizes of the basis element libraries (N), (2)
the number of bases (B), and (3) the number of over-expansions of the image that are required to generate
the basis element libraries (F). The depth of the trees and graphs are given by D, and 3 = gives the splitting
factor. The splitting factor determines the number of children nodes produced in a single frequency expansion
or segmentation. For example, both frequency expansion and QT image segmentation produce 3 = 4 children.

O O O O O O O O
4 64 4

1
Figure 6-11: Using compact notation, (a) WP-tree, and (b) spatial QT, where the numbers (1,4, 16, ...) give
the number of nodes (or basis elements) at each level. The number of nodes will be omitted in later figures.

The number of basis elements in the library (N), number of unique bases (B), and number of over
expansions (F) that are generated by the tree- and graph-structured expansions are summarized in Table 6.5.1.

Basis element library sizes for 2-D image with 5 =4 (splitting factor)
Single-Tree DT Redundant Tree JASF Graph

D | N, | E. B. Ny | Ey4 By Ny E. B, Ny | Fy By

1 1 1 1 1 1 1 1 1 1 1 1 1

2 5 2 2 9 3 3 9 5 3 9 3 3

3 21 3 17 57 6 98 73 21 163 57 6 162

4 85 4 | 83522 | 313 | 10 107 585 85 10° 313 | 10 10°

5 341 5 10'? | 1593 | 15 | 103! 4681 341 10%¢ | 1593 | 15 | 10%6

6 | 1365 | 6 1078 | 7737 | 21 | 10%27 | 37449 | 1365 | 10147 | 7737 | 21 | 1017

6.5.2 Single-trees

Single-tree expansions are generated by the WP-tree and QT. Where N x N is the size of the image, the
single-trees can be grown to arbitrary depth, D < Nlog, N. The single-tree complexity is given by the
following recursive relations
NoD)= 148N.(D-1), Na.(0)=0
E. D)= 14+E.D-1), E.0)=0 (6.41)
B«(D)= 14+ BJ«(D-1)% B.0)=0.
These are derived as follows: N; — each depth = D tree consists of one node plus G sub-trees of depth =
D — 1. An empty single-tree, D = 0, has no nodes. E; — each level of the tree produces one expansion of the
signal. Bs; — each node in the tree can be represented by itself or by its 8 children. This recursive definition
gives B;.
A single-tree expansion of a 512 x 512 image, of depth D = b, with § = 4, generates N; = 341 basis
elements, expands the image E, = b times and generates a library of B, ~ 10'° bases. We now examine the

two types of single-trees: WP-tree and QT.

6.5.2.1 Wavelet packet (WP)-tree

Arbitrary FBs can be produced by cascading the two-channel FBs. Since the two-channel FB implements an
orthonormal frequency expansion, any cascade is orthonormal since it merely iterates the expansion. In other
words, the impulse responses of the overall filters and their appropriate shifts also form an orthonormal basis
for l2(z) [167]. The transfer function of an arbitrary cascade of filters and downsamplers is given by,

d,—1
Hy(z) = H Hp, ("), (6.42)
k=0

which is followed by downsampling by 2¢7. Here d,, = depth of the cascade of path r, and P.(k) € {0,1} is an
indicator function that selects the filter, Hg or Hy, at stage k in the filter path. For example, the two-channel
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FBs can be cascaded into a tree-structure as depicted in Figure 6-12.

LI

[Ho|  [Ha] [Ho|  [Ha]

Ly,

1 1

50606 60 6

Hooo Hoor Hoio Hour Hico Hior Hio Hinn

Figure 6-12: Tree-structured filter bank (FB).

6.5.2.2 Spatial quad-tree (QT)

The signal is segmented by cascading the binary segmentations in a tree-structure. For example, a full tree
cascade is depicted in Figure 6-13, whereby the leaf nodes of the tree give the segments of the signal. The
overall segmentation, SV, of a length N signal produced by a path = of arbitrary segmentations is given by

Sf}f = Sg where

ro

s/ g N 0 0
SN = Pr. and S == ) 6.43
P,0 [ A PaT g gl (6.43)
where P.(k) € {0, 1} is an indicator function that selects segmentation Sg or Sy at stage k of the segmentation
path. PR of the signal from a complete set of arbitrary segments is provided by the recursive relations

Sg = SN/2 + Sg/zl since

N/2
S 0
gN — [ P,,0 N/ ] . (6.44)

6.5.3 Double-tree (DT)

The insufficiency of the single-tree adaptive expansions — WP-tree and QT is addressed in [62]. The authors
proposed the DT which combines binary segmentation and WP-trees. As illustrated in Figure 6-14(a), the
DT generates a hierarchy of dyadic segmentations and WP expansions of each segment. Figure 6-14(a) also
illustrates that the DT treats the frequency expansion and segmentation asymmetrically.

For example, the DT does not segment any of the frequency F' nodes in the tree. In other words,
segmentation never follows frequency expansion. This limits the number of bases. We see that a single
critical pruning at the root of the DT in which segmentation is not selected reduces the DT to the WP-tree.

6.5.4 Dual double tree (DDT)

The dual of the DT also combines QT and WP-trees. The dual double tree (DDT) is produced by first
growing a single WP-tree followed by the segmentation of the WP-tree basis elements. The DDT is depicted
in Figure 6-14(b). The complexities of the DT and DDT are given by the following recursive relations

Nag(D) = Ns(D)+ BN4(D —1), Ng(0)=0
E4 D)= E.(D)+ E4D 1), E40)=0 (6.45)
B4(D)= 1+ Bs(D -1)?+ B4g(D -1)?, B4(0)=0.
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Figure 6-13: Tree-structured segmentation.

Figure 6-14: Asymmetric joint space and frequency expansions (a) DT, (b) DDT
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These are derived as follows: Ny — each depth = D, DT consists of one depth D single-tree plus g DTs of
depth D — 1. An empty DT, D = 0, has no basis elements. £; — at each level = D in the DT, there is one
depth = D, single-tree and one depth = D —1 DT. By — at each node at level = D in the DT, there are three
options for basis selection, (1) prune S and F', which gives only one basis of the node, (2) prune S, which
gives 3 single-trees of depth = D — 1 that provides B,(D — 1)? bases, and (3) prune F, which gives 3 DTs
of depth = D — 1 that provides Bq(D — 1)? bases.

A DT or DDT expansion of a 512 x 512 image, of depth D = 5, with § = 4, generates N; = 1593 basis
elements, expands the image E; = 15 times and generates a library of B, ~ 103! bases.

6.5.5 Redundant space and frequency tree (RSFT)

As illustrated in Figure 6-14, both the DT and the DDT provide an asymmetric treatment of segmentation
and frequency expansion. In order to produce the symmetric expansion, all nodes in the trees need both
frequency expansion and segmentation. In straightforward implementation, this generates the much larger

tree structure, which is illustrated in Figure 6-15. This redundant space and frequency tree (RSFT) combines
both the DT and the DDT.

()
F/\S

O Q)
F/ IS FI\S

O (0 @ Q
F//SF/ IS Fl \SF\\S

U 0 © 0 QU
F S

QO @@ e @ e e D@ e @' e MO0

Figure 6-15: Redundant space and frequency tree (RSFT) provides a symmetric expansion in segmentation
and frequency operations.

The complexity of the RSFT is given by the following recursive relations

N.(D)= 1+428N.(D-1), N.(0)=0
E, (D)= 142E.(D-1), E(0)=0 (6.46)
B.(D)= 1+2B,(D-1)? B.(0)=0,B,(1)=1.

These are derived as follows: N, — each depth = D, RSFT consists of one basis element plus § RSFTs of
depth = D — 1 from the frequency-expansion, plus 8 RSFTs of depth = D — 1 from the segmentation. An
empty RSFT, D = 0, has no basis elements. FE, — each node is expanded by segmentation and frequency
expansion. This gives twice the number of expansions at level = D than level = D — 1. B, — at each node
at level = D in the DT, there are three options for basis selection, (1) prune S and F', which gives only one
basis of the node, (2) prune S, which gives 3 RSFTs of depth = D — 1 that provides B, (D — 1)? bases, and
(3) prune F', which gives another 3 RSFTs of depth = D — 1 that provides B,(D — 1)? bases.

A RSFT expansion of a 512 x 512 image, of depth D = 5, with § = 4, generates N, = 4681 basis elements,
expands the image F, = 341 times and generates a library of B, ~ 103 bases.

6.5.6 Joint adaptive space and frequency (JASF) graph

The redundancy in the RSFT (see Figure 6-16) is removed by using partitionable expansions and the JASF
graph [140]. When the frequency expansion is inherently partitionable (i.e., Haar filter bank has H;’s which
are already M-PFE), the JASF graph basis library includes all bases attainable by the RSFT. In this case, the
RSFT is clearly redundant in that it generates a larger library than the JASF graph, that is N,.(D) > N, (D).
When using non-partitionable frequency expansions in the RSFT, there still exists “near-redundancy” in the
RSFT library. We will show that these additional RSFT library elements provide little gain in compression
performance.
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Figure 6-16: Example RSFT expansion of an image. In the RSFT| the basis elements generated by the FF — §
branch are approximately equivalent to those generated by the S — F' branch.

Since the output of the S — F(1) cascade is equivalent to the output of the F(1) — S cascade, the data
does not need to be produced twice. As illustrated for the image in Figure 6-16, the expansions generated
from the S — F(1) cascade is the same as that in the F(1) — S cascade, but the order is different. When the
RSFT is modified to collect the redundant nodes, the JASF graph structure is generated, see Figure 6-17.
Inspection reveals that by using M-PFEs, the DT, Figure 6-14(a), the DDT, Figure 6-14(b), and the JASF
graph, Figure 6-17, have identical basis elements. The JASF graph offers the maximum selection from the
basis elements to generate bases.

Figure 6-17: The JASF graph provides symmetric expansion in space and frequency, and avoids the “near”
redundancy of the RSFT.

The complexity of the JASF graph is given by the following recursive relations
Ng(D) = N«(D)+ BNg(D —1), Ng(0) =0
Eg(D) = Es(D)+ E4(D —1), Eq(0) =0 (6.47)
By(D)= 1+42B,(D—1)F — By(D —2)8°, By(0)=0,By(1) = 1.

These are derived as follows: N, — each depth = D, JASF graph consists of one depth = D single-tree, plus
B JASF graphs of depth = D — 1. An empty JASF graph, D = 0, has no basis elements. £, — at each level
= D in the JASF graph, there is one depth = D single-tree and one DT of depth = D —1. B, — at each node
at level = D in the DT, there are three options for basis selection, (1) prune S and F', which gives only one
basis of the node, (2) prune S, which gives 8 JASF graphs of depth = D — 1 that provides B, (D — 1)? bases,
and (3) prune F, which gives 3 JASF graphs of depth = D — 1 that provides By(D — 1)? bases. The options

(2) and (3) have one JASF graph of depth = D — 2 in common, which requires the reduction by B, (D — 2)?
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bases in the computation.
A JASF graph expansion of a 512 x 512 image, of depth D = 5, with 8 = 4, generates N, = 1593 basis
elements, expands the image F, = 15 times and generates a library of B, & 103 bases.

6.6. Basis element library

In order to select the elements from the JASF library. the nodes in the JASF graph are analyzed and compared.
Each JASF graph node is indexed by its graph position which defines a series of frequency and segmentation
operations that generated that node. Equivalently, each JASF library element is indexed by its location and
size in the space-frequency space. For example, in the 1-D version of the JASF graph, each element (region
in the time-frequency plane) is indexed by (4, j, k,{), where ¢ = time resolution, j = frequency resolution,
k = position in time and [ = position in frequency. For images, the JASF graph generates an eight-index
transform: (iz, jo, ko, lz) and (4y, jy, ky, ), which includes # and y directions in space and frequency.

6.6.1 DBasis sets

To generate a basis, the basis elements in the library are selected such that the image can be reconstructed
completely and non-redundantly. Using the indexing notation of the time-frequency plane, this requires that
elements %; ; 1 ;’s generates the basis {TZ*] 1+ by forming a tiling of the time-frequency plane as follows

U tije 2 1(2). (6.48)

v .
to gk 64T, 0}

We can show that this tiling or completeness requirement is satisfied only if

> 277 = 1. (6.49)
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Figure 6-18: Selection of node ¢; 1 g,1 excludes all darkened nodes from the basis.

If the basis elements do not overlap, Eq 6.49 guarantees that the basis is complete (though possibly over-
complete). To ensure that the basis is non-redundant — no overlap, each basis element included in the basis
necessarily excludes other elements. For example, this is illustrated in Figure 6-18. When basis element
t1,1,0,1 is included in the basis, in order to not overlap with other basis elements, all the darkened elements
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are excluded. This requires that basis element ¢; ; 5 ; is in the basis {7%} if and only if ¢;s ;s ;1 is not in the
basis {T%} where ',j’ € z, k2071 < K < 2V =it landioi' =i < [ < 199"+

The restrictions on basis membership are isomorphic to conditions on the JASF graph. In the JASF
graph, a basis is given by a set of terminal nodes in a tree that is embedded in the JASF graph. For example,
Figure 6-19(a) indicates a selection of basis elements from the library (or nodes from the JASF graph) that
generate the tiling (basis) in Figure 6-19(b). By pruning the JASF graph, the selection of basis elements
satisfies the constraints of completeness and non-redundancy.

An example of JASF graph basis selection is depicted in Figure 6-19(a). In this example, the light shaded
nodes are the intermediate nodes in the pruned graph, the dark nodes are the terminal nodes and the unshaded
nodes have been pruned from the graph. The basis is given by the set of terminal nodes. The basis generated
in this example (see Figure 6-19) is not accessible from the WP-tree, the spatial QT, the DT or the DDT.
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Figure 6-19: Example of basis selection which cannot be obtained via the DT or WP-tree. (a) A basis from
dyadic time/frequency library, (b) corresponding time/frequency tiling.

6.6.2 Basis selection

The selection of the basis from the JASF library involves a three-way decision at each node: (1) prune F' and
S, (2) prune S, or (3) prune F. This is a simple extension of the fast basis selection algorithm developed
in [31] and [124], which involves a two-way decision at each node: (1) prune, (2) not-prune. The JASF basis
search works as follows:

1. a coding cost (J;) is assigned to each basis element in the JASF graph basis library (= each node in
the JASF graph).

2. Starting from the root node, recursively, the least cost embedded tree from each node is found by
three-way pruning, select min(J;, >~ Ji 1, > Ji sy )-

3. The embedded tree after all pruning gives the basis with the lowest total cost.

6.6.3 Rate-distortion optimization

In order to produce the basis with the lowest total coding cost, a cost function indicates the cost of coding
each node. One restriction is that the cost function is additive [124]. Coifman and Meyer [32] use the entropy
(J; = R;) of each node as the cost function. Ramchandran and Vetterli [124] demonstrate that a rate-
distortion cost function is more suited to the compression problem. The two-sided measure (J; = R; + AD;)
better matches the goal of finding the optimal rate-distortion point for compression [124]. We assign the
rate-distortion costs (J;) to each node in the graph by quantizing using a set of quantizers. This produces
a set of rate-distortion points (R;, D;) for each node. The procedure for pruning the graph involves the
simultaneous identification of the optimal rate-distortion points (R}, D) and the pruning decisions. For a
detailed description of the algorithm, refer to [124].
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A brief description follows: the algorithm sweeps through a series of rate-distortion trade-off values; A.
For each A. the least cost quantizer for each node is selected as the one that minimizes J; = D} + AR. Next,
the least cost embedded tree is found by pruning. The total rate > R} is compared to the budget Rp. If the
total rate exceeds the budget, Y R; > Ry, then X is adjusted and the procedure is repeated. The subsequent
values of A are selected using Newton’s method. The iteration process converges to the best basis (lowest
distortion) within the constrain of the bit budget Ryp.

Di* + )\Ri*

Figure 6-20: Rate-distortion operating points (R;, D;) and optimal R-D point selection via trade-off constraint
A

6.7. Image compression examples

We evaluate the spatial QT, WP-tree;, DT, JASF graph and RSFT image expansions by examining their
image compression performance. For each expansion-type, the best basis is selected from the library that
minimizes the rate-distortion coding cost, D + AR, within the constraints of a total bit-rate, Rp.

6.7.1 Haar filter JASF graph

In this example, the two-tap Haar filter hg = [1, 1] is used. In this case, all frequency expansions for the WP-
tree, DT, DDT and JASF graph are carried out in a partitionable-form (because the Haar FB is partitionable,
see Appendix B.). The results, depicted in Table 6.1, show improved compression performance by the JASF
graph over spatial QT, WP-tree, and DT methods, and other compression methods such as JPEG and the
Haar wavelet transform. The optimal bases chosen by the JASF graph are not accessible by the spatial QT,
WP-tree, or DT. The best JASF graph basis for the target bit-rate of 0.25 bpp is depicted in Figure 6-21(a).
The encoded images is shown in Figure 6-21(b).

JPEG wavelet spatial | WP-tree DT JASF
transform QT graph
0.5 bpp | 28.3db | 29.5db 19.1db | 32.7db | 32.7db | 33.0 db
1.0bpp | 33.1db | 34.6db | 265db | 37.1db | 37.1db | 37.7 db
2.0bpp | 38.9db | 40.7db | 34.7db | 43.0db | 43.0db | 43.8 db

Table 6.1: Compression results on the Barbara image using Haar filter.
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(a) (b)
Figure 6-21: JASF compression, (a) JASF graph basis for Barbare image, (b) reconstructed at 0.25 bpp.

6.7.2 QMF JASF graph

In this example, the twelve-tap QMF filter (QMF12a) from [75] is used. For the JASF graph, the partitionable-
form frequency expansion matrices are constructed from the QMF12a filter kernel. The results, depicted in
Table 6.2, show improved compression performance by the JASF graph over the spatial QT, WP-tree and
DT methods. Again, the optimal bases chosen by the JASF graph are not accessible by the spatial QT, WP-
tree or DT. We see also that the JASF graph approximates the performance of the RSFT. The additional
elements in the RSFT library do not provide for significant improvement in compression performance. The
partitionable-form of the frequency expansion does not decrease the image compression performance.

spatial WP DT JASF RSFT

QT tree graph
0.25 bpp N/A 27.9db | 27.9db | 28.4 db | 28.4 db
0.5bpp | 19.0db | 32.3db | 32.3db | 32.7 db | 32.7 db
1.0 bpp | 25.1db | 36.8db | 36.8 db | 37.5db | 37.5 db
2.0bpp | 33.1db | 42.9db | 42.9db | 43.8 db | 43.8 db

Table 6.2: Compression results on the Barbara image using QMF12a filter.

6.8. Summary

We presented a new type of adaptive image expansion (JASF graph) and a joint adaptive space and frequency
image basis selection method. The JASF generates an efficient symmetric expansion by combining “partition-
able” frequency expansion with spatial segmentation. The JASF library provides a greater number of bases
than recent adaptive- wavelet packet, spatial quad-tree and the double-tree methods. Image compression
evaluations demonstrate improved adaptability to the images and improved compression performance using

the JASF graph.
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Chapter 7

Spatial and Feature Query

7.1. Introduction

In this chapter, we present the strategies for computing queries that specify the features, sizes and arbitrary
spatial layouts of regions, which include both absolute and relative spatial locations. The spatial and fea-
ture system integrates content-based querying with spatial query techniques to provide a new paradigm for
searching for images by arrangements of regions.

We also address several special case spatial queries involving adjacency, overlap and encapsulation of
regions. Finally, we evaluate the feature and spatial queries and demonstrate the improved image query
capabilities over non-spatial content-based approaches.

The spatial and feature query system is composed of four sub-systems: (1) the image analysis subsystem,
(2) the query engine, (3) the user-interface and (4) the image database. These sub-systems are combined to
provide a complete solution for the search and retrieval of images. We present the design of the separate
components of the system and evaluate the overall performance.

We demonstrate examples of spatial and feature queries on several databases of images, including symbolic
images, synthetic image and photographic color images [146]. In particular, we demonstrate that the spatial
and feature query paradigm provides a powerful technique for image retrieval and improves performance over
traditional content-based image query systems.

7.1.1 Integrating spatial and feature query

The integrated spatial and feature query method allows users to flexibly query for images by specifying both
visual features and spatial attributes of the desired images. Most recent content-based image query systems
do not provide both types of querying (for example, [102, 112, 105, 3]).

Query Image (K regions) Target Image (L regions)

~
~
“u

t

.....______} o

Q = {aggay T ={tp 31y

Figure 7-1: Matches are found for each query region ¢;. Target images 7' that contain matches to all query
regions are candidate image matches.
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The joint spatial and feature image query strategy is summarized in Figure 7-1. The user presents a query
image @ = {qo...qx -1}, which consists of K regions. Each of the regions ¢ has spatial attributes: ((z,y)),
size ((w, h) and area) and feature attributes: (f), which are summarized in Table 7.1.

[TiD [REGID [ f | x | y [ w [ h [ area |
70 0 fo [ 20 [ 50 [ 20 [ 80 | 1000
7 1 f; | 70 | 65 | 50 | 40 | 1500

Table 7.1: The REGION table for query image @ = {qo0, q1}.

To compute the query, the system compares the query regions to the regions of the target images 7" in the
database. The system first determines the sets of target regions #; that sufficiently match each query region
gr- In this process, the system finds matches from each query region to possibly several regions in each target
image, as illustrated in Figure 7-1. The target image and its attributes are summarized in Table 7.2.

[THID [REGID [ f [ x [ y | w | h | area |

to 0 f, | 50 | 80 | 100 | 40 | 3000
t 1 f, | 25| 60| 10 | 55 | 500
ts 2 f, | 35 | 45 | 60 | 50 | 2000
ts 3 £, | 75 | 55 | 20 | 80 | 1200
ta 4 f, | 50 | 10 | 100 | 20 | 1500

Table 7.2: The REGION table for target image T = {to,11,12,15,14}.

After identifying the candidate target regions, they are joined (using a relational Join operation) to
identify the best target images and corresponding configurations (pairwise matches of query regions to target
regions). Each target image and configuration is then assigned an overall match score to the query image. At
this final stage, any specification by the user of relative spatial constraints are checked for each target image
using query-time 2-D string projection and 2-D string matching.

In this way, a query specified by the user is translated directly into pruning operations on the region
attributes. The image attributes, such as region relative locations and special spatial relations, are resolved
only in the final stage of the query. This is because these evaluations have the highest complexity. The pruning
performed by the queries on the region attributes reduces the number of candidate images and regions that
need to be evaluated at the final stage.

In section 7.2.; we present the strategy for matching regions that have attributes of absolute location
and size. In section 7.3.; we consider the case of matching images with multiple regions that have attributes
of size, absolute and relative locations, which includes cases of special relations between regions. Finally,
in section 7.4.6 we provide an evaluation and present some examples of querying by joint spatial and color
features.

7.2. Region query

In computing matches between regions, we consider the spatial distances and size differences between the
query (¢) and target (¢) regions.

7.2.1 Absolute spatial location

In specifying spatial attributes of the individual regions in the query, we index the centroids and minimum
bounding rectangles of the regions.

7.2.1.1 Fixed query location

The spatial location attributes of regions are determined by the spatial centroid of the region (#,y) and the
width and height (w, h) of the minimum bounding rectangle (MBR) that encapsulates the region. Both the
location and size are useful attributes for discriminating regions. We present techniques for computing the
similarity of the locations and sizes of regions and indexing regions by these attributes.

The spatial distance between region centroids is given by the euclidean distance (illustrated in Figure 7-
2(a)) as follows

W=

dy o = [(zg — 20)” + (g — w)°] (7.1)
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A

(a) (b)

Figure 7-2: Region spatial distance (a) fixed spatial distance dj ,, (b) bounded spatial distance d;:t, where
R™ determines the valid spatial bounds.

7.2.1.2 Bounded query location

In many situations the user does not care about the exact location of matched regions as long as they fall
within a designated area. In this case, the user is given flexibility in designating the spatial bounds for
each region in the query within which a target region is assigned a spatial distance of zero. When a target
region falls outside of the spatial bounds, the spatial distance is given by the euclidean distance (illustrated
in Figure 7-2(b)) as follows

ot dy,  otherwise.
:

7.2.1.3 Centroid location spatial access — spatial quad-trees

The spatial quad-tree provides an efficient structure for indexing the region centroids. The quad-tree provides
quick access to 2-D data points by grouping the regions in buckets [132], as illustrated in Figure 7-3(a). A
query for region at location (x4, ¢;) is processed by first traversing the spatial quad-tree to the nearest buckets.

These buckets are searched exhaustively for the points that minimize dj ,. In the case that the user
specifies a bounded spatial query, several buckets are considered such that points within the spatial bounds
are all assigned d;:t =0.

4y I(—spatial centroid bucket 4y MBR~ ,MBR buckets\
-..'.::."-.. .. l\.} |‘/
-'.-.'-.. .‘__l.-.. :o-- |
. . 0;4-"..'-_-:.-- .
.. F i :=:.. AN
e . .: i 1 7. .
z » X » X

(a) (b)

Figure 7-3: Spatial indexing techniques, (a) the spatial quad-tree indexes region centroids, and (b) the r-tree
indexes region MBRs (rectangles) by using overlapping buckets.
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7.2.1.4 Rectangle location spatial access — R-trees

The spatial locations of extracted image regions are not sufficiently represented by centroid locations alone.
A 2-dimensional r-tree indexes the regions by their minimum bounding rectangles (MBRs). A MBR is the
smallest vertically aligned rectangle that completely encloses the region. In this way, a spatial query may
specify a search rectangle and the target regions are found that overlap with it, spatially.

The MBRs of the regions are indexed using the r-tree illustrated in Figure 7-3(b). The r-tree provides
a general dynamic structure for indexing k — D rectangles [58], here k = 2. The r-tree, which consists of a
hierarchy of overlapping spatial buckets, is designed to visit only a small number of buckets in the spatial

search [58].

7.2.2 Size

Another important perceptual dimension of the regions is their size, specifically in terms of area and spatial
extent. The distance in area between two regions ¢ and ¢, is given by the absolute distance as follows

dy ; = |area, — areay|. (7.3)

The width and the height of the MBRs provide for useful comparison of region spatial extents. It is much
simpler than shape information, which we do not utilize in the system, and provides excellent grounds for
discriminating regions by size. The distance in MBR width (w) and height (h) between two regions ¢ and ¢,
is given by

= Lwg = w)* + (hy = he)*] 2. (7.4)

7.2.3 Region query strategies

Integrating these approaches, the overall region query consists of computing individual queries on the feature
values, region location, area and spatial extent, as specified by the user.

The single region distance is given by the weighted sum of the feature, location (Eq. 7.1), area (Eq. 7.3)
and spatial extent (Eq. 7.4) distances. The user may also assign a relative weighting «,, to each attribute.
For example, the user may weight the size parameter more heavily than feature value and location in the
query. The overall single region query distance between regions ¢ and ¢ is given by

dgt = achff + ozsdzyt + aadgyt + amdg’?t. (7.5)

We now address the query process and present two approaches for computing the region queries.

7.2.3.1 Relational algebra

We introduce some basic concepts from relational databases in order to describe the image query and region
query processes. The relational model provides for defining a structure of the image database. Relational
algebra is a collection of operations that are used to manipulate the relations [42].

In the relational model, data is organized in tables of values. FEach column of a table (or attribute)
represents a particular dimension of the data (i.e., age or sex). Each row of the table (or tuple) represents a
collection of related attributes that correspond to one entry in the table (i.e., a person).

More precisely, a relation of size n is denoted by R(Ag, A1,..., An_1), where the attributes are A; for
i =40...n—1}. An n-tuple ¢ in the relation R is denoted by ¢ =< wg,v1,...,v,-1 >, where v; is the
value corresponding to attribute A; [42]. The specific operations for querying relational databases include the
Select (o), Project (7), and Join (X) operations.

The Select operation returns the tuples from the relation that have attributes with values that satisfy
the specified conditions. The syntax of the Select operation is ¢ gelect conditions (< relation >). The select
condition is made up of boolean clauses that apply conditions to the tuple values. The Project operation
returns only specified attributes from the relation. The syntax of the Project operation is 7 _¢tribute list> (<
relation >).

The Join operation is an operation on two relations that combines tuples from both. In general, the Join
of two relations

R(AQ,Al, .. .,An_l) and S(Bo, Bl, ey Bm—l)
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is denoted by R M_jgin conditions ©- The result of the Join is a relation @ with n + m attributes
Q(Ao, A1, ..., An1, Bo, Br, oo, Bt

@ has one tuple for each combination of tuples from R and S that satisfy the Join condition.

In particular, the type of Join we use is the Natural Join. In this case, the operation: R M_,tiribute list> O
returns ) where the tuples in @) correspond to the tuples from R and S that have attributes from the attribute
list with equal values. In the following discussion, we assume that the Join operations are of the form of the
Natural Join.

7.2.3.2 Relational image database

We structure the image region database using the relation model. This allows for queries to be described
using relational algebra and the Select, Project and Join operations. The region relational table (R =
REGION) is depicted in Table 7.3. Each row or tuple in R gives a region and its attributes. Particular regions
are extracted from R using the Select operation. For example, all regions from a particular image (say, with
IMID = 0001) are returned using the operation oyy1p = 0001 (R)-

[THID [REGID | f | x | y [area[ w [ h |
0001 | 0001 [ £, [ 18 [ 63 | 430 [ 30 [ 15
0001 | 0002 | f; | 34 | 45 | 968 | 65 | 32
0002 | 0001 | f» | 76 | 54 | 780 | 53 | 42
0003 | 0001 | {3 | 55 | 12 | 654 | 43 | 55

Table 7.3: The REGION relation with attributes for features f, region centroids (z,y), region sizes area and
widths and heights (w, 2) of the minimum bounding rectangles (MBRs).

7.2.3.3 Parallel attribute query strategy

We first outline the strategy for processing the region attribute queries using a parallel strategy. For example,
given the single region query: find the region that best matches QQ = {f;, (z4,y,), areay, (wy, hy)}, the query
is processed by first computing individual queries for feature, location, size and spatial extent, as illustrated
in Figure 7-4.

region target asg%er:ed
attributes regions weightings
f
f d
't i
features —’q ft. i . region
j scores
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€g10 absolute a Ya (X, Y, ) a1 ~ dg t.
location 4 g a5
da
areaq q,t
area > areatj >
m
(g hg) Y,
size | ——» (Wtj’ htj) >
region attribute
attrlb_ute distances
gueries

Figure 7-4: Parallel attribute query strategy for a single region query with attributes of feature value, location,
area and spatial extent.

The Join of the region match lists is then computed to obtain the set of common images; the best match
minimizes the total distance. Here, B*Y, A% and MY" are the search thresholds for location, area and spatial
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extent, respectively, and are set by the system or by the user.

The parallel strategy achieves a performance gain over exhaustive search since it allows for special indexing
structures to be utilized for each attribute of the region. For example, the spatial quad-tree is used to index
the regions by location.

The parallel region query strategy is carried using the following operations, where the expression,

Select * from REGION where < select condition >

is equivalent to the following expression in relational algebra where the * refers to all attributes 7. (0 cselect conditions (REGION)).

FEATURE — Feature query(fy)

Loc — Select x from REGION where (z:,y:) € B¥Y
SIZE — Select * from REGION where area; € A%Y
MBR — Select x from REGION where (w¢,ht) € Mwh
CAND «— FEATURE Miy\p LOC Xinvip SIZE Miyp MBR
REGIONMATCH mindq)t(CAl\lD)7 (using Eq. 7.5).

7.2.3.4 Pipeline attribute query strategy

We present an alternate strategy for processing the region attribute queries for a single region using a pipeline
query strategy. For example, given the single region query: find the region that best matches Q = {f,, (24, y,),
area,, (wy, hy)}, the query is processed by first computing the individual query on the feature attributes.
This output is then filtered by location, then by size and, finally, by spatial extent, as illustrated in Figure 7-5.

Region Database
ft. (Xt_lyt_) area‘[. (Wtrht)
! j i
Query .
Region J J J J region

score

absolute .
features === | cation P aea P size —}dq,tj

egon | ! T |

attributes g (Xg Vo) area, (Wgp hg)

“weignings () @

Figure 7-5: Pipeline attribute query strategy for a single region query with attributes of feature value, location,
area and spatial extent.

The pipeline strategy avoids the computation of the attribute Join required in the parallel strategy.
However, while a special indexing structure may still be used on the feature values, the pipeline strategy
cannot utilize special indexes for the other attributes that follow in the pipeline.

FEATURE — Feature query(fy)
Loc — Select x from FEATURE where (z:,y:) € B%Y
SIZE — Select * from LOC where area; € A%¥Y

CANID Select * from SIZE where (wy,ht) € Mwh
REGIONMATCH ming_ ,(CAND), (using Eq. 7.5).
g5

7.3. Multiple regions query

The overall image query strategy consists of joining the queries on the individual regions in the query image.
The Join, which consists of the Natural Join of the REGIONMATCH tables, identifies the candidate target
images. For these images, the image match score is computed by adding the weighted region scores.

In the final stage, the relative spatial locations that may have been specified in the query are evaluated
using query-time 2-D string projection. A 2-D string comparison determines whether candidate target images
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satisfy the constraints of the relative region placement. The image match process is illustrated in Figure 7-6.
We note that by specifying multiple regions in the query without any spatial relations between regions, the
complexity increases only linearly with the number of query regions.

Re/%\u on qu, ), :
Query
Query region Candidate
Image Images

match

lists
. D
06 Region qurtj,I Q;Tj @ o

i > QuBery JOIN > —
da N dg N dc
Multiple Spatial
Regions Region dqc, . Relationships
C b,
Query

Figure 7-6: Overall strategy for computing image matches by joining individual regions queries.

7.3.1 Multiple regions query strategy — absolute locations

For each region in the query positioned by absolute location, the query strategy outlined for single region
query (Section 7.2.3) is carried out, without computing the final minimization. These lists are joined and the
best image match minimizes the combined region distance. For example, given the multiple region query:

find the image having three regions that best matches Q@ = {Q4, QF, Q°}, where Q' = {f;, (xf],yé), areaf],

(wé, hf])} gives the query parameters for query region ¢, the matches are found as follows:
REG 4 — Single Region Query(Q+)
REGp — Single Region Query(Q7)

REG( — Single Region Query(QY)

CAND — REG4 Mivip REGp Mo REGe

IMAGEMATCH — mlnﬁDdQA,T+/61dQB,T+52dQC,T (CA]\ID).

The REGIONMATCH relations are Joined to obtain the IMAGEMATCH relation. The best image matches from
IMAGEMATCH minimize the weighted sum of the region distances between the query and target image. An
example of a query that specifies four regions with absolute locations is illustrated in Figure 7-7. The query
image is given in the upper left. The matches are listed from left to right, and top to bottom in order of
minimum distance to the query image.

7.3.2 Region relative location

Querying by absolute locations cannot be easily extended to include relative locations of regions. For example,
for a target with L regions and a query image with K regions, there are L!/(L — K)!K! possible matches,
each of which has a different distance score. For example, I = 20 and K = 3 requires 1,140 comparisons. To
circumvent this exhaustive search, we utilize a convenient representation of image spatial relationships and
their comparisons based upon 2-D strings [22].

The 2-D string represents spatial relationships as illustrated in Figure 7-8(a). The 2-D string is a symbolic
projection of the image along the  and y directions [20]. For example, the 2-D string for the image in Figure 7-
8(a) is given as (fot; < 2 < t7 <tz < tsg <1y <is,tg < sty < ts < ta < tzt; < t4), where the symbol ‘<’
denotes the left-right or bottom-top relation.

Using 2-D strings, the match complexity is reduced to approximately O(L3/K) per target image. Since
we evaluate spatial relationships only at the final stage of the query, the complexity is further reduced to
O(L"/K), where L' is the number of candidate regions in a target image, and L' < L and L' ~ K. Using
the region Join strategy in Section 7.3., we have L’ = K, which gives a complexity of O(K?).
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Figure 7-7: Symbolic image retrieval — absolute spatial query matches.
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Figure 7-8: 2-D string representation of spatial relationships (a) un-rotated 2-D string, (b) rotated projection.
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7.3.3 Spatial indexing

In order to incorporate relative spatial query into the feature query system, the 2-D strings are generated at
the final stage of the query.

7.3.3.1 Query-time 2-D string projection

The 2-D string projection (illustrated in Figure 7-9) is accomplished as follows: given a REGION or IMAGEMATCH
table, the centroid (z,y) attributes are first quantized. The quantization, specified by step size A, is deter-
mined by the size of the grid, as depicted in Figure 7-8. From the quantized relation, two new relations are
obtained: SX and SY. For example, SX is obtained by the Select operation on attributes IMID, SYMB, and X
and sorting by IMID and X. The SYMB are then concatenated in sorted order into a ‘comma delimited’ string.
The process is repeated for the SY table and the Y attribute. Finally, SX and SY are Joined to produce the
2-D string relation 2DS.

> IMID 2Dstring(X)

2 TBCW
IMID REGID | SYMB X Y SX

2 10 B 46 | 31 IMID 2Dstring

2 11 c 46 | 57 —b>

> 1 T =13 2 TBC,W TBW,C

2 13 W 54 | 34 2DS

IMID 2Dstring(Y)
REGIONTABLE —P|— TBWC
SY

Figure 7-9: 2-D String projection.

The following algorithm summarizes the 2-D string projection process.

Algorithm 1 2-D String Projection

Q — quantizey y(REGIONTABLE, A)
SX — sortip, symB, x (01D, x(Q))
SY — sortip, symB, v (o, v(Q))
2DS « SX Mip SY

7.3.3.2 2-D String compare

Given the 2-D string projections from the query image ) and target images 7', the spatial relation constraints
in @ are evaluated in the 7’s by a 2-D string comparison. The 2-D strings comparison is carried out using
the 2dcompare function:

Algorithm 2 2-D String Compare 2dcompare(Q, T)
2dcompare(@,T) — compare(Qx,Tx) and compare(Qy, Ty ).

The 2-D string comparison is separated into individual X and Y 1-D string comparisons, which are evaluated
using the compare function as follows

Algorithm 3 Compare compare(Q, T). The pseudo-code for the compare function is given in Figure 7-10,
where Q 1s the query string, T is the target string, NUMq s the number of buckets in the query string, and
NUMr 1s the number of buckets in the target string.

The contains function implements a search for a query symbol within one bucket of the target string.

An example of a query that specifies two regions with relative locations is illustrated in Figure 7-11. The
query image is given in the upper left. The matches satisfy the spatial constraints specified in the query
image, namely, that region A is above and the right of region B.
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< NUMp and ny < NUMy do
if contains(T[nt],Qnqg]) then
Ng =ng +1

i f Ng < NUIVb t hen
“NO MATCH'

endi f
i =i + 1;
end
return TRUE;

function contains(T[ng], Qngl)
while (i < size(Qng]) do
if (substr(T[ng],Angl[i])
t hen return FALSE;

Figure 7-10: 2-D string compare pseudo-code.
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Figure 7-11: Symbolic image retrieval — relative spatial query matches.
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7.3.4 Special spatial relations

We define several spatial relations that are of particular interest, such as region adjacency, nearness, overlap
and surround. These examples of spatial reasoning are inferred from the 2-D string [20]. Scale invariance is
also provided in the 2-D string, but rotation invariance is not. We introduce a simple extension of the 2-D
string projection and comparison operations that gives some rotation invariance.

7.3.4.1 Adjacency, nearness, overlap and surround

The adjacency of regions is resolved from the 2-D string by determining whether or not other regions exist
between two candidate regions. The nearness of regions is resolved using adjacency in the 2-D string, but since
the 2-D string provides no metric information, 1t requires an additional computation of the region distance.

Since the 2-D string captures the orthogonal relations of the regions in the image, the conditions of overlap
and surround can also be determined [20]. Overlapping regions require not only the determination of nearness
but also require the evaluation of the overlap of the MBRs of the regions. The case of surround is determined
by unifying sub-goal queries that evaluate regions to the north, south, east and west of the surrounded-by
region.

An example of a “nearness” query that specifies three regions with relative locations is illustrated in
Figure 7-12. The query image is given in the upper left. By defining a coarse grid and placing the three
regions A, B and C'in the same bucket, images are retrieved that also have the regions in the same bucket.

7 ¥
B H
P
z 12 g m T
] Bl
v
I LIE’ L
BV
lE Fiy U
E =\E
0 5 x

Figure 7-12: Symbolic image retrieval — “nearness” relative spatial query matches.

7.3.4.2 Spatial invariance

Under certain conditions the user may desire invariance in scaling and/or rotation. The 2-D string provides
scale invariance since a change in scale does not change the order of symbols in the string. However, rotation
invariance 1s not provided in the 2-D string. Therefore, we approximate rotation invariance around the image
center point by providing two projections of each image, one normal projection, and another based upon a
rotation by 45 degrees.

In this case, the 45° rotated 2-D string is extracted by the projecting onto the diagonals of the image
as illustrated in Figure 7-8(b). Tmage rotation by 90° is provided by swapping the # and y projections as
illustrated in Figure 7-13(a) and (b). Rotation by 45° is detected in the rotated 2-D string as illustrated in
Figure 7-13(a) and (c). Other arbitrary rotations are approximated by either the 0° 2-D string or the 45° or
90° rotated 2-D string.

7.3.5 Multiple regions query strategy — relative locations

To summarize the multiple region query strategy, the resolution of the relative spatial locations is performed
in the final stage. For the regions positioned in the query by absolute locations, the location queries from
Section 7.3.1 are performed. For the regions positioned in the query by relative locations, queries on all
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C

(a) 0° (b) 90° (c) 45°

Figure 7-13: 2-D strings rotation invariance (a) 0° (A < C' < B, ABC), (b) 90° (ABC, A < C < B), (c) 45°
(A < C < B, ABC) with projection onto the rotated axis.

attributes except location (#,y) are performed. Then, the Join of the REGIONMATCH tables is performed to
identify and score the candidate target images.

For each candidate image, the 2-D string is generated by projecting from the centroids of the regions and
is compared to the 2-D string of the query image. This final 2-D string comparison operation either validates
the target image or rejects it. Therefore, after the final stage, all false alarms from the earlier stages are
removed.

An example of a query that specifies two regions with both absolute and relative locations is illustrated in
Figure 7-14. The query image is given in the upper left. The matches satisfy the spatial constraints specified
in the query image, namely, that region A is above and the right of region B. We now present some example
multiple region spatial queries using symbolic images, and provide some evaluations.
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Figure 7-14: Symbolic image retrieval — absolute spatial query matches.
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7.3.6 Symbolic image retrieval

The spatial queries are formulated graphically using the interface tools illustrated in Figure 7-15 [142]. The
user sketches regions, positions them on the query grid and assigns them attributes of color, size and absolute
location. The user may also assign boundaries for location and size.

7.3.7 Relative spatial query efficiency

Figure 7-16 reports on the efficiency of the 2-D string approach in computing relative spatial queries. Figure 7-
16(a) illustrates that the query response time using 2-D strings is approximately linear with the size of the
image database. This follows since we do not utilize an index structure for the 2-D strings.

The IMAGEMATCH table is searched exhaustively using the 2-D compare function. Figure 7-16(b) illustrates
that the observed query response time is approximately constant with the number of query symbols.
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Figure 7-15: SaFe user interface with returned symbolic images.
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Figure 7-16: Relative spatial query (a) query response time vs. image database size, (b) query response time
vs. number of query symbols.

7.4. Feature query

The power of the spatial and feature query system comes from its capability to integrate content-based
searching with spatial indexing. The process described above provides a framework for computing these
queries. We now examine one specific case of spatial and feature querying in which the feature of interest
is color. Query-by-color is one popular method for color image retrieval [3, 45, 105]. By extending query-
by-color to the spatial and color feature paradigm, we create a more powerful system for retrieving color
images. We now describe the process of representing and comparing color features, extracting color regions
and computing color feature queries.

7.4.1 Histogram quadratic distance

Color histograms represent the color features of images (see Chapter 2). The QBIC project uses the histogram
quadratic distance metric for matching images [102]. It measures the weighted similarity between histograms
which provides more desirable results than “like-bin” only comparisons. The quadratic distance between
histograms h, and h; is given by

deft = (hq - ht)tA(hq - ht)a (7~6)

where A = [a; ;] and a; ; denotes the similarity between colors with indices ¢ and j.

7.4.2 Color sets

Color sets provide a compact alternative to color histograms for representing color information. Their uti-
lization stems from the conjecture that salient regions have not more than a few, equally prominent colors.
The following paragraphs define color sets and explain their relationship to color histograms.

7.4.2.1 Color set distance

We use a modification of the color histogram quadratic distance equation (from Eq. 7.6) to measure the
distance between color sets. The quadratic distance between two color sets ¢, and ¢; is given by

43 = (cg — i)' Aley — ). (7.7)

gt —

Considering the binary nature of the color sets, the computational complexity of the quadratic distance func-
tion may be reduced. We decompose the color set quadratic formula to provide for more efficient computation
and indexing. By defining p, = cf]Acq, py = ctAc; and vy = Acy, the color set, quadratic distance is given as

d;ff = pg + pe — 20213. (7.8)
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Since ¢, is a binary vector, we have

d;? — g == 2 Z re[m]. (7.9)

vm where ¢, [m]=1

That is, any query for the most similar color set to ¢, is easily processed by accessing individually p; and
r¢[m]’s, where m € 0...M — 1, see Table 7.4. As such, u; and r;[m]’s are precomputed, stored and indexed
individually. Notice also that p, is a constant of the query. The closest color set, c;, to ¢, is the one that
minimizes Eq 7.9.

| IMID | REGID | p* [ [0 [ r[1]* [ ... [ r[M —1]" |

Table 7.4: The COLORSET relation with attributes for the decomposed quadratic distance equation parameters
we and 7;[m]’s. Denotation by * indicates that a secondary index is built on the attribute in order to allow
range queries to be performed on that attribute.

7.4.3 Color region extraction

In order to extract color regions, we use a color set back-projection technique. We briefly describe the
technique here. The more detailed presentation is given in Chapter 5. The back-projection process requires
several stages: color set selection, back-projection onto the image, thresholding and labeling. Candidate color
sets are selected first with one color, then with two colors, etc., until the salient regions are extracted.

The back-projection of a color set is accomplished as follows: given image I[z, y] and color set ¢, let k be
the index of the color at image point I[z, y|, then generate image B[z, y] by

Blz,y] = c[k], (binary back-projection). (7.10)

That is, B[z, y] depicts the back-projection of color set ¢. In order to accommodate color similarity in the
back-projection process, a correlated back-projection image is generated by

Blz,y] = max 1(Ajykc[j]), (correl. back-projection), (7.11)
J=0..M —
where A;; measures the similarity of colors j and k&, which will be discussed in the next section. After
back-projecting the model color set, image B[z, y] is filtered and analyzed to reveal spatially localized color
regions.

7.4.3.1 Color region information

Information about the regions such as the color set used for back-projection, the spatial location and size
are added to the REGION relation (see Table 7.3) and are subsequently used for queries as explained in the
next sections. While color set selection and back-projection provides one automated technique for extracting
salient color regions from the images, other methods can easily be incorporated into our system. For example,
manually extracted regions and their features can also be added to the REGION relation.

7.4.4 Color set query strategy

We now define the strategy for processing the color set queries, which is an important building block in the
overall color image query process. The color set query compares only the color content of regions or images.
The spatial queries were considered in the previous sections. Given query ¢ = {c,}, the best match to @ is
target T; = {cy, }, where,

j = argminj(defj)
= afgmmj(ﬂtj =23 v where Cylm)=1 " [m]).

set
4,t5
case, the computation of d;ffj requires M’ + 1 additions per target and no multiplications, where M’ is the

A straightforward way to process the query is to compute d$% exhaustively for all j using Eq. 7.9. In this
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number of non-zero colors in ¢,. This provides for drastic improvement over the original histogram quadratic
form.

The complexity of this approach, where M = size of color set (histogram) and N = number of images
in the database, is O((M' 4+ 1)N), where M’ << M gives the number of non-zero colors in the query color
set. Compare this to a naive computation of quadratic histogram distance, which is O(M2N). In QBIC, the
computation is reduced by the technique in [59] to O(M2C' + M"N), where typically M” = 3 and C' << N.
We note that the technique in [59] may be combined with the color set technique to further reduce complexity.

Given the query color set: find the best match to color set c;, where d;ff < 7° defines the maximum
tolerance for color set distance, the following range queries produce the best match:

MU — Select = from COLORSET where pu¢ < 7° — pg

COLy, — Select r¢[m] from COLORSET where r¢[m] > %,
Vm where cq[m] =1

CAND — MU Mivip COL; Mivip COL; Mivip - -+ Mivip COLg

COLORMATCH «—  mingse: (CAND), (Fq.7.9).
q,t

As this query strategy illustrates, color region matching is accomplished by performing several range
queries on the query color set’s colors, taking the Join of these lists and minimizing the sum of attributes in
the joined list. The best match minimizes the color set distance.

Since this strategy merely provides efficient indexing of the terms in the decomposed quadratic color set
distance equation, the query strategy provides for no false dismissals. The final candidate image list has false
alarms which are removed through the final minimization which requires only additions in the computation of
d;ff. Using a similar indexing strategy for retrieving images using color histograms in a database of 750,000
images, the computation of the 60 best matches takes less than two seconds [148].

7.4.5 Synthetic color region image retrieval

To test the spatial and color query system, we generated 500 synthetic images by selecting, manipulating and
compositing color regions into synthetic images. Some examples are illustrated in Figure 7-17 and Figure 7-18.
While the synthetic images appear quite different from real images, the composition of regions is still difficult
to decipher automatically by computer. For example, in the retrieved images in Figure 7-17, the original
composited regions cannot be extracted exactly because of occlusion and aggregation of the regions.

The region library consists of twelve elementary shapes, illustrated at the top of Figure 7-19. To construct
each synthetic image, shapes were selected at random from the library and were randomly rotated, scaled,
colored and composited, as illustrated in Figure 7-19. The control factors, such as color, size, and location of
regions, establish a ground truth database.

The synthetic image query experiment was conducted as follows: 100 synthetic query images were gener-
ated which have from one to three randomly selected regions in each; 500 target images were generated as
described above. For each query image, all of the target images were assigned a similarity score using the
ground truth database and using an exhaustive comparison and distance minimization over all query and
target regions (Query GT).

The target images from each Query G'T were sorted by closest distance to the query image. The target
images were assigned a relevance to each query based upon rank in the sorted list as follows:

e if rank = 1 to 5 then relevance = 1,
e if rank = 6 to 10 then relevance = 0.5,
e if rank = 11 to 500 then relevance = 0.

Using the target image relevances obtained from Query GT, the queries were next evaluated using several
methods and compared to the Query GT.

1. In Query Q1, the region indexing and distance computation strategy outlined here was carried out on
the ground truth database.

2. In Query Q2, the same query strategy was carried out on a region database that was generated auto-
matically from the target images using color set back-projection.

3. In Query Q3, the combined color histogram of the query regions was matched to the combined region
color histogram of each target image as the basis for image retrieval.
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Figure 7-17: Example of the absolute location synthetic image queries: query image is top left, retrieved
images from top left to bottom right in order of best match.

5

Figure 7-18: Example of the relative location synthetic image queries: query image is top left, retrieved
images from top left to bottom right in order of best match.
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Figure 7-19: Generation of synthetic images and ground truth database and process for evaluating effectiveness
of joint spatial and color queries.
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Figure 7-20: Average retrieval effectiveness of 100 randomly generated queries on database of synthetic images,
with the four query methods defined as above.

We see in Figure 7-20 that the spatial and color query strategy (Query Q2) performs much better than
color histograms (Query Q3) in retrieving image matches. We also see that Query Q1 performs better than
Query Q2. The difference represents the loss of information in the process of automated region extraction
through color set back-projection. Furthermore, the drop in retrieval effectiveness in Queries Q1 and Q2 from
the ground truth Query GT results from the spatial and color indexing strategies.

In computing the similarity between the query and target images in Query GT, all regions in the target are
considered. In this way, some target images are identified as matches even when only two out of three regions
are close matches. These configurations are considered only because Query GT conducts an exhaustive search
on all target regions. In the indexing strategy outlined here, candidate target images are required to possess
regions which are all sufficiently close to the query regions. This restriction, which allows the gain in retrieval
efficiency over exhaustive search, explains the retrieval effectiveness drop compared to Query GT.

7.4.6 Color photographic image retrieval

The joint spatial and color queries are formulated graphically, as illustrated in Figure 7-21 [152]. The user
sketches regions, positions them on the query grid and assigns them attributes of color, size and absolute
location. The user may also assign boundaries for location and size. We illustrate the power and flexibility
of the system over non-spatial techniques.

7.4.6.1 Query 1: Sunsets

The goal of this query is to retrieve images depicting sunsets. Prior to the trials, the 3,100 images were
inspected, and each was assigned a relevance. The query results are shown in Figure 7-22. The results show
that the integrated spatial and color query system gives better retrieval effectiveness than color histogram
and color set-based query methods.

Using the SaFe interface (from Figure 7-21), the SaFe sunset query (denoted by A) specifies two regions
(outer is orange and inner is yellow) and their spatial layout (top left of Figures 7-22). The best matches
(illustrated on top from left to right) have a similar arrangement of similarly colored regions.

For the color histogram (denoted by B) and color set (denoted by C) queries, the best match sunset image
from A is used as the seed image. Query B is computed using the histogram quadratic distance metric
(Eq 7.6). Query C is computed using the binary set quadratic distance metric (Eq 7.7). The best matches are
illustrated from left to right. We see that the global color queries give the user little control in specifying the
query and more readily returns images that are not desired. The plot in Figure 7-22 shows that the retrieval
effectiveness for B and C is much worse that the SaFe query A.
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Figure 7-21: SaFe user interface to the photographic image query system.
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Figure 7-22: Query 1. Sunset image retrievals (A = SaFe query, B = color histograms, C = color sets).
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Figure 7-23: Query 2. Blue sky with greenery image retrievals (A = SaFe query, B = color histograms, C =
color sets).
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7.4.6.2 Query 2: Blue sky images with greenery

The goal of this query is to retrieve images depicting blue sky images with greenery. Prior to the trials, the
3,100 images were inspected and each was assigned a relevance. The query results are shown in Figure 7-23.

The SaFe sunset query (denoted by A) specifies two regions (upper is blue and lower is dark green) and
their spatial layout (top left of Figures 7-23). The best matches (illustrated on top from left to right) have a
similar arrangement of similarly colored regions.

For the color histogram (denoted by B) and color set (denoted by C) queries, the best match sunset image
from A is used as the seed image. Query B is computed using the histogram quadratic distance metric
(Eq 7.6). Query C is computed using the binary set quadratic distance metric (Eq 7.7). The best matches
are 1llustrated from left to right. The plot in Figure 7-23 shows that the retrieval effectiveness for the SaFe
query A is much higher than in queries by methods B and C.

7.4.6.3 Pedagogical image queries

We now illustrate the range of possible spatial and color queries. In the first example, in Figure 7-24(a),
the query (top) specifies the absolute location of a single region. The retrieved image (bottom) has the best
match in color and size to the query region and falls within the “zero-distance” bound diagrammed in the
query. In Figure 7-24(b), the query specifies two regions. The retrieved image has two color match regions
located at the positions in the query image.

In Figure 7-24(c), the query specifies the spatial relationships of three regions. The retrieved image has
three regions that best match the colors of the query regions and their spatial relationship satisfies that
specified in the query. In Figure 7-24(d), the query specifies both absolute and relative locations of regions.
In this query, the match to the region positioned by absolute location (top left region in query image) considers
both the color and location of this region. The match to the other regions (bottom two regions in query image)
at first considers only the colors of these regions. In the last stage of the query, the spatial relationships of
the regions are evaluated to determine the match.

()

Figure 7-24: Example queries (a) region with absolute location, (b) two regions with absolute locations, (¢)
multiple regions with relative locations, (d) multiple regions with both absolute and relative locations.

7.5. Summary

We presented a new paradigm for image searching which integrates spatial (region absolute and relative
locations, and size) and feature querying (visual features, i.e., color). Previous content-based query systems
have not provided both types of querying [102, 112, 105, 3]. Since the discrimination of images is only
partly provided by global features, the system instead utilizes image regions and their features, sizes, spatial
locations, and relationships in order to compare images.

In this chapter, we described the process by which image queries are decomposed into independent region
queries. These results are joined to determined candidate target images. The spatial relationships in the
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candidate target images are projected into 2-D string representations. These provide for efficient validation
of the spatial relationships in the target images compared to the query images.

We demonstrated that by integrating content-based and spatial querying a highly functional query system
is generated which allows for a wide variety of complex spatial and feature queries. We evaluated several
example spatial and color queries on a test-set of synthetic images and a test-set of color photographic images.
We demonstrated that retrieval effectiveness improves significantly over purely content-based methods.

In the next chapter, we describe some of the details involving the implementation of the SaFe integrated
spatial and feature image query system. We also describe a related system: VisualSEEk. The Visual SEEK
system demonstrates the color/spatial image query paradigm in addition to other image search methods, such
as, relevance feedback searching and text-based searching. We also present the WebSEEk image and video
search engine. WebSEEk demonstrates the methods of content-based and integrated spatial and feature-based
searching and cataloging of images and videos from the World-Wide Web.
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Chapter 8

Content-based visual query applications

8.1. Introduction

In this chapter we introduce three new prototype applications that demonstrate the powerful techniques for
content-based retrieval developed in this thesis. We first present the WebSEEk system, which is a content-
based image and video search engine [148, 147]. WebSEEk consists of three components: (1) a collection
system for cataloging images and videos, (2) an image and video analysis system which extracts and indexes
visual features of the images and videos, and (3) the query system which consists of the query engine, the
search tools, and query results display tools. We demonstrate the performance of the system in cataloging,
indexing and search and retrieval of over one-half million images and videos collected from the World-Wide
Web.

We also present the VisualSEEk color and spatial image query system [151, 146]. VisualSEEk provides
several methods for searching for images including, integrated color and spatial querying, relevance feedback
querying and text-based searching. VisualSEEk also provides a system for clustering the images to facilitate
the annotation process for large collections of images.

Finally, we present the SaFe spatial and feature query system [142]. SaFe is an open-platform for computing
powerful image queries that specify spatial arrangements of objects or regions and region feature properties.
SaFe allows the user to construct a query image that consists of regions constrained by absolute and/or
relative spatial locations. Potential applications of the SaFe system include geographic image systems (GIS),
map retrieval [154], satellite image systems [87, 92] and photographic image databases [3, 45, 145].

8.2. WebSEEk image and video search engine

We first describe a system prototype for searching for images and videos on the World-Wide Web. New visual
information in the form of images, graphics, animations and videos is being published on the Web at an
incredible rate. However, cataloging it is beyond the capabilities of current text-based Web search engines.
We describe a complete system by which visual information on the Web is

1. collected by automated agents,

2. processed in both text and visual feature domains,
3. catalogued and

4. indexed for fast search and retrieval.

We introduce an image and video search engine which utilizes both text-based navigation and content-based
technology for searching visually through the catalogued images and videos. Finally, we provide an initial
evaluation based upon the cataloging of over one half million images and videos collected from the Web.

8.2.1 Overview of search engines

A large number of search engines index the plethora of documents on the World-Wide Web. For example,
recent systems such as Lycos, Alta Vista, Infoseek and Excite index Web documents by their textual content.
These systems periodically scan the Web, analyze the documents, and create compact and searchable indexes.
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The user, by entering query terms and/or by selecting subjects, uses these search engines to more easily find
the desired Web documents.

Visual information is published on the Web in the form of images, graphics, bitmaps, animations and
videos. As with Web documents in general, the publication of visual information is highly volatile. New
images and videos are added everyday and others are replaced or removed entirely. In order to catalog the
visual information, a highly efficient automated system is needed that regularly traverses the Web, detects
visual information, processes it and indexes it in such a way to allow for efficient and effective search and
retrieval.

We have developed a prototype image and video search engine! to fulfill this need [148, 147]. The system
collects images and videos from the Web, catalogs them, and provides tools for searching and browsing.
The system is novel in that it utilizes text and visual information synergically to provide for cataloging and
searching. The complete system possesses several powerful functionalities, namely,

1. automated collection of visual information from the Web,

2. automated 1image and video subject classification,

3. searching using innovative visual content-based techniques,

4. image and video subject search and navigation, and text-based searching,

5. compact presentation of images and videos for displaying query results,

6. search results lists manipulations such as intersection, subtraction and concatenation, and

7. query modification using content-based relevance feedback.

Recently, several World-Wide Web image search engines have been reported [134, 148, 47, 70]. The
Webseer system {rom University of Chicago [47] provides a system for searching for images and animations.
The system is novel in that it detects faces within the images and lets the users search by the number of
faces. The Webseer system does not classify the images into subject categories and does not provide for
content-based searching. The Interpix [70] image search engine provides for content-based image searching
using color histograms. The Interpix system has recently been integrated with Yahoo’s search engine allowing
for retrieval of images related to some of Yahoo’s Web categories.

8.2.2 Image and video collection process

The image and video collection process is conducted by autonomous Web agents or “spiders.” The spiders
traverse the Web by following the hyperlinks between documents. They detect 1images and videos, retrieve
and process them and add the new information to the catalog. The overall collection process, illustrated in
Figure 8-1, is carried out using several distinct modules:

1. the Traversal Spider — assembles lists of candidate Web documents that include images, videos or
hyperlinks to them,

2. the Hyperlink Parser — extracts the Web addresses (URLs) of the images and videos, and

3. the Content Spider — retrieves, analyzes and iconifies the images and videos.

8.2.2.1 Image and video detection

In the first phase, the Traversal Spider traverses the Web looking for images and videos, as illustrated in
Figure 8-2. Starting from seed URLs, the Traversal Spiderfollows a breadth-first search path. It retrieves Web
documents via Hypertext Transfer Protocol (HTTP) and passes the Hypertext Markup Language (HTMIL)
code to the Hyperlink Parser. In turn, the Hyperlink Parser detects new URLs, encoded as HT'ML hyperlinks,
and adds them back to the queue of Web documents to be retrieved by the Traversal Spider.

thttp://www.ctr.columbia.edu/webseek
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The Hyperlink Parser detects the hyperlinks in the Web documents and converts the relative URLs into
absolute addresses. By examining the types of the hyperlinks and the filename extensions of the URLs,
the Hyperlink Parser assigns each URL to one of several categories: image, video or HTML. The mapping
between filename extensions and Web object type i1s given by the Multipurpose Internet Mail Extensions
(MIME) content type labels, as illustrated in Table 8.1.

Extension Type Description

.gif image Compuserve image format
.Jpg, Jpeg, Jpe, JJfif, .pjpeg, -pip image JPEG image format

.qt, .mov, .moov video Quicktime video format
.mpeg, .mpg, .mpr, .mpv, .vbs, .mpegv | video MPEG video format

.avi video Microsoft video format
.htm, chtml HTML | Hypertext markup language

Table 8.1: MIME mapping between extensions and object types.

In the second phase, the list of image and video URLs from the Hyperlink Parser is passed to the
Content Spider. The Content Spider retrieves the images and videos, processes them and adds them to
the WebSEEk catalog. Three important functions of the Content Spider are to

1. extract visual features that allow for content-based techniques in searching, browsing and grouping,

2. extract other attributes such as width, height, number of frames, type of visual data (i.e., photo, graphic,
video, etc.), and so forth, and

3. generate an icon, or motion icon, that sufficiently compacts and represents the visual information to be
used for browsing and displaying query results.

The process of extracting visual features generates a color histogram and a table of extracted color regions
for each image and video. The process is discussed in more detail in Section 8.2.5. The other attributes of the
images and videos populate the WebSEEk database tables, which are defined in Section 8.2.3.4. Finally, the
Content Spider generates coarse and highly compressed versions of the images and videos to provide pictorial
data in the query output.

Image and video presentation The image icons are obtained by spatially reducing the original images.
The video icons are generated by reducing the original videos both spatially and temporally. The temporal
reduction 1s achieved in a two step process: first, only one frame is retained per every one second of video.
Next, the key frames of the sequence are identified using automated shot detection [95]. Finally, the video is
re-animated from the key frames and packaged as an animated-GIF file.

8.2.3 Subject classification process

The utilization of text is essential to the cataloging process. In particular, every image and video on the Web
has a unique Web address (URL) and possibly other HTML tags. This text potentially provides a semantic
description of the corresponding visual information. We process the URLs and HTML tags in the following
ways to index the images and videos:

e extract terms t;’s,
e extract directory names d;’s,
o map key-terms t}’s to subjects s,,’s using a key-term dictionary My, , and

e map directory names d;’s to subjects s,,’s.

8.2.3.1 Text processing

The images and videos are published on the Web by two distinct methods: nline and reference. The HTML
syntax differs in the two cases:
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1. To inline, or embed, an image or video into a Web document, the following code is included in the
document: <img src=URL alt=[alt text]> where URL gives the relative or absolute address of the
image or video. The optional alt tag specifies the text that substitutes for the inlined image or video
when the image or video 1s not displayed.

2. Alternatively, images and videos are referenced from parent Web documents using the following code:
<a href=URL>[hyperlink text]</a>, where the optional [hyperlink text] provides the high-lighted text
that describes the image/video pointed to by the hyperlink.

Term extraction The terms, t;’s, are extracted from the image and video URLs, alt tags and hyperlink
text by chopping the text at non-alpha characters. For example, the URL of an image or video has the
following form

URL = http://host.site.domain[:port]/[user/][directory/][file[.extension]].
Here [...] denotes an optional argument. For example, several typical URLs are

URL:1 =http://www.nmynet .net:80/animals/domestic-beasts/dog37. jpg,
URLz =http://camille.gsfc.nasa.gov/rsd/movies2/Shuttle.gif,
URLs =http://www.arch.columbia.edu/DDL/projects/amiens/slide6b.gif.

Terms are extracted from the directory and file strings using functions fkey and F,. where

hop
fkey(URL) = Fehop (directory/file),

C

and fchop (string) gives the set of substrings that are delimited by non-alpha characters. For example,

Frey(URL1) = F

c
“animals,” “domestic,” “beasts,” “dog”.

hop (“animals/domestic-beastsl/dog37”)

The process of extracting terms produces an overall set of terms {{j} for the image and video collection.
The system indexes the images and videos directly using {t; }. In addition, certain terms, key-terms, ¢}’s, are
used to map the images and videos to subject classes; as we explain shortly.

Directory name extraction A directory name, d;, is a phrase extracted from the URLs that groups
images and videos by location on the Web. The directory name consists of the directory portion of the URL,
namely, F ;. (URL) = directory. For example, Fy;,(URL;) = “animals/domestic-beasts”. The process of
extracting directory names produces an overall set of directory names {d;} for the image and video collection.
The directory names are also used by the system to map images and videos to subject classes.

8.2.3.2 Image and video subject taxonomy

A subject class or subject, s,,, is an ontological concept that represents the semantic content of an image
or video, 1.e., subject = “The Beatlei.i A subject taxonomy is an arrangement of the set of subject classes
{sm } into a hierarchy, denoted as {s,, }, i.e., “The Beatles” € “Rock music” € “Music.” We are developing
the subject taxonomy for image and video topics; a portion is illustrated in Figure 8-3. When we detect
potentially descriptive terms, such as ¢ =“dog” or t; =“canine,” we add an appropriate subject class, i.e.,
$m =“animals/dogs,” to the subject taxonomy.

8.2.3.3 Key-term dictionary

The key-terms, t}’s, are terms that are manually identified to be semantically related to one or more subject
classes, sp’s. The key-term dictionary contains the set of key-terms {¢;} and the related subject classes
{sm}. As such, the key-term dictionary provides a set of mappings { Mg, } from key-terms to subject classes,
where My, @ 15 — sm.

We build the key-term dictionary in a semi-automated process. In the first stage, the term histogram for
the image and video archive is computed such that each term #; is assigned a count number fj which indicates
how many times the term appeared. Then, the terms are ranked by highest count f; and are presented in
this order of priority for manual assessment.
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Figure 8-3: Portion of the image and video subject taxonomy {;;}

The goal of the manual assessment is to assign qualified terms ¢} € {tx} to the key-term dictionary.
The qualified terms should be descriptive and not homonymic. Ambiguous terms make poor key-terms. For
example, the term “rock” is a not a good key-term due to its ambiguity. “Rock” refers to either a large mass
of stone, rock music, a diamond, or several other things. Once a term and its mappings are added to the
key-term dictionary, it is used to assign the images and videos in the collection to subject classes.

term: tg | count: fi key-term: t7 | count: fr | mapping My, to subject sm
image 86380 planet 1175 astronomy /planets
gif 28580 music 922 entertainment /music
icon 14798 aircraft 458 transportation/aircraft
pic 14035 travel 344 travel
img 14011 gorilla 273 animals/gorillas
graphic 10320 starwars 204 entertainment /movies/films/starwars
picture 10026 soccer 195 sports/soccer
small 9442 dinosaur 180 animals/dinosaurs
art 8577 porsche 139 transportation/automobiles/porsches

(a) (b)

Table 8.2: Sample (a) terms and their counts {t : fr} and (b) key-terms counts {t} : fi } with subjects s,,’s
and mappings Mz, : 7 — sm’s. Taken from the assessment of over 500, 000 images and videos.

1 From the initial experiments of cataloging over 500, 000 images and videos, the terms listed in Table 8.2
are a sample of those extracted. Notice in Table 8.2(a) that some of the most frequent terms are not
sufficiently descriptive of the visual information, i.e., terms: “image,” “picture.” The terms in Table 8.2(b)
unambiguously define the subject of the images and videos, i.e., terms: “aircraft,” “gorilla,” “porsche.”

In a similar process, the directory names d;’s are mapped manually to subject classes s,;’s. In this case, an
entire directory of images/videos may be mapped to one or more subject classes. For example, the directory
d; = “space/planets/saturn” is mapped to subject s,, = “astronomy/planets/saturn.” Similar to the process
for key-term extraction, the system computes a histogram of directory names {d; : f;} and presents it for
manual inspection. The directories that sufficiently group images and videos related to particular topics are
then mapped to the appropriate subject classes.

In Section 8.2.6.1, we demonstrate that these methods of key-term and directory name extraction coupled
with subject mapping provide excellent performance in classifying the images and videos by subject. By
incorporating some results of natural language processing in addition to using visual features, we hope to
further improve and automate the subject classification process.
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8.2.3.4 Catalog database

As described above, each retrieved image and video is processed and the following information tables are
populated:

IMAGES — IMID URL NAME FORMAT WIDTH HEIGHT FRAMES DATE
TYPES — TMID TYPE

SUBJECTS - IMID SUBJECT

TEXT — TMID TERM

FV — TMID COLOR-HISTOGRAM

REGIONS - TMID REGID COLOR-SET X Y WIDTH HEIGHT

where the special (non-alphanumeric) data types are given as follows:

TYPE € {Color photo, Color graphic, Video, B/w image, Gray image}
SUBJECT € {Subject classes from taxonomy {s,}, partially depicted

in Figure 8-3}
COLOR-HISTOGRAM € R'®® (166-bin histogram)
COLOR-SET € B'° (166-element binary set).

The automated assignment of TYPE to the images and videos using visual features is explained in Sec-
tion 8.2.5.3. Queries on the database tables: IMAGES, TYPES, SUBJECTS and TEXT are performed using standard
relational algebra. For example, the query: Give me all records with TYPE = “video”, SUBJECT = “news”
and TERM = “basketball” can be carried in SQL as follows:

SELECT IMID
FROM TYPES, SUBJECTS, TEXT
WHERE TYPE = “video” AND SUBJECT = “news” AND TERM = “basketball.”

However, content-based queries, which involve table FV and REGIONS, require special processing, which is
discussed in Sections 8.2.4.2 and 8.2.5.

8.2.4 Search and retrieval processes

To retrieve images and videos the user may enter search terms t5’s or select an image/video subject s,,. The
search process and model for user-interaction is depicted in Figure 8-4. The query for images and videos
produces search results A. For example, Figure 8-5 illustrates the search results for a query for images and
videos related to s, =“nature,” that is, A = Query(SUBJECT = “nature”). The user may manipulate, search
or view A.

WebSEEK @
catalog

Record Search/ Viewing

B ;
i i Ranking
Extraction Manipulation |—>

-1 |

Figure 8-4: Search, retrieval and search results list manipulation processes.

8.2.4.1 Search results list manipulation

The results of a prior search may be fed-back to the manipulation module as list C, as illustrated in Figure 8-
4. The user manipulates C by adding or removing records. This is done by issuing a new query that
creates a second, intermediate list A. The user then generates the new list B by selecting one of the
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following manipulations on C using A, for example, define C = Query(SUBJECT = “nature”) and A =
Query(TERM = “sunset”), then

union: B=AUC, lie., B= Query(TERM = “sunset” or SUBJECT = “nature”),

intersection: B =ANC, ie., B= Query(TERM = “sunset” and SUBJECT = “nature”),

subtraction: B =C—A, 1le.,, B = Query(SUBJECT = “nature” and TERM # “sunset”),

replacement: B = A, i.e., B = Query(TERM = “sunset”),

keep: B=C, i.e., B = Query(SUBJECT = “nature”).

8.2.4.2 Content-based visual query

The user may browse and search the list B using both content-based and text-based methods. In the case
of content-based searching, the output is a new list C, where C C B is an ordered subset of B such that C
is ordered by highest similarity to the image/video selected by the user (as described in Section 8.2.5). The
search and browse operations may be conducted on the input list B or the entire catalog.

For example, C = B ~ B% where ~ means “visually similar,” ranks list B in order of highest similarity
to the selected item B®¢!. For example, the following content-based visual query:

C = Query(SUBJECT = “nature”) ~ Bsel(“mountain scene image”),

ranks the “nature” images and videos in order of highest visual similarity to the selected “mountain scene
image.” In the example illustrated in Figure 8-6, the query C = B ~ Bsel(“red race car”), retrieves the
images and videos from the subject class: SUBJECT = “transportation/automobiles/ferraris” that are visually
similar to the selected image of a “red race car.”

Alternatively, the user can select one of the items in the current search results list B and then use it to
search the entire catalog for similar items. For example, C = A ~ B®¢! ranks list A, where in this case A is
the full catalog, in order of highest visual similarity to the selected item from B.

8.2.5 Content-based techniques

The system provides two methods for content-based searching: (1) by color histograms, and (2) by spatial loca-
tions and arrangements of color regions. We adopted these techniques in order to utilize domain-independent
approaches [146]. The content-based methods developed here for indexing, searching and navigation can be
applied, in principle, to other types of features, such as texture, motion and so forth, and to other application
domains.

8.2.5.1 Global feature query

The color histograms describe the distribution of colors in each image or video. We define the color histograms
as discrete, 166-bin, distributions in a quantized HSV color space [146]. The system computes a color
histogram for each image and video scene, which is used to assess its similarity to other images and video
scenes. The color histograms are also used to automatically assign the images and videos to type classes using
Fisher discriminant analysis, as described in Section 8.2.5.3.

Color histograms dissimilarity Color histograms are used to measure the dissimilarity of the color con-
tents of the images. A histogram dissimilarity metric determines the dissimilarity between a query histogram
and a target histogram [45, 3]. In order to achieve high efficiency in the color histogram query process, we
utilize the technique of query optimized distance (QOD) computation. This technique provides both efficient
indexing, retrieval of target histograms and computation of the histogram dissimilarities. In the QOD tech-
nique, the retrieval of candidate target images is prioritized in the order of the most significant colors in the
query histogram.

We have found that setting the “color significance” threshold adaptively to select only the 80 — 90%
most significant colors in the query histogram decreases query time dramatically without degrading retrieval
effectiveness. By using the efficient QOD computation method, we are able to greatly reduce the query
processing time, as demonstrated in Section 8.2.6.3.
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8.2.5.2 Integrated spatial and color query

While color histograms are useful for indexing images by global color, a significant aspect of discriminating
among images depends on the sizes, spatial locations and relationships of objects or regions within the images.
Therefore, we developed a system for querying by spatial locations and arrangements of color regions [146].
With this integrated spatial and feature image query engine, the user graphically constructs a query by placing
color regions on a query grid, as illustrated in Figure 8-7.

The similarity between the query image and each target image is computed by assessing the similarities of
the spatial locations, colors and sizes of the regions in the query and target images. The integrated spatial and
features system provides greater power and flexibility in querying for images than the color histogram-based
methods [146]. We found that retrieval effectiveness improves substantially using this method.

8.2.5.3 Automated type assessment

By training on samples of the color histograms of images and videos, we developed a process of automated
type assessment using Fisher discriminant analysis (FDA). FDA constructs a series of uncorrelated linear
weightings of the color histograms that provide for maximum separation between training classes [48]. New
color histograms are automatically assigned to nearest Type € {color photo, color graphic, video, b/w image,
gray image} class [148].

In Section 8.2.6.2, we show that this approach provides for excellent performance in automatically clas-
sifying the images and videos into these broad type classes. We hope to increase the number of type classes
and 1mprove the type-classification system by incorporating other visual features such as spatial and color
region information into the classification process.

8.2.5.4 Relevance feedback

The user best determines from the results of a query which images and videos are relevant and not relevant.
The system can use this information to reformulate the query to better retrieve the images and videos the
user desires [77]. Using the color histograms, relevance feedback is accomplished as follows: let I, = {relevant

images/videos} and I, = {non-relevant images/videos} as determined by the user. The new query vector
h’;“"’1 at round k 4 1 1s generated by
k k
byt = lloh+ 53 hi—y > byl (8.1)
tely JEIn
where || - || indicates normalization. The new images and videos are retrieved using h’q“‘l'l. One formulation

of relevance feedback assigns the values @« = 0, and 8 = v = 1, which weights the positive and negative
examples equally. The process of selecting the example images for content-based relevance feedback searching
is illustrated in Figure 8-8(a). A simpler form of relevance feedback allows the user to select only one positive
example in order to iterate the query process. In this case, « =4 =0, =1, |I.| = 1 and |L,,| = 0 gives the
new query vector directly from the selected image/video’s color histogram, hy_ as follows, h’;“"’1 =h;, .

8.2.5.5 Histogram manipulation

The system also provides a tool for the user to directly manipulate the image and video color histograms
to formulate the search. Using the histogram manipulation tool, illustrated in Figure 8-8(b), the user may
select one of the images or videos from the results and display its histogram. The user can then modify the
histogram by adding or removing colors. The modified histogram 1s then used to conduct the next search.
The new query histogram h’;“"’1 is generated from a selected histogram h; by adding or removing colors, which
are denoted in the modifications histogram h,,,

hi+ = [[h + by . (8.2)

8.2.6 Evaluation

In the initial trials, the system has catalogued 513,323 images and videos from 46,551 directories at 16,773
Web sites. The process required several months, and was performed simultaneously with the development
of the user application. Overall the system has catalogued over 129 Gigabytes of visual information. The
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local storage of information, which includes coarse versions of the data and color histogram feature vectors,
requires approximately 2 Gigabytes.

8.2.6.1 Subject classification evaluation

The cataloging process assigned 68.23% of the images and videos into subject classes using key-term and
directory name mappings. To evaluate the subject classification system we assessed the classification rates for
several subject classes. The results are summarized in Table 8.3. The classification performance is excellent;
the system provides a classification precision of approximately 92%. For this assessment we chose nine classes,
depicted in Table 8.3, at random from the subject taxonomy of 2128 classes. We established the ground-truth
by manually verifying the subject of each image and video in the nine test sets.

We observed that errors in classification result from several occurrences:

1. the key-terms defined by the WebSEEk system are sometimes used out of context by the publishers of
the images or videos,

2. the system relies on some ambiguous key-terms, i.e., t; =“madonna” and
3. the semantics of the images and videos change when viewed outside of the context of their Web sites.

For example, in this last category the precision of subject class s, =“animals/possums” is low, as depicted in
Table 8.3, because five out of the nine items are not images or videos of possums. These items were classified
incorrectly because the key-term “possum” appeared in the directory name. While some of the images in that
directory depict possums, others depict only the forests to which the possum are indigenous. When viewed
outside of the context of the “possum” Web site, the images of forests are not expected to be in the class
“animals/possums.”

Subject # Sites | Count | Rate
art /illustrations 29 1410 | 0.978
entertainment /humour/cartoons/daffyduck 14 23 | 1.000
animals/possums 2 9 | 0.444
science/chemistry/proteins 7 40 | 1.000
nature/weather/snow /frosty 9 13 | 1.000
food 403 2460 | 0.833
art/paintings/pissarro 3 54 | 1.000
entertainment/music/mtv 15 87 | 0.989
horror 366 2454 | 0.968

Table 8.3: Rates of correct subject classification (precision) for random set of classes.

8.2.6.2 Type classification evaluation

The precision of the automated type classification system is summarized in Table 8.4. For this evaluation,
the training and test samples consist of 200 images from each type class. We found the automated type
assessment for these five simple classes is excellent. The system provides a classification precision of 95%. In
future work, we will extend WebSEEk to include a larger number of classes; including new type classes, such
as Fractal images, Cartoons, Faces, Art paintings and subject classes from the subject taxonomy.

Type Rate
Color photo 0.914
Color graphic | 0.923
Gray image 0.967
B/w image 1.000

Table 8.4: Rates of correct automated type classification.
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8.2.6.3 Efficiency

Another important factor in the image and video search system is the speed at which user operations and
queries are performed. In the initial system, the overall efficiency of various database manipulation operations
is excellent, even on the large catalog (> 500,000 images/videos). In particular, the good performance of
the content-based visual query methods is provided by the strategy for indexing the 166-bin color histograms
described in Section 8.2.5.1. For example, the system identifies the A" = 60 most similar visual scenes in the
catalog of 513,323 images and videos to a selected query scene in only 1.83 seconds.

We nest describe the VisualSEEk prototype image database system. VisualSEEk demonstrates the
color /spatial search method in the retrieval of color photographic images. VisualSEEK also has components
for text-based searching, “power” annotation of images and content-based relevance feedback searching.

8.3. VisualSEEk color/spatial image query system

VisualSEEKk is an image database system that provides tools for searching, browsing and retrieving images.
VisualSEEk is novel in that the user queries for images by specifying color regions and their spatial locations.
We describe the VisualSEEk color/spatial image query processes, the relevance feedback color search system
and the text-based search and annotation methods. We demonstrate that the relevance feedback retrieval and
annotation components have critical roles in the VisualSEEk system. For example, by clustering the images
by color, the annotation process is greatly accelerated. Finally, we demonstrate the query methods and show
some example queries.

The goal of the VisualSEEk project is to implement a CBVQ system that provides efficient and effective
retrieval of images [151]. The VisualSEEk project emphasizes several objectives in order to improve image
retrieval functionality:

1. automated extraction of localized regions and colors from images [145],
2. querying by both color and spatial information [146],

3. fast indexing and retrieval, and

4. the design of highly functional user tools.

We developed the VisualSEEk client application in Java to allow for maximum functionality, client platform
independence and accessibility on the World-Wide Web.

8.3.1 System design

The VisualSEEk system consists of several components, as illustrated in Figure 8-9: (1) the user tools, (2)
the query server, (3) the image retrieval server, (4) the image archive, (5) the meta-data database and (6)
the index files.

Visual SEEk = Index
query tools
- Text annotation Query T
tools > =P Server
World (€ Meta-dato ="
User Give Me More Wde eatur.e
query tools Web * extraction
Query thumbnails Image/ region
) Video i
o € ooy D o A e extraction
video
Visual SEEk client Network Visual SEEk server

Figure 8-9: VisualSEEk client-server architecture.
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These components construct the three distinct modules of the VisualSEEk system: (1) the client applica-
tion, (2) the network and communication application and (3) the server application. The client application
consists of a suite of Java applets that execute within the World-Wide Web browser. The VisualSEEk applet
collects the query from the user and sends the query string to the server via the common gateway interface
(CGI) using the hypertext transfer protocol (HTTP) as depicted in Figure 8-10. The HTTP client-server
system handles VisualSEEk’s communication via the World-Wide Web. The CGI component of the HTTP
executes the VisualSEEk query programs on the server machine.

User Network Server
URL query
CaGl
HTML matches
Visual SEEK Server
Applet IPEG Web images Executables

Figure 8-10: Data flow between client and server applications in the VisualSEEk system.

8.3.1.1 Client application

The client application provides query tools that allow the user to construct a query by diagramming color
regions on a query grid. The user assigns the regions attributes of spatial location, size and color, as illustrated
in Figure 8-11(a). The user may also assign boundaries for the locations and sizes of the regions.

Figure 8-11(a) depicts an example query that specifies three regions - blue, green and light blue, and their
locations and sizes. The results of this VisualSEEk query are illustrated in Figure 8-11(b). We see that this
particular query retrieves images of under-water scenes and nature with blue skies and trees.

8.3.1.2 Server application

The server application computes the queries that are sent by the client application. The server application
first parses the query string and decodes the number of regions and their sizes, colors and locations. Next, it
generates a “mock-up” image that depicts the regions specified by the user in the query. This image is sent
to the client application to be displayed as the first element in the query results page (see top of results page
in Figure 8-11(b)). Then, the query server computes the query and finds the images that contain the best
matches to the query regions.

The query program generates its output in the hypertext markup language (HTML) that displays the
results of the query to the user. The HTML output includes thumbnail images that depict the images found
in the query. The output also includes the distance scores for each retrieved image to the query image. When
the user selects a thumbnail image, the system retrieves the full-size image from the image server.

8.3.2 Relevance feedback queries

After the system finds the matches and returns the thumbnail images, as illustrated in Figure 8-11(b), the
user has several options: (1) select images for full retrieval and viewing, (2) modify the query and try again
and (3) select images for relevance feedback queries. In a relevance feedback query, VisualSEEk searches the
database for the best matches to the selected image from the prior query results. The relevance feedback
query tools allow the user to select from several global similarity metrics such as: global color, color regions,
global texture, and joint color and texture. Figure 8-12 illustrates an example relevance feedback query using
global color features of a selected image from Figure 6(a). The images displayed in Figure 8-12(b) have the
most similar color content to selected image.
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Figure 8-11: An example VisualSEEk query that specifies (a) three color regions - blue, green and light blue,
and their locations and sizes, and (b) the query results.
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8.3.3 Image annotation

The VisualSEEk system also provides tools for annotating images individually and in groups. The annotation
interface, illustrated in Figure 8-13(a), allows the user to assign text to the images. The user adds new
annotations by entering keywords into the entry boxes corresponding to the images. VisualSEEk also provides
a system for annotating the images in groups.

By clustering images from the database by color, the user annotates them in groups, which significantly
reduces the time and effort required to annotate the archive. For example, the first image, which depicts an
ocean scene, see Figure 8-13(a), is selected for “power” annotation. The system searches the database for
similar images and returns them to the user. Many of the returned images have a similar content to the selected
image (see in Figure 8-13 that several of these depict ocean scenes). The user now assigns annotations, as
appropriate, to the group of images, thereby speeding-up the process of annotating the images in the database.

8.3.4 Text-based searching

Text-based searching is still an important component of the image retrieval systems. Although text alone
is only partially for image retrieval, text-searching combined with content-based techniques improves query
capabilities. For example, given that some of the images are annotated, a user finds some matches in a
text-based search. If the text-based search is partially successful, the user selects some of the matches to seed
the relevance feedback queries.

For example, say that only two of the many images of lions from the database have been annotated with
the term “lion.” By conducting a text-based search using the term “lion,” the system finds only these two
images, as illustrated in Figure 8-14(a). However, many images of lions remain in the archive and are not
retrieved because they have not been annotated with the term “lion.” By selecting one of the returned lion
images and by issuing a relevance feedback query, the system finds many of the remaining images of lions, as
illustrated in Figure 8-14(b).

8.3.5 Color/spatial image query

The VisualSEEk system provides many useful components of an image retrieval system: the color/spatial
tools, relevance feedback search system, “power annotation” capability and text-based searching. However,
the color/spatial query system is designed specifically for querying by the locations, sizes and colors of image
regions. In order to extend the integrated spatial and feature image query paradigm to other features, such
as texture, and to incorporate more powerful spatial indexing techniques, we developed the SaFe image query
system.

8.4. SaFe spatial and feature query system

We briefly describe the SaFe system for querying for images by spatial and feature attributes. The SaFe
spatial and feature image query system integrates content-based techniques with spatial querying in order to
search for images by arrangements and visual features of regions.

8.4.1 System design

The system is composed of four sub-systems: (1) the image analysis subsystem, (2) the query engine, (3) the
database and (4) the user-interface, as illustrated in Figure 8-15. These sub-systems are combined to provide
a complete solution for the search and retrieval of images.

8.4.2 Image query process

The spatial and feature image query process provides a powerful tool for image retrieval. However, it is
extremely complex in that it requires that several disparate image query techniques be seamlessly integrated.
First, the SaFe query system requires the assessment of feature similarities. Content-based systems, such as
those proposed by [102, 3, 159], provide techniques for comparing visual features such as color, texture and
shape. In Chapter 4, we explored several techniques for querying by visual features which, which are used in
SaFe to compare the visual features of images and regions.

Second, the SaFe query system requires the assessment of the similarities in spatial locations and sizes.
Third, the system requires that the spatial relationships, such as “above” and “below,” can be resolved.
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Figure 8-15: SaFe system architecture. Major subsystems are Ul = user-interface, A = image analysis
subsystem, QE = query engine and DB = image database.

Finally, the system requires that all of these separate query tools are integrated into a single system. We
investigated these systems for spatial querying and integrated spatial and feature image querying in detail in
Section 7.

8.4.3 SaFe image query examples

In the SaFe system, the spatial queries are formulated graphically, as illustrated in Figure 8-16. The user
sketches 1mage regions, positions them on the query grid and assigns them properties of color, size and
absolute location. The user may also assign boundaries for location and size. For example, in Figure 8-16, the
query consists of two color regions - light blue and purple, which are positioned on the query grid. The query
is constrained to return images that contain regions with colors similar to these, and in similar locations. The
relative spatial constraint is not selected for this query.

The matches are illustrated from left to right, and from top to bottom, in order of closest distance to
the query image. These synthetic images were used as a color-region image test-set in order to evaluate the
retrieval effectiveness of the SaFe image query system in Section 7.

The SaFe system also provides a powerful platform for retrieving color photographic images, as illustrated
in Figure 8-17. In this example, the user specifies two color regions - top is blue and bottom is green. The best
matching images contain blue and green regions in locations similar to those depicted on the query grid. We
demonstrated in Section 7.4.6 that the SaFe queries for “unconstrained” photographic color images improve
retrieval effectiveness significantly over previous content-based techniques.

8.5. Summary

We introduced three new prototype systems that demonstrate the techniques for image retrieval developed in
this thesis. The WebSEEk system catalogs and indexes the visual information on the Web [147]. WebSEEKk is
an advanced content-based image and video search engine for the World-Wide Web. The system automatically
collects the images and videos and catalogs them using both the textual and visual information. WebSEEk
is very easy to use and provides great flexibility and functionality for searching and browsing for images and
videos on the Web. In the initial implementation, the system has catalogued more than one half million
images and videos.

Because the discrimination of images is only partly provided by global features such as color histograms,
we developed the VisualSEEk and SaFe image systems. VisualSEEk extracts and indexes the single color
region from images [146]. The user searches for color images by specifying the locations of the color regions.
VisualSEEk also provides systems for clustering and annotating images, and for iterating the query process
through relevance feedback queries.

Finally, SaFe is an integrated spatial and feature image query system. SaFe utilizes image regions and
their features, sizes, spatial locations, and relationships in order to compare images [152]. This integration of
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Figure 8-16: SaFe image retrieval of synthetic color-region images.
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content-based and spatial querying provides for the highly functional image query systems which allow for a
wide variety of integrated spatial and feature queries.
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Chapter 9

Conclusion and future directions

9.1. Conclusion

This thesis developed several new techniques for integrating spatial and feature information in order to
improve systems for image retrieval, analysis and compression. The visually important information within
images is often contained within spatially localized regions, or is represented by the overall existence and
spatial arrangements of these regions. By developing processes that analyze and represent images in this way,
we improve our capabilities to develop powerful content-based image retrieval and compression systems. This
thesis presented several new techniques for integrating spatial and feature image analyses and representations,
and demonstrated improved performance in image systems applications.

Recent efforts in image retrieval applications have focused on indexing a few specific visual dimensions of
the images, such as color, texture, shape, motion and spatial information [102, 3, 112, 105, 156, 146]. However,
without integrating these visual dimensions, the current content-based techniques have limited capacity to
satisfactorily retrieve images.

Similarly, recent efforts in image compression have designed techniques for adapting to either the image
frequency spectrum [32, 170, 124] or spatial information [136, 155, 132] in order to compact the images.
However, by integrating spatial and frequency methods, we design algorithms which better adapt to the
image content and improve compression.

This thesis developed new techniques to solve these problems which are similar in their exploitation of
images as two-dimensional, non-stationary signals. In particular, we developed new processes that

1. Image retrieval — demonstrated a new integrated spatial and feature query paradigm for image re-
trieval. Previous efforts in image database systems have developed either feature-based approaches [159,
53, 102, 157, 51] or spatial-symbolic image retrieval methods [65, 22, 27, 113]. This thesis developed a
new method which represents images by spatially localized regions. The features (color and texture)
and spatial attributes (region size and location) define the set of properties of the regions. The images
are compared by assessing the numbers of-, arrangements and feature properties of regions. We pre-
sented techniques for computing these complex image queries and demonstrated improved effectiveness
in image retrieval applications.

2. Image analysis — We developed a framework for extracting spatially localized features from images
using histogram and binary set back-projections. The automated extraction of regions from “uncon-
strained” imagery is not successfully accomplished using current methods of pattern recognition [133, 40]
and image segmentation [155, 67, 73, 86, 90, 14]. The difficulty results from the inability to define either
the complete set of region models or patterns a prior:, or establish the ground-truth segmentations
for “unconstrained” images. We developed a new approach for extracting color and texture regions
by back-projecting the feature-histograms onto the images. We also developed a process by which the
regions are extracted automatically by testing back-projections of binary feature sets. This approach
represents a departure from traditional “constrained-domain” methods, however, we demonstrated that
when combined with the integrated spatial and feature query paradigm, a powerful automated image
indexing and retrieval system is developed.

3. Image compression — We developed a new system for compressing and analyzing images by decom-
posing the images into spatially and frequency localized basis elements. We developed a theory of
“partitionable” frequency expansions which enable spatial segmentation and frequency expansion to be
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integrated into a single graph-structured decomposition of the images [144, 150]. The joint adaptive
space and frequency (JASF) graph improves image compression performance over previous adaptive
image expansion techniques (such as those in [62, 32, 124]).

This thesis also developed a new representation of texture based upon texture channel energy histograms.
Unlike other representations of texture [30, 89, 46, 60, 74, 84], the texture histograms allow the image indexing
techniques developed for color histograms to be compatible with the representation of texture.

We also explored representations of color and texture using binary feature sets. We demonstrated ad-
vantages in efficiency in computing feature similarities, region extraction and integrated spatial and feature
image retrieval. We presented a new approach for bounding histogram queries (BSB) by computing instead
binary set queries. We presented another efficient approach for computing feature similarity queries using a
query-optimized distance (QOD) computation. We demonstrated that these techniques increase the efficiency
of feature-based image retrieval systems.

Finally, several new prototype image systems have been developed for this thesis - WebSEEk, VisualSEEk
and SaFe, to provide test-beds for exploring new methods of image retrieval. These prototype systems
demonstrate the proposed techniques for integrating spatial and feature techniques for images developed in
this thesis. They also demonstrate other interesting techniques for automatically cataloging images and videos,
content-based relevance feedback searching, “power” annotation, and integrated text and content-based image
searching.

9.2. Future directions

Many difficult problems in image systems remain to be investigated. The explosive proliferation of “un-
constrained” digital imagery in the form of images, graphics, and videos, due to the improved accessibility
of computer technology and the main-stream acceptance of the World-Wide Web as a viable medium for
publishing, advertising and communicating has created an immediate need for efficient and effective tools for
cataloging, indexing, managing, compressing and searching for the “unconstrained” visual information. A
significant gap remains between the ability of computers to analyze images and videos at the feature-level
(colors, textures, shapes) compared to the inability at the semantic-level (objects, scenes, people, moods,
artistic value). Closing this gap by improving technologies for image understanding would certainly improve
the image search and retrieval systems.

However, the solution of this “large” problem (involving vision, cognition, subjectivity) remains distant
while much of the current technology consists of solutions to “small” problems (for example, image segmen-
tation [111], color constancy [65], shape from texture [4], video shot detection [2], and so forth).

However, there are new opportunities to climb the semantic ladder in today’s diverse media environments.
For example, as demonstrated in a small capacity by the WebSEEk system [148], the World-Wide Web
facilitates the intersection of the previous separate technologies of natural language processing, automated
image analysis, learning systems and information retrieval. There is great hope that at these new points of
“intersection” of diverse technologies and application environments, new solutions to the problems of visual
information management will be found.

9.3. Afterword

As a final note, we outline one possible step in this direction, which develops a system for decoding image
semantics from color regions. In this problem we first define and annotate a set of region templates, which
consist of regions with spatial and feature properties. These may be obtained by learning from interaction
with users in the process of image retrieval, or be generated manually to provide an object database. We
also define an image template dictionary, which assigns names to images that are defined by arrangement
of regions. These can be developed in a variety of ways in different applications, for example, from textual
information in the closed captioning of broadcast video, from text on Web pages surrounding the images, or
from embedded text within images.

Given these pieces, we design an algorithm which automatically chooses the best image name for an
unknown image by decomposing the image into spatially localized region. The algorithm picks the set of
region templates that most likely matches those in the unknown image, given the constraints of the image
template dictionary. We suggest that the Viterbi algorithm provides one possible tool for solving problems
that are formulated in this framework.
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