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Abstract

As databases increasingly integrate different types of information such as time-series, multimedia and scientific data,
it becomes necessary to support efficient retrieval of multi-dimensional data. Both the dimensionality and the amount of
data that needs to be processed are increasing rapidly. As a result of the scale and high dimensional nature, the
traditional techniques have proven inadequate. In this paper, we propose search techniques that are effective especially
for large high dimensional data sets. We first propose VA*-file technique which is based on scalar quantization of the
data. VAT -file is especially useful for searching exact nearest neighbors (NN) in non-uniform high dimensional data
sets. We then discuss how to improve the search and make it progressive by allowing some approximations in the query
result. We develop a general framework for approximate NN queries, discuss various approaches for progressive
processing of similarity queries, and develop a metric for evaluation of such techniques. Finally, a new technique based
on clustering is proposed, which merges the benefits of various approaches for progressive similarity searching.
Extensive experimental evaluation is performed on several real-life data sets. The evaluation establishes the superiority
of the proposed techniques over the existing techniques for high dimensional similarity searching. The techniques
proposed in this paper are effective for real-life data sets, which are typically non-uniform, and they are scalable with
respect to both dimensionality and size of the data set.
© 2005 Elsevier B.V. All rights reserved.
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retrieval in such systems. Example of such
applications include multimedia information sys-
tems [1], CAD/CAM [2], geographical information
systems (GIS) [3], time-series databases [4], med-
ical imaging [5]. The data is usually represented by
a feature vector which summarizes the original
data with some number of dimensions. The
similarity between two objects is defined with a
distance function, e.g., Euclidean distance, be-
tween the corresponding feature vectors. A well-
known type of query is the similarity query. For
example, in image databases, the user may pose a
query asking for the most similar images to a given
image. Similarity query with multi-dimensional
data is usually implemented by finding the &
closest feature vectors to the feature vector of the
query data, which is known as k-nearest neighbor
(k-NN) query. A closely related query is the -
range query where all feature vectors that are
within ¢ neighborhood of the query point ¢ are
retrieved.

With the proliferation of multimedia, time-
series, and scientific data, several applications
need to be supported for indexing and retrieval
of high dimensional data. In some applications,
such as GIS, the feature vectors usually have small
number of dimensions, typically 2 dimensions.
Numerous index structures exist that facilitate
search and retrieval of two or relatively low
dimensional data [6-11]. The general approach
for high dimensional indexing was to extend these
spatial index structures and to propose new ones
to deal with the high dimensional nature of
information [12-14]. In fact, Berchtold et al. [15]
and Weber et al. [16] have argued that using these
multi-dimensional index structures for searching
beyond a certain dimension becomes worse than a
sequential scan. Weber et al. [16] have developed a
quantitative analysis and performance study of
similarity search techniques for high dimensional
data sets. They formally show that for data sets
with uniform distribution, the indexing techniques
based on partitioning are outperformed on aver-
age by a simple sequential scan if the number of
dimensions exceeds around 10. A new technique,
called VA-file [16], has been shown to perform
better than the current approaches, and to scale
well with the dimensionality.

Although it provides significant improvements
compared to current techniques, the VA-file itself
suffers from various problems. In this paper, we
first discuss these problems and propose a solution
that renders the vector approximation idea more
effectively. The major problems of VA-file are the
assumption of independent or uncorrelated dimen-
sions, the uniform bit allocation, and the simple
partitioning technique. Real data sets are not
uniformly distributed, the dimensions of the
feature vectors usually are dependent or corre-
lated. More careful analysis for non-uniform and
correlated data is needed for effective high
dimensional indexing. We propose VA*-file, a
high dimensional indexing technique which is
much more suitable for non-uniform data sets.
Our technique can be applied to improve the
performance of recently proposed quantization
based approaches such as 1Q-tree [17] and A-tree
[18]. We focus on performance of NN queries,
however our analysis can be easily extended to
others such as point and range queries.

In typical applications, the amount of data is
very large and focusing on exact results may lead
to significant inefficiencies in the system. For this
purpose, we develop a general framework for
approximate nearest neighbor queries, and show
that significant speedups can be achieved by
sacrificing a little accuracy. Current approaches
can be categorized based on either their ability to
reduce the data set that needs to be examined, or
their ability to reduce the information of each data
object. We examine VA™-file under one of these
categories, and present a simple way to extend it
for approximate NN queries. Approximate query
processing is more meaningful if the search is
performed in a progressive manner. The user can
be satisfied with an approximate answer early in
the search, or an incomplete result stating that
query is leading to an uninteresting data set. We
first propose modifications to well-known techni-
ques to support the progressive processing of
approximate NN queries. This can be quite
beneficial since obtaining exact results may take
a long time, and in fact may be unnecessary. We
then develop a new technique based on clustering
that merges the benefits of the two general classes
of approaches. Our cluster-based approach allows
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a user to progressively retrieve the approximate
results with increasing accuracy.

Section 2 describes the indexing technique based
on vector approximations and discusses the
importance of approximation quality in such a
technique. In Section 3, we motivate the need for a
technique for non-uniform data sets and propose
the VAT-file, a new technique that involves a
careful analysis for non-uniform or correlated
data. We use several illustrative examples in
Section 4 to discuss the impact of better approx-
imations to the efficiency. Second part of the paper
focuses more on the effect of allowing approxima-
tions in NN searching. Section 5 discusses the
notion of approximate searching, introduces the
main metrics for evaluating approximate NN
queries, and categorizes the current approaches.
In Section 6, we develop simple progressive
approximation techniques. We then propose in
Section 7 a cluster-based integrated approach, and
perform in Section 8 an extensive performance
evaluation of proposed techniques and show that
they result in significant improvements over the
state-of-the art techniques. Section 9 concludes the
paper with a discussion.

2. Vector approximation based indexing

The VA-file approach divides the data space
into 2” rectangular cells where b is the total
number of bits specified by the user [16]. Each
dimension is allocated a number of bits, which are
used to divide it into equal populated cells on that
dimension. Each cell has a bit representation of
length b which approximates the data points that
fall into a cell by the corresponding bit representa-
tion of the cell. The VA-file itself is simply an array
of these bit vector approximations based on the
quantization of the original feature vectors. An
example of a regular VA-file partition of the data
space is given in Fig. 1. The two-dimensional data
set shown is actually created by taking two
dimensions of feature vectors of real time-series
data which contains stock price movements of
2000 companies. For simplicity, each dimension is
assigned 2 bits, and hence each dimension is
divided into 4 intervals of equal population.
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Fig. 1. Regular VA-file partition of the two-dimensional data
set. Each dimension is divided into 4 equally populated
intervals.

NN searching in a VA-file has two major phases
[16]. In the first phase, the vector approximations
are scanned sequentially and lower and upper
bounds on the distance of each vector to the query
vector are computed. If a lower bound exceeds the
(kth) smallest upper bound found so far, the
corresponding data object is eliminated. In the
second phase, the original data objects of the
candidates are traversed in the order of the lower
bounds. If a lower bound is greater than the actual
distance of (kth) NN so far, then the algorithm
stops retrieval. The accesses in the second phase
are mostly secondary storage accesses. It is crucial
to decrease the number of vectors visited in the
second phase to reduce the number of random 7/0O.

The performance of the VA-file approach
heavily depends on the quality of the lower and
upper bounds. In particular, tighter lower bounds
result in earlier termination of the second phase,
and hence less number of page accesses. Together
with tight upper bounds, better lower bounds also
mean less number of candidates remaining for the
second phase. If the lower and upper bounds on
the distances are tight, more elimination is
performed in the first phase of the algorithm. A
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more proper index design will clearly maximize the
data pruned and greatly reduce time to answer the

query.

3. VA*file: indexing high dimensional non-uniform
data

In the regular VA-file approach, there is an
assumption that the dimensions are independent,
or at least uncorrelated, because each dimension is
divided into cells independently. Also, although
there is always an option of non-uniform bit
allocation among dimensions, no specific algo-
rithm for that option was proposed. Finally, each
dimension i is divided into 2% cells of either equal
size, or equal population, which are the two
simplest partitionings that coincide for a uniformly
distributed data. In this section, we mention the
major problems that need to be overcome and
propose approaches that lead to more efficient
searching using vector approximation files. In
particular, we highlight some of the problems that
VA-files suffer if the data set is not uniformly
distributed, especially when it is highly correlated
or clustered. We then describe the VA™-file which
is much more suitable for such data sets.

3.1. Motivation

A VA-file can be considered as a scalar
quantizer [19] without representative values as-
signed to each cell. The objective of an effective
scalar quantizer is to achieve the least reproduc-
tion error, i.e., the least average Euclidean distance
between data points and their representatives. We
claim that a scalar quantization designed by
directly aiming for the least possible reproduction
error would result in much tighter lower and upper
bounds for the distances between the query point
and the data points. As discussed in the previous
section, tighter lower bounds mean less number of
vectors visited in the second phase of the VA-file
algorithm, and tighter upper bounds mean better
filtering of data in the first phase.

A Dbetter approach for designing a scalar
quantizer should follow these steps [19]:

1. The data should be transformed into a more
suitable domain.

2. In general, the total bits in the quota should be
allocated among the transformed dimensions
non-uniformly.

3. An optimal scalar quantizer should be designed
for each transformed dimension independently,
with the allocated number of bits. In general,
the quantizers should not assume uniform
data and should make use of the data
statistics.

3.2. VA-file in KLT domain

It is a well known fact that better scalar
quantization performance is achieved when the
dimensions of the data are uncorrelated. So, if the
dimensions are highly correlated as in the example
shown in Fig. 1, or even slightly correlated, it is in
general beneficial to decorrelate them by applying
a unitary transform to the data set. A transform is
called unitary if it preserves all the “angles and
lengths” in the data space. If the process generat-
ing the data set is known, a fixed transform might
be suitable. For example, if we have a time-series
data, the discrete fourier transform (DFT), the
discrete cosine transform (DCT), or the discrete
wavelet transform (DWT) will be effective in
decorrelating the data. However, in general, the
optimal approach is to estimate the correlation
matrix for the given data set, and derive the unique
decorrelating transform for it. The resultant
transform is known as the Karhunen Loeve
transform (KLT) [20,21].

Basically, the function of KLT is to strip off all
the correlation between the dimensions of feature
vectors. That task is achieved by the diagonaliza-
tion of the autocovariance matrix C, whose entries
are given by

Ci,j = E{(X; - .Ui)(Xj - :uj)}a

where E{-} denotes the expectation operator, X; is
the random variable governing the ith data
dimension, and

i = E{X}.
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In vector notation, this implies
C=E(X-mX-p'}.

In other words, the covariance matrix is computed
by first subtracting the center of mass of the whole
feature vector distribution from each individual
vector, and then computing the cross-correlation
between all dimensions. In practice, one does not
have direct access to the distribution of X.
However, if we have a large database, then the
observed feature vectors are considered to accu-
rately model X. In particular, we can use the
approximations

N

Ko=) xm

n=1

and
¢ =L 5 xtm - wyxm — !
- N o ” ” b

where x(n) denotes the nth feature vector, and N is
the number of entries in the database. The
transformed vectors are then computed as

t(n) = K(x(n) — o),
where K, the KLT-matrix, satisfies

10 - 0

0 A -+ 0
KCK' = A =

0 0 - I

with A, =>4, > -+ >/,. In other words, rows of K
are the eigenvectors of C', and 1; are the
corresponding eigenvalues. One of the important
properties of KLT is that /; gives the variance (or
energy) of the ith transform dimension. Therefore,
the ordering of the eigenvalues becomes crucial in
guaranteeing that keeping the first few dimensions
of the transform results in minimal energy loss in
the representation of the feature vectors.

For the example given in Fig. 1, KLT will
basically result in a 45° rotation, because the
dimensions are almost maximally correlated, i.e.,
the data is almost spread through a straight line
with slope 1. In Fig. 2, we present the resultant
VA-file after transforming the data set using KLT.

0 10 20 30 40 50

Fig. 2. Partitioning of the same data set after applying KLT.
Each KLT-dimension is divided into 4 equally populated
intervals.

For the sake of being able to compare the result
with Fig. 1, the data set and also the VA-file are
both rotated back using the inverse KLT. While
we develop our framework using KLT, the other
dimensionality reduction techniques can be simi-
larly employed.

The VA-file approach depends on quantization
performed on each dimension independently.
When there is correlation between dimensions,
independent quantization on dimensions does not
capture some important information about the
data point distribution. On the other hand, KLT
rotates the data set so that there is as little
dependency between the dimensions as possible.
This phenomenon can be understood by compar-
ing Figs. 1 and 2. The VA-file creates cells in non-
transformed domain based on having equal
population on the x and y dimensions (Fig. 1).
This partitioning is optimal only if the data set is
uniformly distributed. In the example shown in
Fig. 1, several boxes have similar square-like area
and the cells around the diagonal of the data space
overflow, while in Fig. 2 the data objects are more
equally distributed among the cells. The advantage
of KLT becomes much more apparent when it is
used as a preprocessing step for a more accurate
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analysis of the data set. The KLT transforms the
data set into a more suitable domain where the
subsequent steps of our algorithm, i.e., non-
uniform bit allocation and independent quantiza-
tion for each dimension, improve the performance
by taking advantage of the statistical properties of
the data set.

3.3. Non-uniform bit allocation

It is obvious from Fig. 2 that allocating the bits
in our quota, i.e., the total number of bits that is
allowed for approximating the data vectors, non-
uniformly among the KLT-dimensions would
result in better quantization performance. For
example, if we allocate 4 bits to the major axis of
the data, and no bits to the minor axis, thereby
keeping the total as 4 bits, we obtain the vector
approximation file shown in Fig. 4. The informa-
tion that is stored in each dimension of the feature
vector varies depending on the feature vectors. The
goal is to approximate this information with a
minimum number of bits with maximum accuracy.
Therefore, for several cases it is crucial to analyze
the dimensions and allocate the bits to the
dimensions, rather than the simplistic uniform bit
allocation, so that the resulting accuracy obtained
from the approximation is maximized.

Non-uniform bit allocation is an effective way
to increase the accuracy of the approximations for
any data set. However, it becomes more advanta-
geous and more feasible in the KLT domain. The
difference between the amount of energy stored in
each dimension becomes much more prominent
when dimensions are transformed using KLT.
KLT is known to have maximum energy compac-
tion property for any given data set. That means
KLT successfully accumulates the data energy
more into the first dimensions.

For the example data set (Figs. 2 and 4), it can
be seen that in the KLT domain the y dimensions
of the points are already populated in the middle
and close to each other, while the x dimensions of
the data points are spread throughout the axis. To
differentiate and therefore better approximate the
x dimension of the points, non-uniform bit
allocation allocates more bits to this axis while
the total bit quota is kept same as before. With

1. INITIALIZE e; = 02, b; = 0 for all 4, and k = 0.
2. WHILE k£ < b, DO

3. j = argmax; e;

4 % In other words, e; = max; e;
5 bj —b;+1

6. e —e;/d

7 k—k+1

8. END

Fig. 3. Non-uniform bit allocation algorithm.
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Fig. 4. Partitioning of the same data set after changing the bit
allocation. Now, the major axis has 16 intervals, and the minor
axis has only 1 interval.

uniform bit allocation, the approximation quality
of the cells would decrease since points that are far
away from each other are approximated with the
same cell.

Let the variance of dimension i be ¢7, and the
number of bits allocated to dimension i be b;. We
have a quota of b bits, i.e., b = > _.b;. In quantiza-
tion theory, a well-known rule is that if o7 24]‘0]2,
then it is more beneficial to have b;>b; + k [19]. In
fact, this rule is based on the assumption of high
resolution uniform quantization, i.e., equal-sized
intervals and b;, b;> 1. Nevertheless, even when we
do not have high resolution, and we do not
perform uniform quantization, this rule still proves
to be a good heuristic. The resultant bit allocation
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algorithm for VA-file is given in Fig. 3. Fig. 4 is the
result of applying the above bit allocation algo-
rithm to our sample data for a total quota of 4
bits.

3.4. Non-uniform quantization

Once the number of bits are determined for a
particular KLT-dimension, it is more advanta-
geous to design a quantizer for it, rather than
dividing it into equally populated or equal-sized
intervals. A quantizer is characterized by the
decision intervals, and the corresponding repre-
sentative values for each interval. Even though the
representative values are not going to be used
directly, they also need to be designed together
with the decision intervals. A very popular
algorithm for designing a quantizer with K
intervals is Lloyd’s algorithm [22,23], which is
also known as the K-means algorithm in the
clustering literature [24], specialized to one dimen-
sion. The algorithm is initialized with a given set of
intervals [¢j,¢iy1) for j=1,...,K, where ¢; =
min,#(n) and cgy; = ¢ + max,t(n). See Fig. 5 for
the description of the algorithm in pseudocode.
Since 0< A4’ < A4 provably, this algorithm is guar-
anteed to converge. However, it may get trapped
into poor local minima, and hence needs clever
initialization. For example, to initialize the algo-
rithm with the equally-populated cells, i.e., the
current VA-file approach, is a powerful heuristic.
Following this initialization technique yields a
resultant vector approximation file, i.e., VAT file,
as shown in Fig. 6. After applying this third step,
the error introduced by approximating the data
points by the corresponding cells is further
reduced. Since the representation quality of the
cells directly effects the quality of the vector
approximation file, this leads to better pruning
both in the first and the second phase of searching.
The improvements by the VA™-file is much more
apparent for higher dimensional data sets than the
two-dimensional example illustrated in this sec-
tion. These results are also supported later in the
paper by the performance analysis of each
technique.

INITIALIZE A = o0
FORj=1,...,K,
Ti= NL, Zt(ﬂ)6[6¢»cj+1)t(n)

% r; is the representative for interval [¢;,¢; 1)

.FORj=2,...,K,

1.
2.
3
4
5. % Nj is the total number of data points in the same interval
6
L

8

A= Z;;l Simeles et =151
9. IF &' <,
10. % v is a preset threshold about 0.999
11. A A
12. GO TO 2
13. ELSE STOP

Fig. 5. Non-uniform scalar quantization algorithm.

Fig. 6. Partitioning of the same data set after applying Lloyd’s
algorithm.

4. Tllustrative example on importance of
approximation quality

In this section, we illustrate the impact of tighter
bounds as well as the approximation quality
improvement achieved by our technique over the
VA-file. The detailed performance evaluation of
the VAT -file is presented later in the paper (see
Section 8). To clearly present the importance of
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the bounds, the discussions in this section are done
over an illustrative query. However, as will be seen
in the performance evaluation section, the VA™-
file keeps its superior performance on the average
over the VA-file.

We have used a 100,000 60-dimensional vectors
representing texture feature vectors of Landsat
images [25]. The feature vectors are texture
information of blocks of large aerial photographs
computed using Gabor filtering. This data set is
widely used by many researchers in evaluating
high dimensional indexing and similarity searching
techniques [26-28]. For this section, we assumed a
total bit quota of 180 bits, ie., 3 bits per
dimension.

In Fig. 7, the tightness of the lower bounds
achieved by the VA-file and the VA'-file are
compared using an example. In both cases, lower
bounds are calculated for the same typical query
point, and the data is re-sorted in ascending order
of lower bounds, because this is exactly the order
of visiting of the vectors in the second phase. The
x-axis represents the data objects in resorted order
and the y-axis represents the distances to the given
query point. The dots in the figure correspond to
the actual distances between the re-sorted data
points and the query point. Since the sorting is
done according to the lower bounds, the plot for
the corresponding lower bounds for each data
point form a nice curve, instead of scattered dots,

100

. ——  Lower bounds
0 .| . * Real distances

Distance to query point

Distance to query point

2000 4000 6000 8000 10000 12000 14000
Re-sorted Data

below the actual distances. We compare the
number of vectors visited for k-NN queries, where
k =10, k = 50, and k = 250. The algorithm has to
visit all vectors with lower bounds less than the
distance of the kth nearest data. The intercepts of
dashed lines on the y- and x-axes, respectively
correspond to the distance of the kth nearest data,
and the number of vectors visited. As shown in the
figure, as the lower bounds get tighter, the data
becomes more suitably sorted, i.e., more or less in
an ascending order of real distances to the query
point. Hence, the actual k neighbors are found by
visiting less number of vectors ( = accessing less
number of pages). For example, for this query
point with £ = 10, the kth nearest neighbor has a
distance around 62, and the VA-file method has to
visit 15 times as many vectors as the VAT-file
method does.

Fig. 8 shows that tighter lower bounds together
with tighter upper bounds imply better filtering in
the first phase of the k<-NN algorithm. To illustrate
this important property, the same query point as
before is chosen. Cumulative distributions of real
distances, lower bounds, and upper bounds are
shown together for both the VA-file and the VA™-
file methods. A cumulative distribution is defined
as the integral (or cumulative sum) of a regular
probability density function, and is more
appropriate to consider for our purposes here.
For example, if the lower bound cumulative

100

— Lower bounds
Real distances

9t

80

70 F

01=)
05=)
0S2=%

2000 4000 6000 8000 10000 12000 14000
Re-sorted Data

Fig. 7. Comparison between VA-file (left) and VAT -file (right), in terms of tightness of lower bounds and number of vectors visited.
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Fig. 8. Comparison between VA-file (left) and VAT -file (right), in terms of the cumulative distributions of lower and upper bounds,

and number of vectors eliminated in the first phase.

distribution takes the value 0.2 for distance 25, it
means that one fifth of the data has lower bounds
less than or equal to 25.

For a k-NN query, all vectors having lower
bounds less than the kth lowest upper bound
remain unfiltered in the first phase. In fact, if the
data were sorted in the best possible order, only
those vectors would have remained after the
filtering. In the figures, k is set to 50, and the
triangle on the x-axis shows the value of the 50th
lowest upper bound, and the square on the y-axis
shows the fraction of vectors that remained
unfiltered for this best case scenario. Our experi-
ments show that the actual fraction of unfiltered
vectors are very close to the best-case value and
not plotted here for the sake of clarity. Tighter
upper bounds reduce the value of the 50th lowest
upper bound, and hence reduce the fraction of the
vectors that remain unfiltered after the first phase.
On the other hand, tighter lower bounds also
reduce the same fraction, because less vectors
would have lower bounds less than the 50th lowest
upper bound. This phenomenon is clearly ob-
served from Fig. 8, where the VAT -file displayed
on the right has much tighter lower and upper
bounds for the fixed query point than the VA-file
displayed on the left.

In Fig. 9, the cumulative distributions of real
distances, lower bounds, and upper bounds of

0.2 r T
1 N 7
1 : .
0.18 | [ ;
1»n : : ’
0.16 | 12 /
13 ’
c 18 R 12 ’
S 0.14 15! S .
3 - s /
T 012} = S
.27) N : ) 7
2 -' §
N ’
o O1 § : ,
E 1 : !
S 0.08} | : /
=] i : : ,
§ 006 i f
o U F ’I :; : i
' H —— Real distance
0.04 e R [ VA+ file
FR ---  VAfile
0.02+ Ao o Fraction of vectors visited
1 9 .
0 ’ - ’//

0 50 100 150 200 250 300 350 400 450 500
Distance

Fig. 9. Comparison between VA-file and VA™ -file, in terms of
the cumulative distributions of lower and upper bounds, and
number of vectors visited in the second phase.

both methods are shown on the same plot. Also
shown by circles are the fraction of vectors visited
in the second phase, again for both algorithms.
The fraction of vectors visited corresponds to the
value the lower bound cumulative distribution
attains for the 50th lowest distance. As seen from
the figure, the VA-file method visits around
100,000 x 0.09 = 9000 vectors, whereas the VA™-
file visits only 100,000 x 0.015 = 1500 vectors.
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5. Approximate NN searching

The focus of VAT -file has been optimizing exact
NN searching. We now extend our discussion to
approximate searching. In some applications, the
amount of data is very large and focusing on exact
results may lead to inefficiencies in the system. In
these cases, achieving significant performance
improvements by sacrificing little accuracy can be
especially attractive. The generation of feature
vectors in several modern database applications
are based on heuristics. Besides the semantics of
the data, the semantics of queries are also not as
strict as the exact queries used in relational
databases. For example, a query asking the closest
5 Italian restaurant to a moving car may ecasily
miss the 3rd closest and include the 6th closest,
and still satisfy the driver. The definition of ‘exact’
is subjective and depends on the way the feature
vectors are created and the distance function
defined between the feature vectors. For example,
the QBIC project at IBM provides the ability to
run queries based on colors, shapes, and sketches
[1,29]. Similarly, the Alexandria Project at UC
Santa Barbara provides similarity queries for
texture data [25]. One user may choose the third
best result over the first or the second one, based
on his/her similarity expectation. In several cases,
close approximations may be good enough for
human perception. In this section, we develop a
general framework for approximate nearest neigh-
bor queries. We provide performance metrics, and
classify current approaches, including VA™-file,
under two major classes. Since approximate query
processing gains more meaning with being pro-
gressive, in the following sections we discuss
extensions of well-known methods for progressive
searching. We then develop a new technique based
on clustering which allows a user to progressively
retrieve the approximate results with increasing
accuracy.

5.1. Approximation quality metrics

For similarity queries, the quality of the result
set is traditionally measured by a combination of
two important quality metrics: recall and precision
[30]. They can be described as completeness of

retrieval and purity of retrieval, respectively.
Recall is a measure of how well the retrieval finds
all relevant objects even to the extent that it
includes some irrelevant objects. Precision is a
measure of how well such a system finds only
relevant objects even to the extent that it skips
some relevant objects. The irrelevant objects in the
result set are called false hits and the relevant
objects that are not in the result set are false
dismissals. A traditional approach which uses these
two metrics is dimensionality reduction on multi-
dimensional data. In general, high dimensional
data is first reduced to lower dimensions and the
search is conducted in the lower dimensional space
[31]. Most of the dimensionality reduction techni-
ques focus on allowing some false hits but no false
dismissals.

For approximate k-NN searching, the number
of false hits and the number of false dismissals
become the same value. Since the result set size is
always k, if the approximation causes some false
dismissals, these dismissals are replaced by false
hits. Computing the number of false hits, or
dismissals, is enough to capture the traditional
error metric, which we will refer to as F. We use
the metric F as one of our metrics in the evaluation
of the proposed techniques.

However, the number of false hits and dismis-
sals does not capture important information about
the quality of the approximations. In Fig. 10(a),
the two NN of the query point ¢ are asked. The
points @ and b are the two closest points according
to the Euclidean distance. However, the points ¢
and d are also very close to the query point and the
user may potentially be interested or satisfied with
them being the answer. On the other hand, the
points e and f are far away from ¢ and there is
much less chance that the user is interested in those
points. Suppose there are two approximation
techniques, one returns (c,d) and the other
returns (e, f) as the result of 2-NN query on ¢. If
the traditional error metric of the number of false
hits is used, both techniques have the same number
of false hits, i.e., 2, which is the worst possible
error. Therefore, with this metric both techniques
have the same error and it is not possible to
differentiate the qualities of these two different
answer sets.
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(a)

()

Fig. 10. 2-NN query on ¢: (a) Example 1; (b) Example 2.

The points ¢ and d in Fig. 10(a) are not only the
third and the fourth closest points to the query,
they are also spatially close enough to be of
interest to the user. It is also important to note
that the rankings of the points in terms of
closeness to the query does not capture any
information regarding the quality of approxima-
tion. For example, points g and /4 in Fig. 10(b) are
not of that much interest even though in this case,
they are also the third and the fourth closest points
to g. The quality/error metric should give a higher
error to (g, /) in Fig. 10(b) than it gives to (¢,d) in
Fig. 10(a). Especially when dealing with approx-
imate similarity-based retrieval, it is important to
develop a new metric which also takes into
account the quality of the answers with respect
to closeness to the query object.

We now introduce an alternative error metric
which is particularly useful for approximate k-NN
searching. Suppose the approximate k-NN algo-
rithm returns the result set (aj,az,...,a;) and the
real result set computed by the underlying distance
function dy is (ri,r2,...,rx). We define the error
metric D as the relative approximation error, given
by Z]]ledf(q,aj)/zjl.‘zldf(q,rj). For instance, for
squared Euclidean distance D is defined as follows:

k 2
. Zj:] llg — all
- k 2°
S g —rl

5.2. Approaches for approximate searching

We now classify the general approaches that can
be used to solve the approximate searching
problem. In the following section we will develop
various techniques as examples of these general
classes.

Consider a data set with n data objects each
represented by a d dimensional feature vector. In
typical applications, both the dimensionality d and
the number of data objects n are large. Problems
such as the curse of dimensionality in high
dimensions and scalability for very large data sets
can partially be offset by structures that support
approximate searching. An approximate searching
technique should maximize the accuracy and
minimize the cost of processing queries, which
are usually dominated by the number of I/O
operations. Thus, an effective approximate search-
ing technique should organize the data such that
acceptable accuracy is achieved and at the same
time the number of pages retrieved as a result of a
query is minimized.

Naively, a NN query could be answered by
examining the entire representative of every data
object. Two general classes of possible approaches
for the approximate searching problem naturally
arise:

® Retrieved set reduction: the data is organized
such that only a small subset of the data objects
are examined to answer a NN query.

e Retrieved information reduction: the data is
organized such that only a partial representation
(e.g., 2 out of d dimensions) of each object is
examined.

The retrieved set reduction approach is impor-
tant especially for scalability in large data sets. An
approximate NN search technique which retrieves
the feature vectors related to a subset of the data
set clearly outperforms a technique that retrieves
the feature vectors for the entire data set.
Similarly, the retrieved information reduction
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approach is crucial for high dimensional data.
Considering all the dimensions at the same time
dramatically degrades the efficiency of high
dimensional query processing. We briefly discuss
some possible techniques that are based on these
two basic ideas.

Retrieved set reduction: Instead of accessing/
retrieving the entire data set, the search technique
focuses on a portion of the data set, ideally on the
most relevant data to the given query. One
effective and well-known solution is to index the
multi-dimensional data. The goal of all these index
structures is to reduce the size of the data set which
is retrieved as a result of a query. Instead of n
objects, the query retrieves a set of s objects, which
is a subset of these n objects. The better the index
structure, the smaller the size of s. There have been
several approaches to organize and partition a
multi-dimensional data set for indexing including
kdb-trees [9], hB-tree [12], R-tree [10], R*-tree [11],
SS-tree [13], TV-tree [32], X-tree [33], pyramid
technique [34], hybrid tree [14]. These index
structures focus mainly on finding the exact result
for a query. Therefore, a retrieved set of size s
includes the query result set and some irrelevant
objects. The optimal set of objects to be retrieved
is the result set, i.e., no objects are retrieved if they
are not in the result set. A branch-and-bound
technique for k-NN queries on index tree struc-
tures, such as R-tree, is proposed in [35]. The tree,
which consists of minimum bounding rectangles
(MBR), is traversed and some of the MBRs are
pruned if they are guaranteed not to have the
closest data point(s). For example, if the shortest
possible distance between the query point and any
point in an MBR is larger than the current
computed NN distance, then there is no need to
check the data points within that MBR. The
amount of data retrieved as the result of a query is
reduced by pruning some of the MBRs using
proximity comparisons of points within MBRs.

In the context of approximate searching me-
chanism a natural question arises: is it possible to
achieve faster response time if we allow some false
dismissals? Recently, various approaches in differ-
ent domains have developed effective algorithms
for approximate searching [27,28,36-41]. Most of
these techniques specifically focus on &NN

queries. The e-NN is defined as finding a neighbor
of the query point within a factor of (1 + ¢) of the
distance to the true NN. In [28], an algorithm was
proposed in which the error bound & can be
exceeded with a certain probability 6 using some
prior information on the distance distribution of
the query point. This technique can be classified as
a retrieved set reduction approach, which reduces
the number of retrieved data by pruning a larger
number of index nodes. The retrieved data set size
is first reduced by the underlying index structure.
Besides the irrelevant objects pruned by the index,
more objects are pruned by shrinking the NN
query sphere at the expense of allowing some false
dismissals. The technique also adds a second level
of approximation, where more objects can be
pruned by allowing to exceed ¢ with the prob-
ability 0. Trading space with time using retrieved
set reduction is discussed also in [42] where a
structure called P-sphere tree (probabilistic sphere
tree) is proposed for processing NN queries. In
[27], a locality sensitive hashing structure is created
by a randomized procedure and the (1 + ¢)-
approximate NN point is found with a constant
probability. Hashing is used to reduce the retrieved
set size, therefore improving query time, again at
the expense of false dismissals. This approach is
also based on the retrieved set reduction idea,
where hashing is used instead of a multi-dimen-
sional index tree to identify the retrieved data set.
The disadvantage of this approach, however, is
that ¢ needs to be known in advance, and some
preprocessing, which is exponential in 1/e, is
needed.

Retrieved information reduction: Multi-dimen-
sional index trees are very effective in low
dimensions. Therefore, they are widely used in
low dimensional applications such as GIS [3].
However, there are several applications, e.g.,
multimedia databases [1,43], that need high
dimensional support. It is well known that as the
dimensionality of the feature vectors increases,
query performance of the multi-dimensional index
tree structures degrades significantly [15,16,33,44].
Therefore, considering all the dimensions at the
same time dramatically degrades the efficiency of
high dimensional query processing. Retrieved
information reduction approach is particularly
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effective to this problem. A typical example to this
approach is the dimensionality reduction. The
most common approaches found in the literature
for dimensionality reduction are linear-algebraic
methods such as the KLT [20,21], or applications
of mathematical transforms such as the DFT [45],
DCT [46], or DWT [47]. As the transformations
are known to be distance preserving, the general
approach is to transform the high dimensional
feature vectors and lower dimensional vectors are
created by taking the first few leading coefficients
of the transformed vectors [31]. The general idea of
these techniques depends on the observation that
by using these transformations, a small subset of
dimensions keeps a high portion of the informa-
tion about the feature vectors. Several other
dimensionality reduction based techniques are
proposed [34,48,49] and applied to time-series
[50,51], image [29], and document data [52-54].
For dynamic data sets, approximate KL T has been
shown to be an effective technique compared to
the techniques based on exact transformations
[55].

VA-file and VA™-file are effective examples of
retrieved information reduction which can be used
for high dimensional exact NN searching. In both
approaches, the total size of the feature-vector set
is reduced by a significant amount using quantiza-
tion of the original feature vectors. As discussed
earlier, exact NN searching in a VA-file has two
major steps. In the first step, the set of all vector
approximations is scanned sequentially and lower
and upper bounds on the distance of each vector
to the query vector are computed. The vectors with
the smallest bounds are determined to be the
candidates for the NN of the query. Subsequently,
in the second step the real feature vectors of the
candidates are visited to determine the actual NN.
Recently, Weber and Bohm [38] have stated that
the performance of previous approaches for
approximate NN-search, with reasonable approx-
imation errors, is close to linear. They propose an
approximate k-NN searching technique based on
VA-files. Two approaches for approximate search-
ing with comparable performances are proposed in
the paper [38]. One approach is to create coarser
approximations based on a pre-analysis of the data
allowing false drops. This approach is more useful

if one wants to accelerate the computations in the
first step. To overcome the I/O bottleneck which is
important for large databases, they proposed a
VA-file based technique which omits the second
step of the exact NN search algorithm. The
similarity distances are estimated from the lower
and upper bounds in the first step, and the result
set is created using the results in the first step. By
allowing some errors in the result set, approximate
NN searching in VA-file achieves an order of a
magnitude speedups over exact NN search in VA-
file. The same extensions can be applied to VA™-
file. In the performance evaluation section, we also
implement the approximate NN algorithm for the
VAT -file and compare the performance behavior
with other approaches.

Several techniques can be developed that covers
both retrieved set reduction and retrieved informa-
tion reduction. For example, using a dimension-
ality reduction technique before building an index
on the data simply combines the two approaches.
A more effective approach would be to integrate
the two classes under a single framework, as
opposed to separately applying them. We will
introduce such a technique in Section 7.

6. Simple progressive approximate search

We refer to progressive approximation as an
interactive technique, where the user is able to stop
the query anytime he/she thinks it is appropriate
and still gets a result with a certain error. It is
important to adapt the approximation quality
using the user as the reference point. If the user
wants to get more accurate results, he/she can keep
the query running until the desired result is
obtained or no more data is available. Without
waiting for the end of the query, which typically
takes a long time, the user may also want to stop
the search once he/she understands that the data
set most likely does not have the desired answers.
For each step of an interactive search, the expected
quality can be estimated by a pre-analysis of the
data set, as is done in this section.

In this section, we develop two simple approx-
imate k-NN techniques that are instances of
retrieved set reduction and retrieved information
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reduction approaches. These approaches modify
the well-known techniques and adapt them to
support the progressive retrieval of approximate
information based on NN queries.

6.1. Sequential scan with retrieved set reduction

An obvious and simple way of implementing the
retrieved set reduction is to sequentially scan a
portion of the data set. The basic idea is to access
only a portion of the data set and answer the query
based on the portion that is read. Since sequential
scan is known to be an effective alternative to
several indexing techniques for high dimensional
data sets [15,16,44], it is natural to start the
discussion of approximating k-NN queries with
sequential scan. This simple idea can be summar-
ized as follows. The data set is stored in the storage
without any particular index structure. When a
query is issued, the data is scanned sequentially
starting from the first page. The data pages are
read in the order they are stored and A-NN can be
computed within the portion of the data set that is
read so far. The search can be interactive, and it
can be stopped any time, and the answer is based
on the portion of the retrieved data set.

6.2. Retrieved information reduction: sub-vectors
based on KLT

We now illustrate how distance preserving
transformation and dimensionality reduction tech-
niques can be adapted for progressive approximate
k-NN searching. Distance preserving transforma-
tions, e.g., KLT, are especially suitable for
interactive approximate searching. However, in-
stead of retrieving each of the feature vectors at
once with all its dimensions, a better strategy is to
split the feature vectors into blocks and perform
multiple passes on each feature vector by retriev-
ing the blocks in the order of importance. A
similar approach has been followed by Vries et. al.
[56] in the context of vertically decomposed data.
This helps to gather more useful information, i.e.,
the important dimensions of each feature vector,
in earlier steps and gather less important informa-
tion later in the search, if necessary. Instead of
waiting for a whole pass on all feature vectors, the

system can provide the user an accurate approx-
imate result that is obtained from the first set of
dimensions which have a high amount of energy.

Our approach for feature-vector set organiza-
tion based on distance preserving transformations
works as follows. The d-dimensional feature
vectors, where d is usually high in typical applica-
tions, are transformed using the KLT and a new
set of d-dimensional vectors is created. This set is
used as the new set of feature vectors. We use
KLT, because it is known to have the maximum
energy compaction property for any given data set.
That means, among all the transform-based
dimensionality reduction techniques, KLT is the
best in accumulating the data energy into a fixed
number of dimensions. Each feature vector is
divided into s fixed sub-vectors, each with r;
number of dimensions, where Eler,-zd. The
corresponding sub-vectors of all feature vectors
are stored consecutively and therefore the sub-
vectors of each feature vector are stored sepa-
rately. Without loss of generality let r; = 1, for
0<i<d, and therefore s = d for simplicity. In this
case, the values of first dimension of each vector
are stored together consecutively on secondary
storage, and second dimension values are stored
together, and so on. See Fig. 11 for the algorithmic
description of this setup phase.

When a query is issued, in the first step, only the
pages that contain the first dimensions of all
vectors are read from storage and the first
dimensions are considered for similarity. Then,
the other dimensions are read and the similarity
computation is updated based on all dimensions
that have been read. Partial results are stored in
memory to be used for the consecutive steps. If the

Lo =Y~ x(n)

2. €' =& So0n (x(n) — p)(x(n) — )7
3. COMPUTE K so that KC'KT = A
4. FORn=1,....N,

5. t(n) = K(x(n) - &)
6. FORi=1,...,d,

7. FORn=1,...,N,
8 WRITE t,(n)

Fig. 11. Setup phase of the algorithm.
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1. GET q (query) and k

2. d =K(q—u')

3. FORn=1,...,N,

4.  dist(n) =0

5. FORi=1,...,d,

6. FORn=1,...,N,

7 READ ¢t;(n)

8 dist(n) « dist(n) + ¢} — t:(n)]?
9 SORT dist

10. PRINT indices of smallest k entries of dist
11. IF user satisfied, STOP

12. END

Fig. 12. Execution of k-NN search in the KLT domain.

user stops the search anytime, the query is
answered based on the results that are found up
to that point. Later in the paper, we will evaluate
the performance of this simple approach and
compare it with the other approaches. Fig. 12
shows the algorithm in pseudocode.

7. An integrated approach for approximate
searching

Both retrieved data set and retrieved informa-
tion reductions have strong motivations and need
to be considered. Therefore, it is important to
develop techniques that combine the advantages of
both retrieved set and retrieved information
reductions. We propose a new technique that
effectively combines the two class of approaches
into a single framework. The retrieved portion of
data is reduced by the help of a clustering
technique, which is an adaptation of K-means
clustering [24,57], and the feature vectors within a
cluster are organized to support progressive
approximate searching.

First, a dimensionality reduction, from d to r, is
performed on each data point in the data set. The
dimensionality reduction is done as described
earlier, i.e., by taking the first r dimensions in the
KLT domain. The value of r can be determined
based on a statistical analysis of the data. For all
dimensions i, the average energy that is stored in
the first i dimensions is computed. Let r be the

minimum number of dimensions that keeps energy
that is above a certain threshold. Analysis of the
energy stored in KLT-domain dimensions can be
used for high dimensional data characterization.
The r value that stores an amount of energy that is
greater than a certain threshold, say 85%, is a
simple characterization. We refer to the r dimen-
sions which store more energy than the threshold,
the dominant KL T-dimensionality of the data. In
our analysis, we establish that the first few
dimensions, usually 5-10 dimensions, in the KLT
domain store a high amount of the energy. Fig. 13
illustrates the percentage of cumulative energy
accumulated into reduced number of dimensions
for three different real data sets, which we will
describe and use later in the performance evalua-
tion, i.e., image color histogram, stock time-series,
and satellite image textures data sets.

After dimensionality reduction, we employ a
modified K-means clustering algorithm in the low
dimensional domain. The original K-means algo-
rithm [24,57] iteratively constructs a number of
clusters with a representative for each cluster such
that the error in representation within each cluster
is minimized. The K-means algorithm has found
applications in many different disciplines: unsu-
pervised learning in pattern recognition [57],
unsupervised image segmentation [58], and vector
quantizer design in signal compression [23].
Various extensions of K-means have been pro-
posed in the data