Soft Comput (2011) 15:845-853
DOI 10.1007/s00500-010-0552-8

FOCUS

Efficient approaches for summarizing subspace clusters

into k representatives

Guanhua Chen - Xiuli Ma - Dongqing Yang -
Shiwei Tang - Meng Shuai - Kunqing Xie

Published online: 9 March 2010
© Springer-Verlag 2010

Abstract A major challenge in subspace clustering is that
subspace clustering may generate an explosive number of
clusters with high computational complexity, which
severely restricts the usage of subspace clustering. The
problem gets even worse with the increase of the data’s
dimensionality. In this paper, we propose to summarize the
set of subspace clusters into k representative clusters to
alleviate the problem. Typically, subspace clusters can be
clustered further into k groups, and the set of representative
clusters can be selected from each group. In such a way,
only the most representative subspace clusters will be
returned to user. Unfortunately, when the size of the set of
representative clusters is specified, the problem of finding
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the optimal set is NP-hard. To solve this problem effi-
ciently, we present two approximate methods: PCoC and
HCoC. The greatest advantage of our methods is that we
only need a subset of subspace clusters as the input instead
of the complete set of subspace clusters. Precisely, only the
clusters in low-dimensional subspaces are computed and
assembled into representative clusters in high-dimensional
subspaces. The approximate results can be found in poly-
nomial time. Our performance study shows both the
effectiveness and efficiency of these methods.

Keywords Subspace clustering - Representative clusters -
High-dimensional data - Data summarization - Data mining

1 Introduction

In recent years, many real-world datasets such as web logs
and gene samples consist of complex data objects, where a
large number of attributes are involved. These datasets are
often referred to as high-dimensional data. Clustering in
high-dimensional spaces is often difficult as theoretical
results questioned the meaning of closest matching in high-
dimensional spaces. Subspace clustering has attracted great
attention due to its capability of discovering salient patterns
in high-dimensional data. Subspace clustering aims at
searching for clusters in subspaces formed by any possible
subset of relevant attributes. A subspace cluster can be
represented as (C, S), where C is the set of objects in the
cluster and S is the set of attributes that constitute the
underlying subspace.

Subspace clustering has been studied extensively on
scalable methods for mining various kinds of subspace
clusters. However, the major challenge of subspace clus-
tering is not only the efficiency but also the interpretability.

@ Springer



846

G. Chen et al.

Most subspace clustering algorithms depend on a global
density threshold, if the density threshold is high, subspace
clustering may generate only commonsense clusters, while
a low density threshold may generate an explosive number
of results. This has severely restricted the usage of sub-
space clustering. As long as the number of discovered
clusters is beyond tens or hundreds, it becomes difficult for
an analyst to examine them directly.

This paper aims at solving the interpretability and
redundancy issue by summarizing the set of subspace
clusters into k representative clusters. A naive brute-force
solution can be implemented by posing an enumeration
process after the subspace clustering process. However, it
may encounter two major challenges in many real-world
applications. First, for any dataset containing potentially
subspace clusters in a high-dimensional subspace (say,
20+ dimensions), the subspace clustering process is not
only computationally expensive but also leaving a huge
input for the enumeration process. Second, finding the set
of k representative subspace clusters which represents the
set of subspace clusters best is a special case of the max-
imum coverage problem, which is NP-hard.

There are two main contributions of this work. First, we
examine the relationship between low-dimensional sub-
space clusters and high-dimensional subspace clusters
which makes it possible that the representative subspace
clusters can be assembled from low-dimensional subspace
clusters. Second, we develop two approaches for discov-
ering the set of k representative subspace clusters: PCoC
(partition-based clustering on subspace clusters) and HCoC
(hierarchical clustering on subspace clusters). PCoC
applies a k-medoids style clustering approach with fast
grouping so that it can be used to deal with a large number
of subspace clusters, while HCoC can return a dendrogram
which allows a user to explore the cluster structure from
high level to detailed level. Even in cases that the complete
set of subspace clusters is computationally infeasible, it is
also possible to have a global view of subspace clusters
through the set of k representative subspace clusters.

The rest of the paper is organized as follows. We first
introduce related work in Sect. 2. In Sect. 3, the problem of
mining k representative subspace clusters is defined and
related concepts are introduced. In Sect. 4, we introduce
our methods, PCoC and HCoC, step by step. Section 5
reports the performance evaluation of our methods both on
real and synthetic datasets. We summarize our work and
discuss some future research directions in Sect. 6.

2 Related work

Subspace clustering has been studied extensively on scal-
able methods for mining various kinds of subspace clusters,
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such as grid-based (Agrawal et al. 1998), entropy-based
(Cheng et al. 1999), and density-based (Baumgartner et al.
2004; Bohm et al. 2004; Kriegel et al. 2005; Assent et al.
2007) approaches. The above approaches may suffer from
the problem of a sheer size of redundancy results.

The introduction of the skyline of subspace clusters
(Chen et al. 2008) and clusters in maximal dimensional
subspace (Kriegel et al. 2005) can partially alleviate this
redundancy problem. The skyline of subspace clusters is
the complete set of dominating subspace clusters which
cannot be covered by any other cluster. A subspace cluster
is a cluster in maximal dimensional subspace if and only if
its object set does not clustering in any super-space that
contains its attribute set. Unfortunately, for any subspace
cluster (C, S), as long as there is a small disturbance on the
object set, it may generate hundreds of sub-clusters in
different subspaces. In fact, these sub-clusters overlap
greatly on their object sets, thus a representative subspace
cluster can be a more general representation of these
clusters which may represent users’ interest more
accurately.

Another related research work is the problem of sum-
marization of frequent itemsets. To achieve a concise
summary or representatives of frequent itemsets, recent
works such as the closed pattern (Pasquier et al. 1999), the
spanning set approach (Afrati et al. 2004), the clustering-
based approach (Xin et al. 2005), the profile-based
approach (Yan et al. 2005), the Markov random field
approach (Wang and Parthasarathy 2006) and the regres-
sion-based approach (Jin et al. 2008) are developed. We
share some ideas from these works; however, there are two
main differences between our work and them. First, the
compact set of frequent itemsets only involves the set of
items and its support, while the representative subspace
clusters should consider both the object set and attribute set
with its density. Second, the methods developed in this
paper are built on the set of low-dimensional subspace
clusters, while the work on the representatives of frequent
itemsets need the whole set of frequent itemsets being
computed at first.

3 Problem statement

Given a set of n objects with d attributes, Let D = {oy,
07,..., 0,,} be the set of objects and A = {ay, as,..., a;} be
the set of attributes. An object o; = (vi1, Vizs..es Vig)
1<i<n),vi(l<i=<n1<k=<d)isthe value of o;
on attribute a;, which can also be denoted by dot notation
0;Ay.

Attributes can have different meaning, ranges and even
data types, thus there can be different (dis)similarity
measures on each attribute. Without restricting the
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generality, we assume that there are d similarity check
functions fi, f5,..., f; defined on each attribute, fi(o, 0')
returns true if o and o' is similar on the attribute ay,
otherwise false. Further, we assume the similarity check
functions have the following properties:

1. filo, 0) is true.

2. filo, 0") = fi(d', 0) (referred to as symmetry property).

3. If both fi(0, o) and f (0, 0”) return true, then fi(o0, 0”)
returns true (referred to as transition property).

Now we define the subspace cluster based on the set of
similarity check functions, which can be regarded as the
clustering structure on a single attribute.

Definition 1 (Subspace cluster) A subspace cluster (C, S)
is a set of objects C with a set of attributes S that satisfies
all of the following conditions:

1. C< D, S<cAIC>O0,IS>0.

2. For any two objects 0;, 0; € C, for any attribute a; € S,
filo;, 0)) returns true.

3. ICl = coverage-n, where coverage (0 < coverage < 1)
is a threshold specified by user to guarantee the
number of objects exceeding a portion of the whole set
of objects, in other words, to make sure that the object
set is not too small.

Condition 2 is referred to as Similarity Condition by
which we can define different similarity measures for each
attribute, and a subspace cluster can be interpreted easily as
a set of objects that are similar on every attribute of its
attribute set. Condition 3 is denoted as Density Condition
which is also used in CLIQUE (Agrawal et al. 1998) for
identifying dense units. Conceptually, this definition is
similar to those in grid-based clustering and density-based
clustering. The main difference is that we treat each attri-
bute as a separate distribution while other approaches put
all attributes together and create a multinomial model.

Theorem 1 (Subspace clusters have the downward closure
property on the attribute set) Theorem [ ensures that any
subspace cluster is still a subspace cluster on the subset of
its attribute set. Formally, for a subspace cluster (C, S),
(C, Sy is still a subspace cluster for any S' < S and
IS'l > 0. Proving theorem I is intuitive but this downward
closure property is useful in the A priori style subspace
search as a pruning criterion. We refer a subspace cluster
(C, S) to as a subspace cluster with a maximal attribute set
if there does not exist an attribute set S', such that S C §'
and (C, §') is a subspace cluster.

Theorem 2 (Subspace clusters have the downward closure
property on the object set) Similar to Theorem I, for a
subspace cluster (C, S), (C', S) is still a subspace cluster
for any C' = C if IC'| > coverage-n.

Usually, we are interested in subspace clusters with
maximal object set. Formally, for a subspace cluster (C, S),
C is a maximal object set if and only if there does not exist
an object set C’, such that C C C” and (C', S) is a subspace
cluster. This is referred to as Maximal Condition. From
now on, if not specified explicitly, we refer a subspace
cluster to as a subspace cluster with maximal object set.

Theorem 3 Given a set of subspace clusters G = {{C;,
S} (I < i< m), construct an object set C and an attribute
set S by C=(\",Ci and S=\J_, Si, then (C, S) is a

subspace cluster if |Cl > coverage-n.

Proof For ICl > coverage-n, the density condition is
already satisfied. To prove (C, S) is a subspace cluster with
maximal object set, we need to prove (C, S) satisfies both
the similarity condition and the maximal condition.

First, we prove (C, S) satisfies the similarity condition.
For any two objects o;, o; € C, for any attribute a; € S,
there must exist a subspace cluster (C', §') € G, such that
a € §' because S = |JI, S;, which means each attribute in
S belongs to at least one attribute set in {S;}. From C =
N, Ci, we have o;, o; € C" because C = C". Then we
have fi(0;, 0)) is true because (C”, S”) itself is a subspace
cluster and satisfies the similarity condition on attribute a;.

Second, we prove (C, S) satisfies the maximal condition.
Suppose there exists a subspace cluster (C”, S) such that
C C (', then there is an object o that o € C' buto ¢ C (i.e.
0 € C'/C). As an object in C', o is similar to objects in C
over every attribute in S. From o ¢ C, we have there exists
at least one subspace cluster (C", S”) € G such thato ¢ C”.
We separate C” into two set of objects, one is C and the
other is C"/C. For 8" < §, o is similar to objects in C over
every attribute in §”. If C"/C is not empty, objects in C"/C
are similar to objects in C over every attribute in S”. Due to
the transition property of similarity check functions, we
have that o is also similar to objects in C"/C over every
attribute in S”. With above conclusions, we have o is
similar to all objects in C” over every attribute in S”, then
(C"U{o}, §") is a subspace cluster, which conflicts with
(C”, §") is a subspace cluster with maximal object set.
From the conflict, we conclude that (C, S) is a subspace
cluster with the maximal object set. O

According to Theorem 3, we have following
implications:

1. The subspace clusters in high-dimensional subspaces
can be constructed from low-dimensional subspace
clusters directly. Especially, a subspace cluster with k
attributes can be constructed easily by k subspace
clusters with one attribute.

2. Low-dimensional subspace clusters with similar object
sets can be grouped together for indicating the
clustering structure over high-dimensional subspaces.
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On the other hand, a significant cluster in high-
dimensional subspace has more sub-clusters in lower
dimensional subspace sharing similar object sets.

3. For each group of low-dimensional subspace clusters
sharing similar object sets, a representative subspace
cluster that covers most low-dimensional subspace
clusters in the group also covers high-dimensional
subspace clusters, which can be constructed from this
group with high probability.

Inspired by these observations, we find that it is very
important to group low-dimensional subspace clusters with
similar object sets together to eliminate redundant clusters.
We can merge the low-dimensional subspace clusters in
each group to form the representative subspace clusters.
The representative subspace cluster is composed by the
maximal set of most sharing objects clustering over a
maximal set of attributes within the group. Formally, given
a group of subspace clusters G = {(C,, S;)}, the repre-
sentative subspace clusters can be defined as follows:

Definition 2 (Representative subspace cluster) Subspace
cluster (C, S) is a representative subspace cluster for G
satisfying following conditions:

1. (C, S) is a subspace cluster can be constructed
(according to Theorem 3) from a subset of subspace
clusters in G

2. For all subspace clusters that can be constructed in G,
S has the largest attribute set.

We use derive(G) to denote the complete set of subspace
clusters that can be generated from any subset of subspace
clusters in G. For two subspace clusters (C, S), (C',
S') € derive(G), if C = C' and § < S, we say (C, S)
represents (C’, §'). We use rep({(C, S)) to denote the
complete set of subspace clusters that can be represented
by (C, S).

Theorem 4 For all subspace clusters in derive(G), the
representative subspace cluster (C, S) of G has the largest
set of rep({C, S)).

Proof For the downward closure property on the attribute
set, we have rep((C, S)) = P((C, S)), where P((C, S)) is
the subspace clusters containing C over every attribute set
S in the power set of S. Thus, we have lrep({C,
SHI = IP((C, S))l = 2" — 1. As long as the representative
subspace cluster has the largest attribute set, that is, has the
maximal ISl, we conclude that it has the largest set of
rep({C, S)). 0O

Based on above discussion, we define our problem of
mining representative subspace clusters as finding k rep-
resentative subspace clusters that represent as many as
possible subspace clusters in the whole set of subspace
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clusters, that is, finding a set of k subspace clusters {{C},
S, (Cs  S2),..., {(Cr Si)} that maximizes

UL, rep((Ci,Si)|.

Theorem 5 Given a set of subspace clusters G = {{C,
S)}, the problem of finding k representative subspace
clusters from G is NP-hard.

Proof We regard G as a set of ground elements, that is,
each subspace cluster (C, S) in G is an ground element. For
rep({C, S)) = G, we denote R = {rep(C, S)}. Then we
have IGI ground elements (subspace clusters) and IR sets of
ground elements. The problem of finding k subspace
clusters in G such that maximizes Ule rep((C;,S;))| is
equivalent to finding k sets in R that maximizes
‘Uf:] rep({C;,S;))|, which can be reduced to the
unweighted maximal coverage problem; therefore, the
problem is NP-hard. O

4 Efficient mining of the representative subspace
clusters

In this section, we study efficient mining of the represen-
tative subspace clusters. In Sect. 4.1 we first present an
overview of our methods.

4.1 General idea

According to Theorem 5, finding the set of k representative
subspace clusters that represent maximal number of sub-
space clusters in the whole set of subspace clusters is
equivalent to the unweighted maximal coverage problem.
However, we can use a simple heuristics to achieve an
approximate result in polynomial time. First, we group the
set of low-dimensional subspace clusters into k disjoint
groups based on their similarity. In this step, we imple-
mented two clustering-based approaches to maximize inner
similarity and minimize inter-similarity among the groups:
a k-medoids style clustering method can achieve a local
optimization on similarity within each group, while a
hierarchical agglomerative clustering method has the glo-
bal optimization results. After that, a representative sub-
space cluster is assembled from each group by a greedy
algorithm.

Based on Theorem 3, we can generate the representative
subspace clusters from a set of low-dimensional subspace
clusters. Typically, we only compute subspace clusters
with the set of attributes no more than small_d attributes.
For small_d is a small number (say, 2 or 3), the whole
running time of mining representative subspace clusters is
polynomial. The whole process consists of the following
steps:
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4.1.1 Mining of low-dimensional subspace clusters

First, all clusters on each single attribute are computed.
Then, all of low-dimensional subspace clusters having no
more than small_d attributes can be generated according to
Theorem 3.

4.1.2 Partition subspace clusters

The discovered low-dimensional clusters are partitioned
into k disjoint groups based on their similarity. To achieve
this, we develop two approaches: PCoC and HCoC. PCoC
is a k-medoids style approach that achieves local optimal
result with fast convergence, while HCoC is a hierarchical
agglomerative clustering approach having global optimal
result. In addition, HCoC can return a dendrogram which
allows a user to explore the cluster space in a top-down
manner.

4.1.3 Generating representative subspace clusters

After the grouping process, a representative subspace
cluster is generated from each group by a greedy algorithm.

4.2 Mining of low-dimensional subspace clusters

For each attribute, we discover its clustering structure
based on the definition that a cluster (dense region) is a set
of objects spanning over a region having significant higher
density than expectation. By assuming a uniform distri-
bution, we define the expected density of attribute a; as
density; = Dom(a;)/n, where Dom(a;) is the range of values
on a; ie. Dom(a;) = max{v;} — min{v;} (1 <j <n).
Given a region of length [ on a;, the expected number of
objects in the region is Il/density;. A dense object on a; is
defined as having more objects in its neighborhood. In our
method, we define the region (v;; — density; v;; + density;)
as the neighborhood of o; and the expected number of
objects in its neighborhood is 2. 0; is a dense object if there
are no less than 2x objects in its neighborhood, where x is a
dense threshold and x > 1. In our experiments, x = 2
(twice to the expected density) is sufficient for tight
clusters.

As long as the dense object is defined, we develop a
variant of DBSCAN (Ester et al. 1996) to find all density
connected clusters having no less than coverage-n objects
over each attribute. For attribute a;, the set of clusters found
on g; is denoted as G,,; = {(C;, {a;})}. The similarity check
function f; can be defined on G,; as follows: if 0, o’ belong
to the same cluster in G, fi(o, 0') returns true, otherwise
false. The similarity check functions defined in this way
have the symmetry property and transition property, thus
they are valid similarity check functions.

After clusters on every single attribute are found, we
generate all of subspace clusters with no more than small_d
attributes in the A priori style search based on the down-
ward closure property on the attribute set. The cost of this
step is O(m*™™ ") in the worst case, where m is the number
of all clusters on every single attributes. Obviously, m is
linear with d.

With the complete set of low-dimensional subspace
clusters (denoted as G), we first present a partition-based
and hierarchical clustering approaches to separate G into k
disjoint groups, then generate the representative subspace
clusters from these groups.

4.3 PCoC

First we define the measures used in the clustering process,
then the algorithm is presented step by step, with possible
optimizations.

4.3.1 Definitions

First, we define the similarity between two subspace clus-
ters as follows:

Sim((C,$),(C’, §')) = |cnc’|/jcuc].

In this similarity measure, only the similarity between
the object sets is considered. We do not need to consider
the similarity between their attribute sets, because if two
subspace clusters share no attribute with each other but
have similar object set, they can be merged into a subspace
cluster with union of their attribute set according to
Theorem 3, thus they can be represented by the same
subspace cluster and should be grouped together. On the
other hand, if there are two subspace clusters with identical
attribute set (i.e. in the same subspace), they could have no
sharing object (otherwise the Maximal Condition is
violated), and they should not be grouped together.

Second, we define the measure of cluster quality, which
is used as the stop condition in the iteration process.

We define quality measure Q =S¢ (1/ 1Gil 3 (c.s)e
G;Sim(C,S), (C;,S;))), where G; is the i-th group of sub-
space clusters and (C;, S;) is the center of the i-th group.
The quality measure Q is the sum of average similarity to
the center in each group. The larger Q, the better grouping
quality is.

4.3.2 The algorithm

As shown in Algorithm 1, we present PCoC step by step.
The algorithm is a variant of k-medoids grouping similar
subspace clusters. First, k subspace clusters are selected
randomly as centers of k groups. Then each of the
remaining subspace clusters is assigned to be a member of
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the group having the largest similarity with the center.
After the assignment, a center can be replaced by any
random selected subspace cluster if the new center set with
their members can achieve better quality Q. The algorithm
stops when tried sufficient times of replacing centers
without having a better quality. Instead of the typical k-
means clustering algorithm, we choose k-medoids algo-
rithm for following reasons:

1. k-Medoids is more robust to outliers.
k-Medoids usually gets a faster convergence than k-
means.

3. The center of a group can be a subspace cluster
directly.

4. The final k center subspace clusters found by k-
medoids can be regard as core clusters and used in the
following greedy search of representative subspace
clusters.

Algorithm 1 Grouping subspace clusters: PCoC

Input: set of subspace clusters G = {(C, S)}, number of
groups K

Output: K set of subspace clusters Gy, G,..., Gg and
their centers

1: randomly select K subspace clusters as the initial center of K
groups;

2: for each subspace cluster <C, 5>€6 do

assigns its membership to the group that has the largest
similarity with the center;

3: calculate the cluster quality Q

4: randomly select subspace clusters to replace one of the group
centers and form a new list of centers and new group structure
with cluster quality Q7

5: if (9’ > Q), then Q0 = Q’, repeat 2
6: if not tried sufficient times, repeat 4

7: else return the K groups with their centers;

4.3.3 Optimizations

There are heuristics can be used to improve the perfor-
mance of Algorithm 1. As discussed in Sect. 4.3.1, two
subspace clusters with identical attribute set have no
sharing object, thus should not be grouped together. Using
this observation, we can select those subspace clusters with
identical attribute set as the initial group centers. This
optimization provides an acceleration of the convergence
in the process of iteration.

Another optimization is that we can calculate a simi-
larity matrix composing similarity between any two sub-
space clusters at the start of the algorithm so that the
similarity to the centers need not to be re-calculated in each
iteration. This optimization avoids many repeating simi-
larity computation between subspace clusters.
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4.4 HCoC

As shown in Algorithm 2, we present HCoC step by step.
First, each of subspace cluster forms a group containing
itself. Then, two groups with largest similarity are merged
until there are no more than k groups. The similarity
between groups is formulated by the average similarity
between all pairs of their subspace clusters. Formally, for
two groups of subspace clusters G, and G,, we define

sim(G1,G2) = 1/(|G1] - |G2|)
Z sim({C,S),(C',§)).

(C.8)€G1,(C'.S)€G,

Hierarchical clustering produces a dendrogram where
two groups are merged together at each level. The
dendrogram allows a user to explore the cluster space in
a top-down manner and provides a global view of subspace
clusters. With the dendrogram, user can be released from
finding the optimal k representative subspace clusters.

Algorithm 2 Grouping subspace clusters: HCoC

Input: set of subspace clusters G = {(C, S)}, number of
groups K

Qutput: K set of subspace clusters Gy, G,..., G and
their centers

-

: initialize k = |G| groups, each of which has one subspace
cluster, it is also the center of the group;

: calculate sim(G;, G;) for all pairs of groups G;, Gj

: while (k > K

select G;, G; having largest sim(G;, Gj)

merge G;, Gj to a new group Gpeu;

calculate the similarity between G,., and the remaining groups;
k =k -1;

: end while

W d o G W N

: select the center cluster for each group such that the sum of
similarity between the center and the other clusters in the
group is maximized.

10: return the K groups with their centers;

4.5 Generating representative subspace cluster

For each group of subspace cluster, a representative sub-
space cluster can be generated by merging a subset of
subspace clusters. Intuitively, a brute-force method can try
all combinations of subspace clusters to find the one has
largest attribute set; however, this method is infeasible for
computation. We propose a greedy search method that can
find an approximate result in polynomial time. As shown in
Algorithm 3, we start the search from the center of the
group (step 1), each time we add in a subspace cluster
which has the largest similarity with the representative
subspace cluster found so far, until there does not exist any
subspace cluster that can be added (step 2-6).
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Algorithm 3 Find a representative subspace cluster

Input: A group of subspace clusters G = {(C, S)}, the
center of G: (C;, S,)
Output: a representative subspace cluster (C,, S,)

Cr = Ciy Sy = Siy G=G-<Ci, S;>;
while ([|G|>0)
find <C, S$> in G that has largest similarity with <C,, S>>

=W N e

if <CcMC,, SUS,> is a valid subspace cluster
C=CNMCy S= SUS;
G=G-<C, S5>;

5: else 7

6: end while

7: return <C,, S,>

5 Experiment study

We evaluate the effectiveness and efficiency of our meth-
ods on both synthetic and real dataset. All the experiments
are performed on a 2 GHz Pentium 4 PC with 1 GB main
memory, running on Windows XP. All the programs are
written in Java. In the experiments, we set small_d = 2,
that is, only the set of subspace clusters with no more than
2 attributes are computed.

5.1 Synthetic datasets

We implement a synthetic data generator to produce data-
sets with clusters of high density in specific subspaces. The
data generator allows controlling over the structure and the
size of datasets through parameters such as the number of
records, the number of dimensions, and the range of values
for each dimension. Initially, each dimension of the dataset
is generated in a random style (equivalent to a uniform
distribution on every dimension). Then, different subspace
clusters are inserted into the dataset, replacing parts of the
original random values. We can design the subspace clus-
ters by their dimensionality and size.

5.2 Real datasets

A real sales dataset is organized into a data cube with
dimensions such as products, locations, time and the
amount of product sales. The fact table of the data cube is
composed of the daily sales of over a hundred of products
for 3 years. The clustering process is equivalent to answer
the questions like Find the similar product groups
according to their weekly sales during last n weeks, with n
varying from 20 to 60. It is a dense dataset with many
subspace clusters embedded in subspaces with 3-20 attri-
butes. We use this dataset to test the efficiency of our
algorithms. For the sake of privacy, details of the products
and sales data are neglected.

5.3 Effectiveness

First, we examine the effectiveness of our method on the
synthetic data. We designed 6 datasets with 200 objects
and 100 attributes. Each dataset may have 3-8 groups of
subspace clusters. Subspace clusters in each group are
sharing similar object set. The typical subspace cluster
contains 20% objects and is embedded in the subspace
with 10-30 attributes. Subspace clusters may overlap
with each other both on object set and attribute set. We
apply PCoC and HCoC on these datasets, respectively.
By varying k, we count the valid representative subspace
clusters found by PCoC and HCoC. We report our result
in Tables 1 and 2.

As shown in Tables 1 and 2, we can see that as long
as the optimal k is selected, the valid representative
subspace clusters can provide a consistent summary of
the groups of subspace clusters. When £ is less than the
actual number of groups of subspace clusters, smaller
groups are missed in the result. When k is more than the
actual number of groups of subspace clusters, bigger
groups are divided into smaller groups. Although the
perfect value of k is hard to guess beforehand, the value
of k other than the optimal one also returns informative
results through which a user may have a global view of
data distribution.

Table 1 Number of valid representative subspace clusters discovered by PCoC

Dataset no. Number of groups K=3 K=4 K=5 K=6 K=17 K=38 K=9
1 3 3 4 4 4 4 4 5
2 4 3 4 5 6 5 6 4
3 5 3 4 5 6 6 6 6
4 6 3 4 5 6 6 8 7
5 7 3 3 4 6 7 6 8
6 8 2 2 3 6 7 8 8
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Table 2 Number of valid representative subspace clusters discovered by HCoC

Dataset no. Number of groups K=3 K=4 K=5 K=6 K=17 K=28 K=9
1 3 3 4 5 6 7 8 8
2 4 3 4 4 5 6 7 7
3 5 3 4 5 6 6 7 7
4 6 3 4 5 6 7 8 9
5 7 3 3 4 6 7 6 8
6 8 3 4 4 6 7 8 8
120 300
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L] L]
S o
o 80~ § 200
L L
a ]
% 60 < 150
@
E
| 40 E 100 -
20 = 50
i e _—/
——_ v
0 0 -
3 4 5 6 7 8 20 25 30 35 40 45 50 55 60

runtime of PCoC and HCoC on synthetic datasets with growing
number of subspace cluster gourps

Fig. 1 Runtime of PCoC and HCoC on synthetic datasets with
growing number of groups of subspace cluster

5.4 Efficiency

In Fig. 1, we test PCoC and HCoC on different synthetic
datasets with increasing number of groups of subspace
clusters. More groups of subspace clusters means more
subspace clusters are needed to be processed. The runtime
of PCoC and HCoC grows in polynomial with the number
of groups of subspace clusters.

In Fig. 2, we test PCoC and HCoC on the real dataset
with increasing number of attributes by querying weekly
sales data from 20 to 60 weeks of over a hundred of
products. Unlike the typical subspace clustering algorithms
that have exponential cost on dimensionality of data, HCoC
and PCoC both finished in acceptable time and grows
polynomial with the dimensionality. For each case, we
tried different k£ from 3 to 10. Basically, the value of k has
little influence on the runtime and the maximal runtime of
each case is selected.

From the result of above experiment, we can find out
that PCoC has better performance than HCoC both on the
synthetic datasets and the real dataset because the major
computation cost in HCoC is the pair-wise similarity cal-
culation. In total, Algorithm 2 has O(IGI?) similarity com-
putation. PCoC is an approach to eliminate the quadratic

@ Springer

Runtime of PCoC and HCoC on real dataset with growing
dimensionality

Fig. 2 Runtime of PCoC and HCoC on real dataset with growing
dimensionality

cost, which can achieve very fast clustering for a large
number of subspace clusters.

6 Conclusion

In this paper, we have studied how to summarize subspace
clusters into k representatives efficiently. The representa-
tive subspace clusters can solve the interpretability
issue caused by the huge number of subspace clusters in
high-dimensional dataset. We examined the relationship
between low-dimensional subspace clusters and high-
dimensional subspace clusters so that we can assemble the
representatives from the set of low-dimensional subspace
clusters. Without generating the complete set of subspace
clusters, the problem can be approximately solved in
polynomial time. Empirical studies indicate that we can
obtain very compact set of representatives with high cover
ratio in real datasets. Other than the post-processing style
approaches, our work can be directly applied on the input
dataset as a mining process which achieves much better
effectiveness and efficiency. To improve the effectiveness
of our wok, finding the optimal k automatically that is as



Efficient approaches for summarizing subspace clusters

853

small as possible without degrading the set of representa-
tive subspace clusters is an open issue.

Acknowledgments This work was supported by the National High-
Tech Research and Development Plan of China (863) under Grant No.
2007AA120502; NSFC 60874082.

References

Afrati F, Gionis A, Mannila H (2004) Approximating a collection of
frequent sets. In: Proceedings of the tenth ACM SIGKDD
international conference on knowledge discovery and data
mining (KDD’04), pp 12-19

Agrawal R, Gehrke J, Gunopulos D, Raghavan P (1998) Automatic
subspace clustering of high dimensional data for data mining
applications. In: Proceedings of international conference on
management of data (SIGMOD’98), pp 94-105

Assent I, Krieger R, Miiller E, Seidl T (2007) DUSC: dimensionality
unbiased subspace clustering. In: Proceedings of the seventh
IEEE international conference on data mining (ICDM’07),
pp 409-414

Baumgartner C, Kailing K, Kriegel H-P, Kroger P, Plant C (2004)
Subspace selection for clustering high dimensional data. In:
Proceedings of the fourth IEEE international conference on data
mining (ICDM’04), pp 11-18

Bohm C, Kailing K, Kriegel H-P, Kroger P (2004) Density connected
clustering with local subspace preferences. In: Proceedings of
the fourth IEEE international conference on data mining
(ICDM’04), pp 27-34

Chen G, Ma X, Yang D, Tang S (2008) Discovering the skyline of
subspace clusters in high-dimensional data, In: Proceedings of

the fifth international conference on fuzzy systems and knowl-
edge discovery (FSKD ‘08), vol 2, pp 439443

Cheng CH, Fu AC, Zhang Y (1999) Entropy-based subspace
clustering for mining numerical data. In: Proceedings of the
fifth ACM SIGKDD international conference on knowledge
discovery and data mining (KDD’99), pp 84-93

Ester M, Kriegel H-P, Sander J, Xu X (1996) A density-based
algorithm for discovering clusters in large spatial databases with
noise. In: Proceedings of the second ACM SIGKDD interna-
tional conference on knowledge discovery and data mining
(KDD’96), pp 226-231

Jin R, Abu-Ata M, Xiang Y, Ruan N (2008) Effective and efficient
itemset pattern summarization: regression-based approaches, In:
Proceedings of the 14th ACM SIGKDD international conference
on knowledge discovery and data mining (KDD’08), pp 399-407

Kriegel HP, Kroger P, Renz M, Wurst S (2005) A generic framework
for efficient subspace clustering of high-dimensional data. In:
Proceedings of the fifth IEEE international conference on data
mining (ICDM’05)

Pasquier N, Bastide Y, Taouil R, Lakhal L (1999) Discovering
frequent closed itemsets for association rules. In: Lecture notes
in computer science: database theory, ICDT, pp 398416

Wang C, Parthasarathy S (2006) Summarizing itemset patterns using
probabilistic models. In: Proceedings of the 12th ACM SIGKDD
international conference on knowledge discovery and data
mining (KDD’06), pp 730-735

Xin D, Han J, Yan X, Cheng H (2005) Mining compressed frequent-
pattern sets. In: Proceedings of the 31st international conference
on very large data bases (VLDB’05), pp 709-720

Yan X, Cheng H, Han J, Xin D (2005) Summarizing itemset patterns:
a profile-based approach. In: Proceedings of the eleventh ACM
SIGKDD international conference on knowledge discovery and
data mining (KDD’05), pp 314-323

@ Springer



	Efficient approaches for summarizing subspace clusters into k representatives
	Abstract
	Introduction
	Related work
	Problem statement
	Efficient mining of the representative subspace clusters
	General idea
	Mining of low-dimensional subspace clusters
	Partition subspace clusters
	Generating representative subspace clusters

	Mining of low-dimensional subspace clusters
	PCoC
	Definitions
	The algorithm
	Optimizations

	HCoC
	Generating representative subspace cluster

	Experiment study
	Synthetic datasets
	Real datasets
	Effectiveness
	Efficiency

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


