
Pattern Recognition 44 (2011) 2862–2870
Contents lists available at ScienceDirect
Pattern Recognition
0031-32

doi:10.1

� Corr

E-m

sukuma

viswana
journal homepage: www.elsevier.com/locate/pr
A distance based clustering method for arbitrary shaped clusters in
large datasets
Bidyut Kr. Patra a,�, Sukumar Nandi a, P. Viswanath b

a Department of Computer Science and Engineering, Indian Institute of Technology – Guwahati, Guwahati 781039, India
b Department of Computer Science and Engineering, Rajeev Gandhi Memorial College of Engineering & Technology, Nandyal 518501, A.P., India
a r t i c l e i n f o

Article history:

Received 12 September 2009

Received in revised form

16 April 2011

Accepted 29 April 2011
Available online 13 May 2011

Keywords:

Distance based clustering

Arbitrary shaped clusters

Leaders

Single-link

Hybrid clustering method

Large datasets
03/$ - see front matter & 2011 Elsevier Ltd. A

016/j.patcog.2011.04.027

esponding author.

ail addresses: bidyut@iitg.ernet.in (B.K. Patra)

r@iitg.ernet.in (S. Nandi),

th.pulabaigari@gmail.com (P. Viswanath).
a b s t r a c t

Clustering has been widely used in different fields of science, technology, social science, etc. Naturally,

clusters are in arbitrary (non-convex) shapes in a dataset. One important class of clustering is distance

based method. However, distance based clustering methods usually find clusters of convex shapes.

Classical single-link is a distance based clustering method, which can find arbitrary shaped clusters. It

scans dataset multiple times and has time requirement of Oðn2Þ, where n is the size of the dataset. This

is potentially a severe problem for a large dataset. In this paper, we propose a distance based clustering

method, l-SL to find arbitrary shaped clusters in a large dataset. In this method, first leaders clustering

method is applied to a dataset to derive a set of leaders; subsequently single-link method (with

distance stopping criteria) is applied to the leaders set to obtain final clustering. The l-SL method

produces a flat clustering. It is considerably faster than the single-link method applied to dataset

directly. Clustering result of the l-SL may deviate nominally from final clustering of the single-link

method (distance stopping criteria) applied to dataset directly. To compensate deviation of the l-SL, an

improvement method is also proposed. Experiments are conducted with standard real world and

synthetic datasets. Experimental results show the effectiveness of the proposed clustering methods for

large datasets.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Clustering problem appears in many different fields like data
mining, pattern recognition, statistical data analysis, bio-infor-
matics, etc. Clustering problem can be defined as follows. Let
D¼ fx1,x2,x3, . . . ,xng be a set of n patterns, where each xi is a
N-dimensional vector in a given feature space. Clustering activity
is to find groups of patterns, called clusters in D, in such a way
that patterns in a cluster are more similar to each other than
patterns in distinct clusters. There exist many clustering methods
in the literature [1–4].

Clustering methods are mainly divided into two categories
based on the way they produce results viz., partitional clustering
and hierarchical clustering methods.

Partitional clustering methods create a single clustering (flat
clustering) of a dataset. Partitional methods can be further
categorized into two classes based on the criteria used viz.,
distance based and density based. Distance based methods opti-
mize a global criteria based on the distance between patterns.
ll rights reserved.

,

Some of the popular distance based clustering methods are
k-means [5], CLARA [6], and CLARANS [7]. Density based parti-
tional clustering methods optimize local criteria based on density
distribution of patterns. DBSCAN [8] and DenClue [9] are of this
type of clustering methods.

Hierarchical clustering methods create a sequence of nested
clusterings of a dataset. These methods can also be categorized
into two classes viz., density based and distance based. Clustering
methods like single-link [10], complete-link [11], and average-
link [12] are distance based hierarchical clustering methods.
Clustering methods like OPTICS [13] and Chameleon [14] are
density based hierarchical clustering methods.

Single-link clustering method can find arbitrary shaped clus-
ters in many applications such as image segmentation, spatial
data mining, geological mapping. It builds a dendogram where
each level represents a clustering of the dataset. A suitable
clustering is chosen from the dendogram based on requirements.
Selection of a clustering from the dendogram can be done by
specifying various stopping conditions as follow [15]:
(a)
 Distance-h stopping condition: Distance between any pair of
clusters in the clustering should be greater than h.
(b)
 k-cluster stopping condition: Number of clusters in the cluster-
ing should be k.
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(c)
 Scale-a stopping condition: Let r� be the maximum pairwise
distance between any two patterns in the dataset. Then, the
stopping condition is: distance between any pair of clusters
should be greater than ar�, where 0oao1:
In this paper, we consider single-link clustering method with
distance-h stopping condition and it is referred to as SL method in
the remaining part of the paper. In the study [16], Krause
exploited SL method in computational biology. However, SL
method has the following drawbacks: (i) time complexity of
Oðn2Þ and (ii) scanning the dataset many times. Therefore, this
method is not suitable for large datasets.

In this paper, we propose a distance based clustering method
which is suitable for clustering large datasets by combining
leaders clustering method (partitional clustering) and SL method.
We call this hybrid method as leader-single-link (l-SL) method,
(l stands for leaders). The l-SL method is significantly faster than
the SL method. However, the clustering results produced by l-SL
method may deviate from the final clustering produced by the
SL method. From various experimental studies, it is found that
deviations are nominal. To overcome this deviation (if any), a
correction scheme is also proposed and we call it as al-SL method.
Execution time of the al-SL method is marginally higher than the
l-SL method, but faster than the SL method. In this paper, we also
prove that clustering results produced by the al-SL method and
the SL method are identical. Experimental results with standard
real world and synthetic datasets show the effectiveness of the
proposed clustering methods in large datasets.

The rest of the paper is organized as follows. Section 2
describes a summary of related works. Section 3 describes a brief
background of the proposed clustering methods. Section 4
describes proposed distance based clustering method (l-SL) and
a relationship between SL and l-SL methods. Section 5 describes
proposed improvement of the l-SL method. Experimental results
and conclusions are discussed in Section 6 and Section 7,
respectively.
2. Related work

In this section, recent works related to the proposed schemes
are discussed. Dash et al. [17] proposed a fast hierarchical
clustering method based on partially overlapping partitions
(POP). It has two phases. In first phase, dataset is partitioned into
a number of overlapping cells. Closest pair-distance is calculated
for each cell and if overall closest pair-distance is less than a
threshold d, then the pair is merged. This process continues until
overall closest pair distance is more than d. In second phase,
traditional hierarchical agglomerative clustering (HAC) method is
applied over the remaining clusters. However, HAC uses centroid
based metric to calculate distance between clusters.

Nanni [18] exploits triangle inequality property of metric
space to speed-up hierarchical clustering method (single-link
and complete-link). Considering the distribution of data, the
scheme reported gain in the reduction of distance computations
for a variant of single-link method (k-cluster stopping condition).
However, these methods keep entire dataset in main memory for
processing. So these methods are not suitable for large datasets.

Vijaya et al. [19] proposed a hybrid clustering technique to
speed up protein sequence classification. In this method, initially
leaders clustering is applied to dataset and traditional HAC
clustering methods are applied to the leaders at subsequent steps
to obtain k clusters. A median of each of k clusters is selected as
cluster representative. To classify a test pattern, a classifier selects
the closest cluster representative and subsequently closest sub-
cluster in that cluster. In this method, the hybrid clustering
technique is used to reduce computational cost of the classifier
only. However, no theoretical and experimental analysis of
clustering results are reported in the paper. Relation between
leaders threshold ðtÞ and the number of cluster representatives
(k) are also not reported.

Recently, Koga et al. [20] proposed a fast approximation
algorithm called LSH-link which is a faster way of implementing
single-link method. Unlike traditional single-link method, it
quickly finds nearer clusters in linear time using a probabilistic
approach (Locality-Sensitive Hashing [21]). They claimed that their
method ran in linear time under certain assumptions. However, it
keeps entire dataset in main memory. This prohibits its applica-
tion to large datasets. Clustering results are highly influenced by
parameters (number of hash functions, number of entries in hash
tables, initial threshold distance, ratio of two successive layer-
distances of dendogram). For high dimensional dataset, size of
hash table could be very large and unmanageable.

Few other clustering methods had been proposed to combine
partitional clustering method with hierarchical clustering method
to get the advantages of both methods [22–25]. Clustering
method proposed in [22] is a multilevel method, in which
k-means is combined with single-link clustering method. Cluster-
ing results are empirically analyzed. Clustering methods proposed
in [23–25] divide dataset into a number of sub-clusters applying
k-means method; subsequently an agglomerative method is
applied to sub-clusters for final clustering. These methods differ
in measuring similarity (separation) between a pair of sub-
clusters. The hybrid method in [23] can identify high density
clusters in one dimensional dataset. However, there is no general-
ized analysis for multi dimensional dataset. All these methods use
density information in measuring similarity between a pair of
clusters. Therefore, these methods are not discussed further in
this paper. It is noted that few works reported theoretical analysis
only from computational point of view [22,23]. However, cluster-
ing results obtained using hybrid methods are not theoretically
analyzed with the clustering output of the single-link method.
3. Background of the proposed method

Two widely used clustering methods viz., leaders clustering
and single-link clustering method are discussed in this section.
These two clustering methods have their own advantages and
disadvantages. The proposed clustering methods exploit these
two clustering methods.
3.1. Leaders clustering method

Leaders clustering method [26,27] is a single data-scan dis-
tance based partitional clustering method. Recently, leaders
clustering method has been used in pre-clustering phase in data
mining applications [28,29]. For a given threshold distance t, it
produces a set of leaders L incrementally. For each pattern x, if
there is a leader lAL such that Jx�lJrt, then x is assigned to a
cluster represented by l. In this case, we call x as a follower of the
leader l. If there is no such leader, then x becomes a new leader.
Each leader can be seen as a representative of a cluster of the
patterns which are grouped with it. The time complexity of
leaders clustering method is O(mn), where m¼ jLj. The space
complexity is O(m), if only leaders are stored. Otherwise, it is O(n).
However, it can only find convex shaped clusters. It is an order
dependent clustering method.
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3.2. Single-link clustering method

Single-link [10,30] is a distance based agglomerative hierarch-
ical clustering method. In single-link, distance between any two
clusters C1 and C2 is the minimum of distances between all pairs
in C1�C2

1. That is,

DistanceðC1,C2Þ ¼minfJxi�xjJ j xiAC1,xjAC2g

It produces a hierarchy of clusterings. In this paper, we consider
minimum inter-cluster distance (h) as the selection criteria to find
the final clustering from the hierarchy. The single-link method
with inter-cluster distance (h) is noted as the SL method and
depicted in Algorithm 1. The SL method is not scalable with the
size of dataset. The time and space requirements of SL method are
Oðn2Þ and it scans the dataset many times.

Algorithm 1. SL ðD, h).
{D is a given dataset, h is cut-off distance}

Place each pattern xAD in a separate cluster. Let
p1 ¼ fC1,C2, . . . ,Cng
Compute the inter-cluster distance matrix and set i¼1.

while {A pair of clusters Cx,CyApi such that Distance

ðCx,CyÞrh}
Select two closest clusters Cl and Cm.

Form a new cluster C ¼ Cl [ Cm.
Next clustering is piþ1 ¼ pi [ fCg\fCl,Cmg; i¼ iþ1

Update distances from C to all other clusters in the current

clustering pi.

end while

Output final clustering pi:

4. Proposed clustering method

The proposed l-SL clustering method is a hybrid scheme with
a combination of above two techniques (i.e. leaders and SL
method). The l-SL method needs only a single parameter h (i.e.
distance between a pair of clusters is more than h). Like other
clustering methods (k-means, DBSCAN), we assume that the value
of the parameter (h) is known before hand. In this scheme, the set
of leaders produced by the leaders clustering method is used as a
representative set of data. Subsequently, the SL method is applied
to the representative set to obtain final clustering.
4.1. Selection of leaders clustering method and its threshold

There exists a category of clustering method called sequential
algorithm [31]. These methods are fast and create a single
clustering of a dataset. Leaders clustering method [26,27] is one
of this type. Basic Sequential Algorithmic Scheme (BSAS), mod-
ified BSAS (MBSAS) [31], Max-min algorithm [32], Two-Threshold
Sequential Algorithmic Scheme (TTSAS) [31] are different varia-
tions of the leaders clustering method. However, all these meth-
ods either scan dataset more than once (MBSAS, TTSAS) or need
more than one parameters (BSAS, TTSAS).

The k-means [5] method runs in linear time with the size of
dataset. It can be used to select prototypes of a dataset. However,
k-means is applicable to numeric datasets only and scans dataset
more than once before convergence.

The leaders clustering method can be applied to any datasets
where notion of distance (similarity) is defined. It needs one
parameter ðtÞ and single database scan.
1 This notation of distance between two sets of points will be used subsequently.
Distance criteria t for the leader clustering method in l-SL
method plays a major role to produce final clustering. It is obvious
that t should be less than that of h. It is observed from experi-
mental results that trh=2 is required to get clustering results at
par with results of SL method applied directly. Minimum execu-
tion time of l-SL method is found for t¼ h=2. Results obtained
using t¼ h=2 is explained analytically in subsequent subsection.

4.2. The l-SL method: a variant of single-link clustering method

The l-SL method works as follows. At first, a set of leaders ðLÞ is
obtained applying the leaders clustering method to a dataset
using t¼ h=2. The leaders set is further clustered using SL method
with cut-off distance h which results in clustering of leaders.
Finally, each leader is replaced by its followers to produce final
clustering. The l-SL method is depicted in Algorithm 2.

Algorithm 2. l-SL ðD, h).
{D is a given dataset, h is cut-off distance}
Apply leaders method with t¼ h
2 to D.

{Let L be the output }
Apply SL ðL,hÞ as given in Algorithm 1.
{Outputs a clustering pL of the leaders.}

Each leader in pL is replaced by its followers.
{This gives a clustering of D (say plÞ.}

Output pl.
Time and space complexity of the proposed method are
analyzed as follows:
1.
 Step of obtaining the set of leaders ðLÞ takes time of O(mn),
where m¼ jLj. Space complexity is O(m). It scans dataset once.
2.
 The SL ðL, h) has same time and space complexity of Oðm2Þ.

Overall running time of l-SL is Oðmnþm2Þ. Since, m is always less
than n, the complexity becomes O(mn). Experimentally, we show
that l-SL is considerably faster than that of SL method. It is
because, SL works with the entire dataset, whereas l-SL works
with the leaders set (a subset of the dataset). Space complexity of
l-SL method is Oðm2Þ.

4.3. Relationship between SL and l-SL

Relationship between SL method and l-SL method is formally
established in this section. For x,yAD and a clustering p, we
denote x� py if x and y are in a same cluster of p and xfpy,
otherwise.

Let p and pl be final clustering produced by SL (distance
stopping criteria) and l-SL for same value of h, respectively. Then,
p¼ pl, if the following two conditions hold.
1.
 For x,yAD, if x� py, then x� pl
y.
2.
 For x,yAD, if xfpy, then xfpl
y

Following definitions, lemmas and theorem are demonstrated for
applicability of above two conditions for p and pl.

Definition 4.1 (Refinement). [33] A refinement of a partition

p1 ¼ fB
ð1Þ
1 ,Bð1Þ2 , . . . ,Bð1Þp g of D is a partition p2 ¼ fB

ð2Þ
1 ,Bð2Þ2 , . . . ,Bð2Þq gqZp

of D such that for each Bð2Þj Ap2 there is a Bð1Þi Ap1 and Bð2Þj DBð1Þi .

Lemma 4.1. If two arbitrary patterns x and y are in a dataset and SL

method satisfies xfpy then l-SL satisfies xfpl
y.
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Fig. 1. A probable representation for Lemma 4.2.
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Proof. This is proved by contradiction. Any two patterns x and y

are not in a cluster according to SL method (i.e. xfpyÞmeans that
there is no sequence of patterns x,a1, . . . ,ap,y such that distance
between any two successive patterns is less than or equal to h.
If this does not hold then x and y must be in a cluster.

Let lx be a leader such that xA followersðlxÞ, similarly let ly be a

leader such that yA followersðlyÞ. Suppose there is a sequence of

leaders lx,l1, . . . ,lq,ly such that distance between any two succes-

sive leaders in the sequence is less than or equal to h. If so, lx and

ly are grouped into a cluster according to the l-SL. Since, a leader is

also a pattern in a dataset, there is a sequence of patterns

x,lx,l1, . . . ,lq,ly,y such that distance between any two successive

patterns is less than or equal to h. This is true for l-SL method,

since distance between a pattern and its leader is always less than

or equal to h/2. So, x and y must be grouped in a cluster according

to SL. This is the required contradiction. &

Lemma 4.2. If two arbitrary patterns x and y are in a dataset and SL

method satisfies x� py, then l-SL method may not satisfy x� pl
y.

Proof. The following scenario may exist in final clustering. Let x be
a follower of a leader lx and y be a follower of a leader ly. If
Jx�yJrh,Jlx�xJrh=2,Jly�yJrh=2 and Jlx�lyJ4h, clearly, SL
method groups these four patterns into a cluster. Since Jlx�lyJ4h,
lx,ly and their followers are not grouped into a cluster by l-SL (for
clarity, this is also shown in Fig. 1). Hence, xfpl

y holds. &

Lemma 4.1 states that if x and y are not grouped into a cluster
by SL method then l-SL does not group them into a cluster.
Lemma 4.2 states that the number of clusters in the final
clustering produced by l-SL method may be more than that of
the SL method, i.e. few clusters produced by l-SL method might be
grouped as one cluster in SL method. From the above two lemmas
the following Theorem 4.1 can be derived.

Theorem 4.1. The clustering output of l-SL method is a refinement

of the clustering output of SL method.

As per the Theorem 4.1, the cardinality of final clustering generated
by l-SL method may be more compared to final clustering generated
by SL method for a given dataset, if they consider the same value of h.
Experiments with various standard and synthetic datasets show that
the deviation (i.e. difference in cardinality) is nil or a small value.
However, to get exact clustering as that of the SL method, further
refinements (i.e. merging of the deviated clusters) of l-SL method is
proposed in the following section.
5. Augmented l-SL (al-SL) clustering method

As discussed earlier, a few clusters in the final results of l-SL
method may be required to be merged in order to obtain the exact
final results as that of the SL method. Let the clustering result of
the l-SL be a clustering pl ¼ fB1,B2, . . . ,Bkg. Let ðBi,BjÞ be a pair of
clusters in pl. If there exists a pair of patterns xABi and yABj such
that Jx�yJrh, then Bi and Bj must be merged together. In general,
one needs to search for all pairs of clusters in pl to see whether
they can be merged. The following Lemma 5.1 shows that it is not
required to search all pairs of clusters, except for a few pairs.

Definition 5.1 (Cluster of leaders). A cluster of leaders Bl
i ¼ fl1,

l2, . . . ,lkg is a group of k leaders, which are found by the l-SL method.

Lemma 5.1. Let Bl
i and Bl

j be two clusters of leaders as found by the

l-SL method which are expanded into clusters of patterns (i.e. each

leader is replaced with its followers set) Bi and Bj. If Distance

ðBl
i,B

l
jÞ42h, then Distance ðBi,BjÞ4h.

Proof. Let li be an arbitrary leader in Bl
i and lj be an arbitrary

leader in Bl
j such that Jli�ljJ42h. Let x be an arbitrary pattern in

followers(li) and y be an arbitrary pattern in followers(lj).

As x is a follower of li, we get Jx�liJrh=2. Since Jx�liJrh=2 and

Jli�ljJ42h, we get Jx�ljJ41:5h (based on triangle inequality).

Similarly, Jlj�yJrh=2 and Jx�ljJ41:5h, we get Jx�yJ4h. Con-

sidering Jx�yJ4h for all x and y, it can be concluded that Distance

ðBi,BjÞ4h. &

It is obvious (from the Lemma 5.1) that if Distance ðBl
i,B

l
jÞ42h,

merging of the clusters Bi and Bj is not possible. On the other hand, as
per l-SL method Distance ðBl

i,B
l
jÞrh is not possible (i.e. both of the

clusters are in same cluster). So, the clusters Bl
i and Bl

j may be merged,
if hoDistanceðBl

i,B
l
jÞr2h. Therefore, followers of a few leaders in Bl

i

and Bl
j need to be searched for possible merging of clusters. It can be

mentioned that merging of clusters pair ðBi,BjÞ is equivalent to
merging of the clusters ðBl

i,B
l
jÞ. Considering all these points, we have

augmented l-SL method by incorporating an option of merging of
clusters. This method is termed as al-SL method.

Once clustering of leaders ðpLÞ is available from l-SL method,

al-SL method finds pairs of clusters ðBl
i,B

l
jÞ such that

DistanceðBl
i,B

l
jÞr2h. Let ðli,ljÞ, liABl

i,ljABl
j be a pair of leaders such

that Jli�ljJ¼DistanceðBl
i,B

l
jÞ. Next, we identify all leaders lxABl

i

and lyABl
j which satisfy following conditions: (i) Jli�lyJr2h and

(ii) Jlj�lxJr2h. These leaders lx,ly are the potential leaders for

possible merging of the clusters ðBl
i,B

l
jÞ.

All such leaders are grouped for further operations. Let LBi
be a

set of all lx leaders and LBj
be a set of all ly leaders. It implies that

followers of the leaders in sets LBi
and LBj

are potential decision
maker for merging the cluster-pair Bl

i and Bl
j. The next step is to

find all followers of these leaders, this requires the leaders
clustering to be executed once more (ordering of patterns in
dataset and t¼ h=2 to be same as the first time scanning). This
time we store followers of all potential leaders for merging.

The last step of possible merging is to find the distance between
pair of patterns (i.e. followers) of a pair of clusters ðBl

i,B
l
jÞ such that

DistanceðBl
i,B

l
jÞr2h. If the distance between two patterns (i.e. fol-

lowers) of the pair of clusters is less than or equal to h, then the
cluster-pair is merged. The al-SL method is given in Algorithm 3.

Algorithm 3. al-SL ðD, h).
{D is a given dataset, h is cut-off distance}
Apply leaders method with t¼ h=2 to D.
{Outputs L, set of leaders.}
Apply SL ðL,hÞ as given in Algorithm 1.
{Outputs pL, a clustering of L.}
S ¼ | {The merging part begins}
for each pair of clusters ðBl
i,B

l
jÞ in pL with DistanceðBl

i,B
l
jÞr2h

do

Identify a pair of leaders ðli,ljÞ such that

Jli�ljJ¼DistanceðBl
i,B

l
jÞÞ



B.Kr. Patra et al. / Pattern Recognition 44 (2011) 2862–28702866
LBi
¼ |; LBj

¼ |
for each lxABl
i do
if Jlx�ljJr2h then
LBi
¼ LBi

[ flxg
end if

end for
for each lyABl
j do
if Jly�liJr2h
LBj
¼ LBj

[ flyg
end if

end for

S ¼ S [ LBi

[ LBj
. {S, set of potential leaders responsible

for possible merging}

end for
if Sa| then

Apply leaders method with t¼ h=2 and store followers of

leaders in S. {D is scanned for second time in same order}
for each pair of clusters ðBl
i,B

l
jÞ in pL such that

DistanceðBl
i,B

l
jÞr2h do
for each pair of potential leaders ðla,lbÞ such that laALBi

and lbALBj
do
Find two nearest followers ðx,yÞ; xA la and yA lb

if Jx�yJrh then
Merge Bl
i and Bl

j into a single cluster; break;

end if
end for

end for
end if {The merging part ends}

Each leader in pL is replaced by its followers. Let this
clustering be palSL.

Output palSL.

5.1. Complexity analysis

The al-SL method has two parts viz., l-SL part and the merging
part. The complexity analysis of the l-SL is discussed in previous
section. Here, we discuss complexity of the merging part as
follows.
1.
 Finding potential leaders sets for possible merging of a pair
of clusters ðBl

i,B
l
jÞ can be done in O(m) time. For all pairs of

clusters, it takes a time of O(m). Space requirement for this
step is Oðm2Þ.
2.
 Space requirement to store the followers of S is
Oð
PjSj

k ¼ 1 jlkj,lkASÞ and the time requirement is O(mn).

3.
 Time required for finding minimum distance between a pair of

leaders is Oðf 2Þ, where f is the average number of followers
of a leader. If ma is the average number of potential leaders
responsible for merging a pair of clusters, then the time
required to find minimum distances for all pair of clusters is
Oðm2

af 2Þ.

Time complexity of the merging part is OðmÞþOðmnÞþOðm2
af 2Þ,

i.e. Oðmnþm2
af 2Þ as mon. As maom,m2

af 2 �mn. So, time com-
plexity of merging part is approximately O(mn). Space complexity
is Oðm2ÞþOðjSj�f Þ � Oðm2Þ (since, jSj is very less than m). Overall
time complexity of al-SL method becomes O(mn) and overall
space complexity is Oðm2Þ.

As we discussed in Section 3.1, the results of leaders clustering
depend on the scanning order of the dataset. The same is true for
l-SL method. However, clustering results of al-SL method are
independent of the scanning order. It is proved in the following
subsection 5.2.
5.2. Relationship between SL and al-SL

In this section, we formally establish that clustering result
produced by the al-SL method is same as that of the SL method
and result of the al-SL is independent of the scanning order of the
dataset.

Definition 5.2 (Reachable). A pattern xAD is reachable from
another pattern yAD, if there exists a sequence of patterns
x1,x2, . . . ,xp, where x1 ¼ y, xp ¼ x, and Jxi�xiþ1Ji ¼ 1::p�1r h,xiAD.

This reachable relation RAD�D is an equivalence relation.

Lemma 5.2. The clustering results produced by the al-SL method is

same as that of the SL method.

Proof. Let pSL ¼ fC1,C2, . . . ,Ckg, where CiDD, be the clustering result
produced by SL method. Ci ¼ fxiAD : xiis reachable from xjACig is a
cluster of D. The pSL is a partition of D. Therefore, there exists a
unique equivalent relation R1 onD and each CiApSL is an equivalence
class of D by the relation R1,Ci ¼ ½xi�R1

¼ fxjAD j xiR1xjg. Clearly, R1 is
a reachable relation of D.

The al-SL method initially creates a partition pL ¼ fBl
1,Bl

2, . . . ,Bl
pg

of leaders set L, where Bi
l is a cluster of leaders. pl ¼ fB1,B2, . . . ,Bpg

can be a partition of the dataset if each leader lABl
iApL is

replaced by its followers (Note that each Bl
i converted into

BiA pl with a mapping f : pL-pl such that f ðBl
iÞ ¼ BiÞ. However,

plapSL due to Theorem 4.1. There may exist a pair of patterns

xABi,yABjðia jÞ such that Jx�yJrh (Lemma 4.2). Again, accord-

ing to Lemma 5.1, there cannot be any pair of patterns xABi,yABj

such that Jx�yJrh, if DistanceðBl
i,B

l
jÞ42h. Therefore, al-SL

exhaustively searches followers of all potential leaders of each

pair ðBl
i,B

l
jÞ with DistanceðBl

i,B
l
jÞr2h (Algorithm 3). If there exists a

pair of followers (patterns) x,y of any potential leaders pair of

ðBl
i,B

l
jÞ such that Jx�yJrh, then al-SL method merges ðBl

i,B
l
jÞ.

Finally, it produces a clustering palSL ¼ fB1,B2, . . . ,Bkgko ¼ p. The

palSL is also a partition of D and corresponds an equivalence

relation R2. Therefore, BiApalSL is an equivalent class of D by R2.

More formally, ½xi�R2
¼ Bi ¼ fxjAD : xj is reachable from xiABig.

Clearly, R2 is also a reachable relation of D. Therefore, R2 ¼ R1. It

follows that pSL ¼ palSL. &

Theorem 5.1. Clustering results produced by the al-SL method is

independent of the scanning order of the dataset by leaders clustering

method.

Proof. For the sake of simplicity, we consider two different
scanning orders of the dataset D by leaders clustering method.
Let L¼ fl1,l2, . . . ,lm1g and L0 ¼ fl01,l02, . . . ,l0m2g be two sets of leaders
obtained in two different scanning orders. Having applied the
al-SL method to L and L0 separately, we obtain two partitions
palSL ¼ fB1,B2, . . . ,Bkg and p0alSL ¼ fB

0
1,B02, . . . ,B0k0 g, respectively. We

have to show that palSL ¼ p0alSL.

From Lemma 5.2, we can say that palSL and p0alSL both corre-

spond to same equivalence relation, which is a reachable relation

on D. Therefore, palSL ¼ p0alSL. &
5.3. Estimating the value of h

Our clustering methods l-SL and al-SL need a parameter h. Two
approaches for finding the value of h are reported as follow.
�
 First approach: Many domain experts know approximate distances
between natural clusters. For example, cell biologists might have
an idea of average distance between the chromosomes. Medical



Table 1
Datasets used.
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practitioner might have some knowledge about the average
distances between bones in different parts of the body in
x-ray image.

ffiffiffip
 Dataset # Patterns # Features

�

DNA 2000 180

Banana 4900 2

Spiral (Synthetic) 3330 2

Pendigits 7494 16

Shuttle 58,000 9

GDS10 23,709 28

Circle4 (Synthetic) 28,000 2
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Fig. 2. Spiral dataset.

Table 2
Experimental results with standard datasets.

Dataset Distance (h) Method Time (s) Rand index (RI)

Spiral (Synthetic) 50.0 l-SL 0.08 0.808

50.0 al-SL 0.12 1.000

50.0 SL 20.85 –

40.0 l-SL 0.12 1.000

40.0 al-SL 0.14 1.000

40.0 SL 19.32 –

DNA 11.00 l-SL 6.68 1.000

11.00 al-SL 9.61 1.000

11.00 SL 250.28 –

9.00 l-SL 6.72 1.000

9.00 al-SL 9.61 1.000

9.00 SL 232.84 –

Banana 0.70 l-SL 0.01 0.999

0.70 al-SL 0.04 1.000

0.70 SL 43.55 –

0.50 l-SL 0.02 0.998

0.50 al-SL 0.05 1.000

0.50 SL 42.60 –

0.30 l-SL 0.07 0.997

0.30 al-SL 0.11 1.000

0.30 SL 41.68 –
Second approach: We select randomly Oð nÞ patterns from a
dataset and single-link clustering method is applied to these
selected patterns. From dendogram generated by the single-
link method, one can find life time for each clustering. Life time

(LT) [34] of a clustering pi is defined as follows:

LTðpiÞ ¼ ðdi�diþ1Þ,

where di,diþ1 are the distances between two closest clusters in
pi and piþ1 clusterings, respectively.
pi,piþ1 are clusterings obtained from two consecutive layers of
the dendogram. Maximum life time clustering is that for which
life time is maximum.
This maximum life time can be considered as the value of h.

6. Experimental evaluation

In this section, we evaluate the proposed methods (l-SL and
al-SL) experimentally. From discussion in Section 2, it is clear that
scheme proposed in [17] is not directly related to our schemes.
The method proposed in [18] keeps dataset as well as distance-
matrix for the entire data in primary memory. The scheme
proposed in [20] needs many parameters to be adjusted to
produce same clustering as that of the single-link method, which
are difficult to determine. This method also requires whole
dataset to be kept in primary memory. Therefore, these methods
are not suitable for large datasets. The hybrid clustering method
in [19] is used to reduce computational burden of classification.
Clustering results are not analyzed experimentally. There is no
relation between the leaders threshold ðtÞ and the number of
clusters (k). Therefore, comparisons with the proposed schemes
are not reported here.

So, clustering results of the l-SL, al-SL methods with that of the
SL method are compared with help of Rand Index (RI) [35]. Rand
Index (RI) is defined as follows.

Given a dataset D of n patterns and let p1 and p2 be two
clusterings of D. RI is a similarity measure between a pair of
clusterings, i.e.

RIðp1,p2Þ ¼
aþd

aþbþcþd

where a is the number of pairs of patterns belonging to a cluster
in p1 and to a same cluster in p2, b is the number of pairs
belonging to a same cluster in p1 but to different clusters in p2, c

is the number of pairs belonging to different clusters in p1 but to a
same cluster in p2, and d is the number of pairs of patterns
belonging to different clusters in p1 and to different clusters in p2.

We compute Rand Index (RI) between l-SL and SL method, and
between al-SL and SL method for various values of h. To prove
effectiveness of the proposed methods, experiments are con-
ducted with standard as well as large datasets. Two synthetic
and five real world datasets (http://archive.ics.uci.edu/ml/, http://
www.ncbi.nlm.nih.gov/geo/) are used after eliminating class
labels. A brief description of the datasets is given in Table 1. Plot
of a synthetic data (Spiral Data) is shown in Fig. 2.

6.1. Experiments with standard datasets

All methods (l-SL, al-SL and SL) are implemented using C
language and executed on Intel Pentium 4 CPU (3.2 GHz) with
512 MB RAM PC. Nearest neighbor array [30] is used to imple-
ment SL method.

The l-SL and the al-SL methods are tested with Spiral dataset
and results are reported in Table 2. The l-SL method produces five
(5) clusters of arbitrary shapes (Fig. 3). However, it cannot find
exact number of clusters (i.e. 2) of the data. On the other hand, the
al-SL method finds exactly two arbitrary shaped clusters of the
data (Fig. 4). Further, the l-SL method is significantly faster than

http://archive.ics.uci.edu/ml/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
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Fig. 3. Clusters obtained by l-SL method.
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that of the SL method. Clustering results of the l-SL method
(RI¼0.808) is not same as that of the SL method (RI¼1.000)
(Table 2). The al-SL method produces same clustering results as
produced by the SL method (RI¼1.000). However, execution time
of the al-SL method is slightly higher than the l-SL method.

For the DNA dataset, l-SL and al-SL both produce same
clustering results (RI¼1.000) as produced by the SL method. Both
of these methods are significantly faster than that of the SL
method.

In case of the Banana data, l-SL could not produce same results
as produced by the SL method, but l-SL is significantly faster than
that of the SL method. The al-SL method produces the same
results as produced by the SL method. The al-SL method takes
slightly more time compared to the l-SL method.

To show performance of the proposed methods with different
dataset sizes, experiments are performed using Spiral data with
different data sizes. Results are reported in Fig. 5 for h¼50. This
results show that the schemes are more scalable and effective for
large datasets.

To show the time requirement of the merging process in al-SL
method, experiments are also performed with the Spiral dataset.
In the merging part of the al-SL method, potential leaders are
searched for possible merging of clusters. The plot (Fig. 6) shows
the percentage of total leaders to be searched with respect to
distance (h). It shows that al-SL method selects only few number
of leaders ðo10%Þ for possible merging in wide range of h values.

6.2. Experiment with large datasets

Experiments are also conducted with large datasets on Intel
Xeon Processor (3.6 GHz) with 8 GB RAM IBM Server to show the
effectiveness of the proposed clustering methods in large data-
sets. Experimental results are reported in Table 3.

The synthetic dataset Circle4 contains four (4) circles of same
radius and they are well separated from each other. The results of
the l-SL method are very close to the result of the SL method. l-SL
method is significantly faster than SL method. al-SL method
produces same clustering as that of SL method. However, its
execution time is marginally higher than l-SL method. Similar
results are also observed for other three real datasets (Pendigits,
Shuttle and GDS10).

Fig. 7 shows execution time of the three methods for different
dataset size. Dataset size varies from 5000 to 40,000 for h¼0.01
with Shuttle dataset. When dataset size is more than 40,000,
execution could not be completed due to memory shortage. To
store distance matrix for the entire dataset, SL method consumes
58,000�58,000�4 ¼12.54 GB memory. Therefore, experimental
results of SL method with whole dataset are not reported. Whereas,
l-Sl and al-SL method produce results within 20 seconds for the
whole dataset. We report Rand Index (RI) between the results of
l-SL and the results of al-SL methods for this dataset (Table 3).

From GEO database (http://www.ncbi.nlm.nih.gov/geo/), we
select a dataset named GDS10. Patterns with missing values are
removed from this dataset. Finally, we use 23,709 out of 39,114
patterns for our experiments.

For all datasets, similar trends are found (as we discussed
and proved theoretically), i.e. l-SL is fastest with approximate SL

http://www.ncbi.nlm.nih.gov/geo/
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Table 3
Experimental results with large datasets.

Dataset Distance (h) Method Time (s) Rand index (RI)

Pendigits 90.0 l-SL 0.46 0.999

90.0 al-SL 0.79 1.000

90.0 SL 392.59 –

70.0 l-SL 1.38 0.993

70.0 al-SL 2.14 1.000

70.0 SL 430.46 –

Shuttle 0.02 l-SL 9.13 0.999

0.02 al-SL 19.38 –

0.02 SL (40,000) 6929.77

0.01 l-SL 9.32 0.999

0.01 al-SL 20.27 –

0.01 SL (40,000) 6929.77

GDS10 700 l-SL 0.50 0.999

700 al-SL 1.15 1.000

700 SL 4105.35 –

900 l-SL 0.26 0.999

900 al-SL 0.62 1.000

900 SL 4105.35 –

Circle4 (Synthetic) 0.08 l-SL 19.65 0.995

0.08 al-SL 36.02 1.000

0.08 SL 948.26 –

0.20 l-SL 19.35 1.000

0.20 al-SL 20.6 1.000

0.20 SL 960.25 –
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Fig. 7. Execution time of the l-SL, al-SL and SL method for shuttle dataset.
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clustering results. al-SL is slightly slower than l-SL method but
significantly faster than SL method with exact SL clustering
results.

Considering the experimental and theoretical results, it is clear
that the proposed methods are significantly fast and suitable for
large datasets.
7. Conclusions

The SL method can find arbitrary (non-convex) shaped clusters
in a dataset. However, SL method scans dataset many times. It has
time and space complexity of Oðn2Þ. So, SL method is not suitable
for large datasets. In this paper, we proposed two clustering
methods to detect arbitrary shaped clusters for large datasets. The
first method, l-SL takes considerably less time compared to that of
the SL method and scans the dataset only once. Clustering results
produced by l-SL is very close to that of the SL method. So, l-SL is
suitable for the applications where faster and approximate
clustering suffice.

The second method, al-SL produces exact clustering results as
produced by the SL method. Execution time of the al-SL method is
slightly more than that of the l-SL method. Experimental results
confirm that proposed methods are fast and suitable for large
datasets.
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