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Abstract

Many clustering techniques require parameter settings and depending on an algorithms sen-
sitivity to the parameter, the choice of the parameter value can be very important. Several
approaches have been proposed to find the “best” value of the clustering parameter for the
different unsupervised clustering methods.

We introduce a general method, denoted as “Cross-validation framework for finding clus-
tering parameters” (CVCP). Given a data set, CVCP selects the “best” parameter value for
a semi-supervised clustering method based on available constraints or labels that are given
as input to a semi-supervised clustering method. CVCP is evaluated based on selecting the
“best” value of k for a semi-supervised Kmeans-based clustering algorithm and the “best”
value of MinPts for a semi-supervised density-based clustering algorithm. Our experimen-
tal results show that using the framework to select parameters can significantly improve the
expected performance of a semi-supervised clustering method when appropriate parameter

values often have to be “guessed”.
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Chapter 1

Introduction

Cluster analysis is one of the significant tasks in data mining. Cluster analysis divides
data into groups (clusters) that should be meaningful and useful. Often cluster analysis
is employed as a pre-processing step for further understanding the data. Cluster analysis
captures the natural structure of the data and prepares it for a variety of data analyses in
other domains. Many fields benefit from the extraction of useful knowledge about the data:
psychology and other social sciences, biology, statistics, information retrieval and pattern
recognition.

Cluster analysis offers many applications to practical problems. Clustering methods
have been used in biology to analyze the large amounts of genetic information [1]. Extract-
ing climate patterns in the atmosphere and oceans helps understanding the Earth’s climate
better. Business owns huge data bases of information on current and potential customers
or stocks. Clustering can be used to segment customers into a small number of groups for
additional analysis and marketing activities [1].

Back to the definition of cluster analysis, we will define cluster analysis more concisely
illustrating why cluster analysis can be challenging. Cluster analysis groups objects based
on only information found in the data that describe objects and their relationships. One of
the goals of clustering is to provide a partitioning of data so that objects residing within one
group (cluster) are similar to one another and different from the objects of the other groups.
The greater the similarity (or homogeneity) within a group and the greater the difference
between groups, the better or more distinct the clustering.

It is important to mention the fact that the notion of a cluster is not well defined and
the notion of clustering can vary for different applications. Figure 1.1 shows twenty points
and three different ways of dividing them into clusters [1]. Different clusters have different

shape of markers. Figures 1.1(b), 1.1(c) and 1.1(d) show that one data set can be partitioned
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Figure 1.1: Different ways of clustering the same points [1].
in different ways.

1.1 Unsupervised Clustering

Clustering is usually performed when no information is available concerning the member-
ship of data items to predefined classes. For this reason, clustering is traditionally seen
as part of unsupervised learning. Here, we introduce three major unsupervised clustering

paradigms that are available in the literature.

1.1.1 K-means

K-means [2] is one of the simplest unsupervised clustering algorithms. Prototype-based
clustering techniques create a one-level partitioning of data objects. K-means defines a
partition in terms of a centroid that is usually represented by the mean of a group of points
and typically applied to points in a continuous n-dimensional space.

The formal description of the K-means clustering is as follows:

Definition 1. Given a set of objects x1, x2, .., x,,, Where each object is from a continuous
n-dimensional space, k-means clustering aims to partition objects into k groups (k < n)
G = g1,92, ..., g, to minimize the square distances between objects and corresponding

centroids:
. k 2
arg, min Zi:l ijegi ||.iU] - :uZH
where ; is the mean of the cluster g;.

K-means Algorithm: The procedure follows a simple idea to cluster a given data set
into a certain number of clusters (assume k clusters) fixed a priori. K-means needs k initial

centroids, where k is a user specified parameter, to create k clusters. In the first iteration of



the algorithm, each point is assigned to the closest initial cluster centroid and the group of
points that are assigned to a centroid is a cluster. The centroid of a cluster will be updated
by the mean of the points residing in that cluster. The assignment and update steps will be
repeated until no point changes its cluster. The algorithm’s steps are given in the procedure

1.

Procedure 1 K-means algorithm.
1: Select K points as initial centroids.
2: repeat
3: Form K clusters by assigning each point to its closest centroid.
4: Recompute centroid of each cluster.
5: until Convergence i.e., centroids do not change.

1.1.2 Hierarchical Clustering

Another fundamental paradigm in cluster analysis is hierarchical clustering, in which a
clustering solution is represented as a tree describing hierarchical relationships between
nested clusters [3]. Many applications can benefit from the nested feature of clusters in a
hierarchical domain. Clusters may have subclusters with different densities inside which
create a nested structure. So hierarchical clustering can give us an insight of clusters with
nested structure. In addition, tree representation of clusters fits some underlying application
domains as they have nested or hierarchical structure in essence. Biological taxonomy
and document categorization are examples of such a domain [4]. This type of clustering
provides more information about the cluster’s structures of the data than those provide by
the ”flat” models. Hierarchical clustering may have more advantages than flat clustering in
a way that it demonstrates data from multiple levels allowing to explore the solution from
different possible perspectives. It provides a global picture of the cluster structure where
each level in the hierarchy reveals some specific details about the data set. There are two

basic approaches for generating a hierarchical clustering:

e Agglomerative: This approach is also known as “’bottom up” approach; objects are
regarded as individual clusters in the first step and in the next steps, the closest pair

of clusters are merged.

e Divisive: This approach is also known as ”top down” approach; all objects are in
all-inclusive cluster and in each step, one split is performed recursively as one moves

down the hierarchy.
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Figure 1.2: A hierarchical clustering of four points shown as a dendogram and as the nested
clusters.

A hierarchical clustering is often displayed graphically using a tree-like diagram called a
dendogram, which displays both the cluster-subcluster (parent node- child node) relation-
ships and the order in which the clusters were merged. Figure 1.2 shows the dendogram

and its nested cluster diagram.

1.1.3 Density-Based Clustering

In a density-based clustering, a cluster is a set of data objects with high density in the
data space separated from other clusters by low density areas. Data objects located in low-
density regions are typically considered as noise or outliers. As a consequence in density-
based clusterings, clusters may have arbitrary and non-linear shapes. Density-Based Spatial
Clustering of Applications with Noise (DBSCAN) [5] is the most widely used density based

algorithm. The basic density concepts and definitions are as follows (taken from[5] ):

Definition 2. (Eps-neighborhood of a point) The Eps neighborhood of a point p, denoted
by N.(p), is defined byN.(p) = {q € D|dist(p,q) < Eps}.

Definition 3. ( Directly density — reachable) A point p is directly density-reachable from
a point ¢ wrt. Eps, MinPts if

1. p € NEps(q).
2. |NEps(q)| > MinPts (core point condition).

Definition 4. (Density — reachable) A point p is density reachable from a point ¢ wrt. Eps
and MinPts if there is a chain of points p, ..., pn, P1 = ¢, pn = p such that p; + 1 is directly

density-reachable from p;.



Definition 5. (Density — connected) A point p is density connected to a point ¢ wrt. Eps
and MinPts if there is a point o such that both, p and ¢ are density-reachable from o wrt.

Eps and MinPts. [5]

Definition 6. (Cluster) Let D be a database of points. A cluster C' wrt. Eps and MinPts is

a non-empty subset of D satisfying the following conditions:

1. Vp,q: if p € C and q is density-reachable from p wrt. Eps and MinPts, then g € C.
(Maximality)

2. Vp,q € C: pis density-connected to ¢ wrt. Eps and MinPts. (Connectivity)

Definition 7. (Noise) Let Cy, Co, ..., Cy, be the clusters of the database D wrt. parameters
€; and MinPts;, 1 = 1, ..., k. Then we define the noise as the set of points in the database

D not belonging to any cluster C; , i.e. noise = {p € D|Vi : p ¢ C;}.

The pseudocode of DBSCAN algorithm is shown in the procedure 2:

Procedure 2 DBSCAN algorithm.
1: Determine the type of all points either core, border, or noise points.
2: Separate noise points from all other points and remove them.
3: Find maximal subsets of core points that are within Eps-Neighborhood of
each other.
4: Form maximal subset of connected core points into one cluster.
5: Add each border point to the closest cluster of its associated core points.

1.2 Semi-Supervised Clustering

Recently, semi-supervised clustering has been of particular interest. The reason is that
in many cases a small amount of knowledge is available as a prior knowledge about the
data. This prior knowledge is provided by user’s feedback about specific memberships or
relationships of some limited number of objects. This information mostly comes in two
formats: either pairwise (Must-link or Cannot-link) constraints between data items or class
labels for a subset of items. A portion of the data mining literature has been dedicated
to study semi-supervised clustering since prior knowledge can guide or adjust the cluster-
ing process. It should also be mentioned that for semi-supervised clustering the available
knowledge is assumed to be too far from being representative of a target classification of
the items, so that supervised learning is not possible [6].

Unlike traditional clustering, the semi-supervised clustering methods have a short his-

tory and fewer methods haves been published until now. Recent works in the clustering



domain integrate user’s knowledge with most of the well-known clustering techniques that
were presented earlier in this chapter. These methods differ in the way they use prior infor-
mation (pairwise constraints or subset of labeled objects): either by adapting the similarity
measure or by modifying the search for appropriate clusters. We will discuss these methods

further in Chapter 2.

1.3 Finding Parameters for Clustering Algorithms

The appropriate choice of the clustering algorithm and parameter settings ( density thresh-
old in the density-based clustering or the number of expected clusters) varies from one
individual data set to another. The goal of the applications of clusterings may also guide
the choice of the clustering algorithm and the parameter settings. The choice of the algo-
rithm and the parameter values is not an automatic task and is typically difficult in many
applications. For instance, the K-means algorithm is the most popular and efficient clus-
tering algorithm for clusters with spherical shapes in the input space. However, many data
sets in practice do not have this shape which makes it difficult to find the appropriate value
for k in advance. The number of clusters k in partitional methods has a big impact on the
clustering quality. Clustering quality is a term used to show to what extent the membership
labels obtained by the clustering conform to the natural clustering structure of the data.
Several density-based clustering algorithms require two basic parameters € and MinPts as
inputs. The € parameter comes from a continuous range of values which makes it difficult
to search for the suitable value. Increasing the value of Minpts parameter (for constant €)
will result in a larger number of data points being labeled as outliers, whereas decreasing
the threshold ¢ (for constant Minpts) will have a similar effect. There are more examples
of clustering algorithms that require parameter settings in order to partition objects into
clusters. Manually setting parameters is difficult and does not guarantee finding the “best”
parameter. The “best” clustering parameter presents a clustering partition that conforms the
most with respect to the ground truth clusters. Some works suggest selecting the parameter
automatically by running their clustering algorithm repeatedly for a number of values of
that parameter and selecting the one which provides the “best” performance as evaluated by

some internal ! validation index.

"Measures the goodness of the clustering structure regardless of external information usually by considering
cluster cohesion and cluster separation.



1.4 Thesis contributions

The importance of the clustering parameter selection motivates us to design a framework
to find the “best” parameter for semi-supervised clusterings. Our framework denoted as
“Cross-validation framework for finding clustering parameter” (CVCP) finds the “best”

parameter using a limited number of labeled objects or constraints.

1.5 Dissertation outline

The rest of the dissertation is organized as follows. In Chapter 2 we talk about the prob-
lem of parameter tuning in clustering methods and introduce some major works done in
unsupervised and semi-supervised scenarios. Also we will discuss approaches available
to evaluate semi-supervised clusterings. In Chapter 3 we introduce our ideas to design a
framework to select the appropriate parameter for semi-supervised clustering algorithms.
Then we talk about how the framework is evaluated, present the results of our experiments
and compare it with other methods in Chapter 4. Finally we conclude the this work in

Chapter 5.



Chapter 2

Background and Related Work

The problem of determining the “best” number of clusters or finding an accurate partition-
ing of a data set attracts many interests in the data mining literature. In this chapter, we will
discuss some of the papers presenting methods to determine the “best” number of clusters
e.g., k for K-means based clusterings [2] or € and MinPts for density based clusterings.
Most of the works that are mentioned here are efforts to find the “best” parameter for un-
supervised clusterings as there is a very few papers that determine the “best” parameter for
semi-supervised clusterings [7]. Most published papers propose a procedure for estimat-
ing the “best” value of a parameter for a clustering method and experimentally compare
it with some other methods. The first section of this chapter is dedicated to the review of
papers that presented methods for estimating the “best” k for K-Means in the published
literature. The second section will discuss the methods proposed for finding the“best” pa-
rameters for density based clustering methods. In the third section we will discuss existing
approaches for evaluation of semi-supervised clusterings and point out their drawbacks in
some of them. The last section of this chapter talks about two semi-supervised clustering

algorithms that we used in our experiments.

2.1 K-means Clustering

According to [8], among different proposals in the literature for finding the “best” k, we

can find the following categories in a broad sense:

e Variance-based approach: model based criterion in which the “best” k receives the

highest value.

e Structural approach: involves minimizing the within-cluster cohesion while maxi-

mizing between-cluster separation for the “best” k.



e Hierarchical approach: the “best” k& will be extracted from a tree obtained from a

divisive or agglomerative clustering method.

e Resampling approach: choosing the “best” k by resampling methods like subsam-

pling, bootstrapping or randomly perturbing.

In the following section we will discuss some of the significant papers from each of the
above mentioned categories. We will describe their main idea and motivations along with a

description of their approaches.

2.1.1 Variance-based approach

Given a data set, K-means clustering methods generally try to minimize the sum of within-

cluster distances to centroids:

K
Wi(S,C)=> "> d(i,cp) 2.1)

k=14i€Sy
where C' = ¢y, co, ..., Ck s a set of centroids of corresponding K partitions .S = Sq, So, ...,
Sk. Each point in the data set I belongs to one of the S; cluster and d denotes any dis-
tance measure. There have been several methods in the literature to cluster a data based
on the minimum of 2.1 at a specified K (W). Tibshirani et al. [9] in 2001 proposed the
Gaps-statistics method to estimate k based on the equation 2.1. This method has become
popular in the bioinformatics community. The method can use the output of any clustering
algorithm in order to estimate k. The method compares the Wi with its expected value
under the uniform distribution. The method assumes the data is clustered into K clusters
S1, 59, ..., Sk with S, denoting the points that are members of cluster r, and n, = |S,|.

The sum of pairwise distances for all points in cluster r is simply:
Dy =) dig 22)
i,/ €Sy
Using the equation 2.2, the objective function in the equation 2.1 is changed to the following

format:

Wy = Z 1 D, (2.3)

The method compares the log Wi to its expected value under a null reference distribution

of the data. The gap value associated with a cluster number K is defined as:

Gapn(K) = Ep log (Wi ) — log(Wi) (2.4)



The Authors estimate that for the right value of K, the difference between the expected
reference curve and the log Wi reaches its maximum value. E log (Wy) denotes the
expected value based on several samples of size n from the reference distribution. So the
value log W and its expected value are computed for all K's in the predefined range of K
using each sample of size n. The Gap, (K) for each K are also computed based on the
equation 2.4. The method is evaluated using data sets generated from 5 different scenarios.
The scenarios are: single cluster data in 10 dimensions, three clusters in two dimensions,
four clusters in 10 and 3 dimensions and two elongated clusters in 3 dimensions. The
results of Gap statistics for estimating the “best” K is compared with different indices such
as “Silhouettes” [10] and “CH” [11]. “CH” is an index proposed by Calinski and Harabasz
(1974), the index is defined as follows:

B(k)/(k—-1)

O =m0

2.5

where B(k) and W (k) are between- and within-cluster sums of squares, with k clusters.
C'H (k) reaches its maximum at the “best” k [11]. The “Silhouettes” index will be explained
in detail in the next section. The Gap statistics clearly outperforms “Silhouettes” and “CH”
in two realizations of the mentioned scenarios; finding a single cluster in the first scenario
and two elongated clusters in the last scenario where “Silhouettes” and “CH” are not able

to find the “best” value of k. In other scenarios, all methods perform quite well.

2.1.2 Structural approach

A number of methods introduced indices measuring within-cluster distances versus between-
cluster distances. The greater the difference of these distances is the better the model fits
data. One of the well-balanced coefficients that was proposed in 1990 by Rousseeuw et al.
[10] is Silhouette width. The concept of the silhouette width focuses on the difference be-
tween the within-cluster tightness and between-cluster separation. Consider a point ¢ in the
data set X and a partition P which is the output of running a clustering algorithm on data
set X. The dissimilarity value of ¢ to all other points in the same cluster which ¢ belongs to
is denoted by a(7). The dissimilarity measure can be a distance function. This value can be
interpreted as how well ¢ is matched to the cluster it is assigned to. The smaller the value
, the better is the matching. The average dissimilarity of the point ¢ to all other clusters in
P is computed. The lowest average dissimilarity of i to any such cluster is denoted by b(3).

The value of b(7) denotes the “neighboring” cluster or the cluster that is the best next cluster
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for point 7. The silhouette width of ¢ is defined as:

b(i) — ali)
s(i) = max(a(i), b(i))

(2.6)
The silhouette width values range from [—1, 1]. The strength of the silhouette lies in the
interpretation and validation of cluster analysis results. We can consider three cases in
terms of the relation of natural clusters in the data set and the partitions that are obtained
by a clustering algorithm for a value of k. In the first case, the data set consists of some
dense clusters which are far away from each other but the value for k is set too low. The
returned partition will have some natural clusters combined in order to reduce the total
number of clusters to be equal to the specified value of k. The combination of the different
clusters will lead to large “within” dissimilarities resulting in a large a(i) and a small s(7)
values for all of the objects. The second case involves setting the value of k too high which
results in splitting some natural clusters in order to extract the specified number of clusters.
In this scenario, the distance between points that belong to the same cluster in the natural
clustering, which are now split into two or more clusters are very small on average. Hence
the “between clusters” dissimilarities b(z) will become very small, resulting in a small s(i)
values. It can be implied that based on the silhouette reasoning, the “natural” value of k gets
the best value of silhouette width. The average silhouette width for each cluster is defined
by the average of silhouette widths of all points belonging to that cluster. This value helps to
distinguish “clear cut” from “weak” clusters. A larger average silhouette width of a cluster
denotes a well-partitioned group of points. The overall average silhouette width for the
entire partitions is the average of silhouette widths of clusters. The overall silhouette width
helps to choose the “best” k for the data set. Each value of £ will yield a different overall
average silhouette width. The appropriate value of k is the one that gets the large possible
value of silhouette width. The method was applied to the Ruspini data [12]. This data set
is composed of 75 two dimensional points, and was originally used by Ruspini to illustrate
fuzzy clustering techniques. The points are naturally from four clusters and the silhouette
plots indicates that a partition into k = 4 clusters is probably the best. The overall average

silhouette width S(k) obtained is the largest for k = 4.

2.1.3 Hierarchical approach

A number of approaches utilize the hierarchy of clustering solutions to estimate the “best”
k. Pelleg et al. [13] presented a new K-means based algorithm, X -mean, that incorporates

model selection. The computations involve making local decisions about the number of
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centroids and which subset of current centroids should be split to produce a better and
closer fit to the natural clusters. The decision to split the centroids is based on the Bayesian
Information Criterion (BIC). The X-mean algorithm takes a range of &k values as an input
(R) and outputs a set of centroids associated with the value of k that achieves the best score
by the model selection criterion. The algorithm starts clustering with the minimum value
of k£ in R and continues to add centroids if they improve the BIC criterion until the upper
bound of R is reached. During this process, the centroids set that obtains the best score
with respect to BIC is the one that will be returned as the final partition by X -means. Each
iteration of X -means has two steps using a value of &k from the given range R as an input.
The total number of iterations X -means completes is |R|. In each iteration 4, the first step
is running the conventional K-means with K = r;,r; € R until convergence. A stable
partition will be returned as the output of the first step. The partition is passed to the second
step. In the second step, an operation to find out if and where new centroids should appear
will take place. The operation considers the boundaries of the regions “owned” by each
centroid and splits the region of each centroid into two children (subregions) by selecting

two new centroids. The new centroids are placed a distance proportional to the size of the
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Flgure 2.1 The first siep of par Figure 2.2: Results after parallel Figure 2.3: BICis computed in
allel local 2-means. Two new cen- g Ll p each subregion for k = 1 and k =

troids are randomly selected in each 2-means have terminated. 9
subregion.

region in opposite directions along a randomly chosen vector as shown in figure 2.1 [13].
Next, in each parent region a local K-means is performed with £ = 2 using new centroids
as initial centroids. Now, the model selection criterion is evaluated here in order to test
whether original parent model or the two children structure fits the real distribution better.
According to the value of BIC either the parent or its offspring are killed [13], figure 2.3.
The procedure continues until the upper bound for & in R is reached and the centroid setting
with maximum BIC will be selected as the closest structure to the natural distribution and

the best possible value for k is the number of clusters in the centroid setting [13]. This
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paper used the posterior probabilities Pr[M;|D] to score models where D is the data and
M; is the family of alternative models. Models are assumed to be spherical Gaussian.
Experimental results on both synthetic and real life data show it is performing faster and
better than K-means. Experiments were conducted using Gaussian data sets were generated
as in Pelleg and Moore [14] and also on a big dataset of over 330,000 galaxies. The results
show that K-means tends to over-estimate the number of classes, while X -means usually

under-estimates the true K.

2.1.4 Resampling approach

Another approach toward finding the right number of clusters is resampling. Resampling is
the use of many randomly produced “copies” of the data for assessing statistical properties
of a utilized method. Methods for generating the random copies can fall into one of the

following categories according to [8]:

(a) random sub-sampling in the data set.

(b) random splitting the data set into “training” and “testing” subsets.
(c) bootstrapping, that is randomly sampling object with replacement.
(d) adding random noise to the data objects

All methods are based on the idea that for the “best” number of k, we should expect more
similar results from different copies. Here we will review one of the works in this domain by
Dudoit and Fridland (2002) [15]. They present the “Clest framework™ in which the number
of clusters in a data set is estimated based on a prediction-based resampling. The approach
that is presented in the paper is particularly focused on solving tumor classification. An
important statistical problem in classifying tumor data set is determining new classes of
tumor by means of gene-expression profiles. So the task of determining the right number of
clusters, ”k”, is discussed in this paper. Authors believe that validation of clustering results
can be improved by focusing on prediction accuracy. The method is provided a maximum
value of k (M). The method performs the following steps for each value of k in the range

2<k<M.
1. Repeat the following B times:

(a) The original set is randomly divided into two non-overlapping sets, a learning set

L?, and a test set T?.
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(b) For each value of k, the “PAM” (partitioning by medoids) clustering algorithm
[16] is applied to the leaning set L” to obtain a partition P(.; L?).

(c) A classifier C(.; L) is built using the learning set L and its partition P(.; L?).
(d) Classifier O(.; L) is applied the to test set T°.

(e) The PAM clustering algorithm is also applied to the test set 7% and a partition
P(.;T?) is obtained.
(f) P(.; L") is compared to P(.;T") using the Fmeasure external validation index

[17].

2. The median of | B| F-measure score is reported as the observed similarity statistic for

k.

3. The expected observed similarity statistic for k is produced by generating a By refer-

ence data sets under a null hypothesis and applying the steps 1 and 2.

4. P-value for the expected observed similarity statistic and observed similarity statistic

is computed.

The estimated number of clusters % is then defined to be the k in the range 2 < k < M
that has the largest significant difference from the expected observed similarity statistic.
Clest was compared to methods such as “Gap” [9] and “silhouette” [10]. The Clest method
was also evaluated using gene-expression data from four cancer microarray studies. The
methods Clest and silhouette estimated the natural number of classes for all except the
“NCI60” data set. It is shown that “Clest” gives uniformly good results over different range
of data sets and is the most robust and accurate, compared to the other methods, but it has a

weak performance when there is overlapping clusters in data sets.

2.2 Density-based Clustering

In the DBSCAN papaer [5], the author proposed a heuristic to determine the values of
€ and MinPts. Later, other papers proposed improved versions of DBSCAN or different
approaches for density-based clustering, which more or less followed the idea addressed in
DBSCAN to set parameters. Several papers usually assign fixed values to either € or MinPts

or both.
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2.2.1 The DBSCAN heuristic to determine density parameters

DBSCAN [5] is a clustering algorithm DBSCAN relying on a density-based notion of
clusters. It also introduces a heuristic to estimate the value of ¢ and MinPts. This method
is intended to find clusters of arbitrary shapes. The method assigns a density value to each
object by counting the number of neighbor objects in £ neighborhood around the object.
The objects with higher density than a threshold (MinPts) are considered as core objects
and clusters are groups of connected core points. DBSCAN assists the user in finding the
appropriate value of MinPts and €. The method determines the k-nearest neighbors for
each object and sorts them in a descending order to generate the sorted k-dist graph. The
heuristic suggests that the first ”valley” of the sorted k-dist graphs is the threshold point
which separate the noise objects from the objects assigned to the clusters. The k-dist value
of the threshold point is set to be € and the MinPts will be equal to the k. The paper states
that for k& larger than 4, sorted k-dist graphs are not significantly different from 4-dist graphs
so in order to avoid computational costs, they consider MinPts = 4 in all experiments. The
value for ¢ is estimated based on the first “valley” in the 4-dist graph. While the heuristic
offered by [5] is simple, it has few drawbacks. For example, finding the first valley” in
the 4-dist graph for a data set is not always an easy automated task and it requires a human
participant to determine the global parameter €. There are other papers in the literature that

propose a different density-based clustering but following the heuristics addressed in the

[5].

2.3 Semi-supervised clustering algorithms

Several semi-supervised clustering algorithms have been proposed in different clustering
paradigms. These works integrate previous knowledge with a clustering method from par-
titional, hierarchical and density-based paradigms. Also, these methods differ in the way
they use the prior information (pairwise constraints or subset of labeled objects): either
by adapting the similarity measure or by modifying the search for appropriate clusters.
In this section, we will introduce some semi-supervised partitional clustering and semi-
supervised density-based clustering methods. We evaluate the performance of our frame-
work in finding the “best” parameters using methods from partitional and density-based
clustering paradigms. MPCKMeansS [18] and FOSC [19] are methods we used in-
side our framework as semi-supervised Kmeans-based and semi-supervised density-based

clustering algorithms, respectively. Both methods take set of constraints in form of Must-

15



link/Cannot-link as prior knowledge. These algorithms will be described in this section.

2.3.1 Semi-supervised partitional clustering algorithms

In this section, we explain two semi-supervised K-means based clustering papers. First, we
discuss MPCKmeans that is presented by Bilenko et al. [18] in 2004. Second, we discuss
the Seeded K-means and Constrained-Kmeans presented by Basu et al. [20] in 2002.
MPCKmeans [18] is a K-means based clustering method that integrates two approaches.
The paper introduces a method that incorporates constraints into the objective function and
uses them to learn a distance metric. Since K-means is not able to incorporate pairwise
constraints directly, the authors reformulate the basic objective function of the K-means
by adding terms to penalize constraint violations. The objective function is given in the
equation 2.7 where X is a set of data points, M and C are sets of Must-link and Cannot-

link constraints. 1 is the indicator function, 1[true] = 1 and 1[false] = 0.
Jpckmeans = Z H‘TZ - MiH2 + Z wz] l 7é l Z w’bj z =1 ] 2.7)
r;€X (z4,x5)eM (xz4,25)€eC

Constraints can be employed to learn a distance metric. The learning method tries to find
a new metric that minimize the distances between same-cluster objects. The Euclidean

distance is parameterized by a positive-definite matrix A as follows:

s — pall = /(s — )T Al — ) 238)

Instead of using one metric weight for all clusters, in this method each cluster has its own
weight matrix denoted by Ay, for cluster h and the objective function is updated using the

weight matrices as follows. :

Jpckmeans = Z (le - 'U“Z||,241l - IOg det(Alz‘)) (29)

TiEX
Combining the two equations 2.7 and 2.9 leads to the following objective function that mini-
mizes cluster dispersion under the learned metrics, while reducing constraint violations. fys
and fo are penalty factors for violating Must-link and Cannot-link constraints, respectively.
far gives a higher penalty to two points that are farther away from each other than to nearby
points which are involved in a Must-link constraint. fo gives a higher penalty to two nearby

points than to distant points which are involved in a Cannot-link. So the combined objective
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function of this algorithm is as follows:

Jpckmeans = Z (sz - :U’i||12411 — log det(Ali))

T,EX
+ Y wi (i, w1 [ # ) (2.10)
(:vi,xj)EM
+ > wijfo(miz)l [l =1
(:Ei,il?]')ec

The MPCKMeans algorithm starts by initializing clusters. The points are assigned to the
clusters based on the objective function 2.10. Point o is assigned to the cluster [ such that
I minimize 2.10 for o. After all points are assigned to the clusters, the centroids of clusters
are updated. The metric is updated based on new centroids and cost of violations. This
process will be repeated until convergence.

Basu et al. [20] present a semi-supervised clustering method with seeding. The paper
introduces two variants of semi-supervised K-means. The seed set is the subset of labeled
objects provided by a user. The method assumes that there is an object from each class in
the seed set forming [ subpartitions where [ is the number of classes in the data set. The
first variant Seeded — K'means benefits from the seed set in the initialization phase of
K-means. Instead of randomly choosing initial centroids, the algorithm takes the mean of
each subpartition of the seed set as initial centroids. The rest of the algorithm is the same
as the K-means. The second variant is C'onstrained — Kmeans which uses Seeded —
Kmeans in the initialization step. In this step, clusters of objects are updated and objects
are reassigned iteratively. Only objects not in the seed set are reassigned and the cluster

labels of seed objects are kept unchanged.

2.3.2 Semi-supervised density-based clustering algorithms

In this section, we explain two semi-supervised density-based methods. C — DBSCAN
is proposed by Ruiz et al. in 2007 [21] and FOSC is proposed by Campello et al. in 2013
[19].

C — DBSCAN [21] is an extension of DBSCAN for semi-supervised clustering using
Must-Link and Cannot-link constraints. The algorithm partitions the data space with a kd-
tree. C-DBSCAN creates “local clusters” while enforcing Cannot-link constraints. All leaf
nodes in the tree are traversed: if data points in the same leaf are involved in a Cannot-link
constraint, then each point in the leaf becomes a singleton cluster. If there are no points in
the leaf that are involved in a Cannot-link constraint then the DBSCAN labels all unlabeled

points in the leaf of the tree as either noise or core points. If the number of points in a -
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distance of a point in the leaf is less than MinPts then the point is noise; otherwise all the
points that are density-reachable from this point form a “local cluster”. Finally the clusters
are created by merging local clusters under Must-link constraints.

Campello et al. presented FOSC [19] in 2013 to extract clusters from hierarchies opti-
mally. Usually flat clusters are extracted from an appropriate level of a hierarchy through
a horizontal cut. The appropriate level in a hierarchy can be found either manually or au-
tomatically. Sometimes it is not possible to extract the right solution through a single hori-
zontal cut according to the nested nature of a data set. FOSC is a framework for extracting
clusters from a hierarchy, corresponding to local cuts at different levels of the hierarchy.
The authors utilize the idea of local cuts instead of a single global cut to extract the optimal
clusters. Applying local cuts in a hierarchy is similar to using different density thresholds
for different subsets of a data set to perform the clustering. Prior knowledge in the format of
constraints will help to find local cuts that either globally maximize constraints satisfaction
or minimize constraints violations in the hierarchy. The set of eligible clusters that can be in
the flat solution are all clusters (nodes) in the hierarchy except for the root. The method also
assumes that each object belongs to a single cluster. The flat solution also cannot contain
both a child node and its parent. To enforce this condition in maximizing the number of

satisfied constraints, an objective function is formulated as follows:

K

1
J = T (x;) (2.11)
=2

max J
01,02,...,0k

5 €{0,1} i=2,..kK
> jer, 0j =1, Vhsuch that Cy is a leaf cluster,

2.12)

where 6i(i = 2,...,) is an indicator that denotes whether cluster Cj; is included in the
flat solution (d7 = 1) or not (67 = 0). Iy, is set of indices for clusters in a path from the
root (excluded) to the cluster Cj,(included) [19] and ~(z;) is the number of constraints
involving object x; that are satisfied (not violated). Based on the above equations FOSC

returns a set of clusters from different level of hierarchy as a flat solution.

2.4 Semi-supervised clustering evaluations

In this section we will discuss the approaches available in the literature to evaluate the re-
sult of semi-supervised clustering algorithms. There are different methods in the literature

that employ constraints or a set of labeled objects in semi-supervised clusterings. These
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methods report the impact of using constraints or labeled objects for semi-supervised clus-
terings in their evaluation. Some of these methods include training data (constraints or
labeled objects) when evaluating clustering performances and reports only overall accu-
racy. The C-DBSCAN [21] method, that was discussed earlier, considers different data sets
with known clusters and the authors report Rand Index [22] over entire data set considering
the constraints in the evaluation. In these type of methods, the training and test sets are not
completely independent.

There are methods that exclude constraints or labeled instances in their test set and re-
port clustering accuracy only for unconstrained instances. Wagstaff et al. [23] proposed a
constrained K-means clustering in 2001. They modify K-means [2] in order to use prior
knowledge to boost clustering quality. The main difference between this algorithm and K-
means is in the step of assigning objects to their closest clusters. The algorithm will not
assign an object o to a cluster if it violates the specified constraints. In terms of evalua-
tion, the authors report clustering performance including and excluding constraints in their
validation, presenting two sets of numbers: the overall accuracy for the entire data set, and
accuracy on a held-out test set using Rand Index [22]. In the latter case, they perform a 10
fold cross-validation where 9 folds are taken to generate constraints and the performance is
only computed on the 10th fold.

The Seeded — Kmeans method [20] was explained in the previous section. For the
evaluation, the authors compare the performance of these methods on two data sets (CMU
20 Newsgroups data and Yahoo! News data) with various seeding and noise levels, using
10-fold cross validation. In each run, they take 90 percent of the data set as the training set
that produces the seed set and the remaining 10 percent of data set is used as the test set. The
clustering quality measured by mutual information (MI) [24] is reported as an average over
different runs. Mutual information is a symmetric measure for determining the similarity
of the cluster labels and class labels.

In the latter case, the methods report accuracy scores that are based on evaluation on
only the test sets which share no common information with training sets. In the next chapter,
we present our framework to select an appropriate clustering parameter. In the second
version of framework, the training and test sets are completely independent for evaluations.
We report clustering performance using the framework suggested parameter value on test

sets only.
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Chapter 3

Parameter Selection for
Semi-Supervised Clustering
Algorithms

In the previous chapters, we discussed the importance of choosing an appropriate cluster-
ing parameter and a clustering method. We also discussed some of the papers that focus
on finding the “best” parameter values for clustering algorithms (e.g., k¥ in Kmeans-based
clustering methods). Few number of papers present heuristics to determine the values of
MinPts and ¢ for density-based clustering methods. Most of these works study the problem
of parameter selection in an unsupervised clustering domain. These papers select the “best”
parameter value based on different internal measures. Traditional clustering algorithms
can not take advantage of constraints on cluster membership of some points or a limited
number of labeled points even when it does exist. However, there are cases in which the ex-
perimenter may be able to provide some background knowledge; such as instance labels or
pairwise constraints that could be useful for clustering a data. As we discussed in chapter 2,
only very few papers propose a parameter selection method for semi-supervised clustering
algorithms. Here, we introduce a framework to select the “best” parameter value for semi-
supervised clustering algorithms. The framework can be applied to any semi-supervised
clustering algorithm in order to find the*best” value of the clustering parameter.

Before we get to the framework structure and steps, there are some symbols needed to

be explained:
e P: A set of instance labels provided as a background knowledge.
e (': A set of constraints to use as a background knowledge.

e «: A clustering parameter, MinPts or k.
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e S: A range of values for the parameter .

3.1 Framework overview

Given a range of values for a clustering parameter, our method, denoted as “cross-validation
framework for finding clustering parameters” (C'V C P) finds the “best” value of the clus-
tering parameter based on limited number of constraints or labeled points provided by a
user. A semi-supervised clustering method achieves the highest possible clustering quality
using the “best” value of the clustering parameter. The best clustering quality represents
a grouping of the data set that conforms most with the constraints or class labels given as
input to a semi-supervised clustering algorithm. In this section, we explain our motivations

to propose CVCP and how we use background knowledge to develop this framework.

3.1.1 Motivation

Consider a semi-supervised clustering method which takes as input a value of o and prior
knowledge in the form of partially labeled points P or a set of constraints C' provided by
a user. CVCP is a cross-validation framework that evaluates a clustering algorithm’s per-
formance for a given value of the clustering parameter based on the constraints satisfaction
score computed with respect to the given labeled points or constraints. For a fixed set of
constraints C' (the set of labeled points P), CVCP computes the constraints satisfaction
score for each value s in the range S and the parameter value s’ € S associated with the
highest constraints satisfaction score is selected.

Also, CVCP can be used to gain insight into which clustering paradigm is most suitable
for a data set X. For example, we can use CVCP to find the “best” value of k for a semi-
supervised K-means clustering method on the data set X and record the clustering quality
(q1,) associated with the “best” value of k. Then, we can apply CVCP to find the “best”
value of MinPts for a semi-supervised density-based clustering method and compare its
best clustering quality (qazinpts) With . Since we are comparing the performances of two
different clustering methods at their “best” value of clustering parameters, we can decide

which clustering method is the better match for the data set X .

3.1.2 Problem definition

Definition 8. Given a data set X with a small subset of labeled points P or a set of con-

straints C' and a range of values S for parameter «, find a parameter value in the parameter
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set .S that gives the best possible semi-supervised clustering solution on X using the avail-

able background knowledge given to the semi-supervised clustering method.

CVCP’s inputs includes a data set X, a form of prior knowledge P or C' and a set of
parameter values S. In the next section, we introduce the first version of CVCP. In the first
version of the CVCP, the format of prior knowledge could be a subset of labeled points or
a set of constraints. This version will be modified later and the reasons will be explained
in the next sections. The form of the background knowledge that can be used in the second
version of CVCP is a subset of labeled points P provided by the user. It should be noted
that the information given by the pairwise constraints is weaker than that given by a subset

of labeled data. Class labels can generate pairwise constraints, but the inverse is not true.

3.2 CVCPI

In this section, we explain the structure of CVCP. Figure 3.4 shows the diagram of the first
version of CVCP. As we discussed, the general idea is to use cross-validation to evaluate
a clustering algorithm performance in satisfying the limited number of constraints/labeled
points using a parameter value and then selecting the “best” parameter value upon the cross-

validation framework.

3.2.1 Step I: Assigning constraints to classes

CVCP performs a preprocessing step on the provided partially labeled points or the set of
constraints. In this step, if the input is a subset of labeled points then the complete graph
of constraints is generated from the subset of labeled points. For every two labeled points
in this subset, one Must-Link constraint is generated if they have the same cluster labels
otherwise a Cannot-link constraint is generated. If a set of constraints is provided then the
transitive closure of all available constraints is computed.

After generating constraints as mentioned above, we treat the constraints as objects
(entities), create two classes and assign each object in the graph to one of these classes.
Each object is assigned to class label ML or CL based on its type (Must-link and Cannot-
link) respectively (figure 3.1).

22



Class cL

Set of Constraints /E1 E,
- CL

° ° Transforming_ | CcL
q Ce—eo d

G~

—

s Class ML
E, .
ML :
ML \

\ Ne———e m |

/
\

\ be———e a

Figure 3.1: Treating constraints as new objects or entities

As we explained, CVCP evaluates the clustering quality for the output partition of a
semi-supervised clustering algorithm that is obtained with a value of the clustering param-
eter, based on the constraints satisfaction with respect to a limited number of labeled points
or constraints. To measure the constraints satisfaction, we compute the predicted label for
each binary relation from the graph. For each binary relation, we check if the points in-
volved in the binary relation with class label ML (CL) have the same (different) cluster
labels in the output partition then the predicted class label for this binary relation is ML
(CL) otherwise the predicted class label is CL (ML) (figure 3.2).

Set of Constraints n ; m
\\\ /
input * 1
Dataset’ Semi supervised partition .
—> ClusteringAlg ——> S
~
A parameter value b a ¢
_—
"---)
a \\‘~
S d
q
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ML ML |
ne——m pe——q Predicted class labels

for each entity

Figure 3.2: Compute predicted class labels for each entity

Now, we can use a classification measure to count the number of correct and incor-
rect predicted labels for all binary relations in the graph and report a classification score

(constraints satisfaction score) (figure 3.3).
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Figure 3.3: Computing classification score

So the clustering evaluation with respect to a limited number of labeled points or con-
straints is transformed to a classification evaluation. To sum up, the first step of CVCP
includes a preprocessing phase to generate the constraints denoted as G¢ and assigning
them to classes ML or CL which represents objects with type of Must-link and Cannot-

link, respectively.

3.2.2 Step II: Stratified k-fold cross-validation,

In this step, we perform the stratified K-fold cross-validation. The binary relations from
two classes ML and CL are partitioned across the K non-overlapping folds. In the stratified
K-fold cross-validation, each fold contains approximately the same proportion of two types
of the class labels. It means that the proportion of Must-link and Cannot-link constraints
in each fold is about the same of their original proportion in G¢. Of K folds, one fold is
retained as the test data and the other K — 1 folds are used as the training data. Cross-
validation consist of repeating this process K times, with each fold is used once as the test
data. In each iteration ¢, the semi-supervised clustering algorithm takes the data set X , a
parameter value s and the training sets as inputs. Then the quality of constraints satisfaction
with respect to the test fold is computed, denoted as g,,;. The final quality of the clustering
method denoted as ¢, using parameter value s over the constraint set G, is the average
value of ¢;;, 1 <1 < K.

The next section will point out a conceptual drawback of the first version of CVCP and

the second version of CVCP will be explained.
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Figure 3.4: CVCP -1 Diagram

3.3 Conceptual Drawback

The approach in which we partition the constraints in G¢ into K-folds is problematic. Fol-
lowing this approach may result in having some folds with “overlapping” constraints. Some
of the constraints that are implicitly derived from the training folds can be found explicitly

in the test fold. consider the two following scenarios:

Scenario 1 Let a,b,c be 3 labeled points from the set P. Assume a and b have the
same labels and the Must-Link constraint generated by two points a and b is in the ¢th fold
(without loss of generality). Let furthermore assume that c and b have different class labels
and the Cannot-link generated by c and b is in the ¢th fold and the Cannot-link constraint

generated using c and a is in the jth fold.

Scenario 2 Let a, b, c be 3 labeled points from the set P. Assume a and b have the same
class labels and the Must-Link constraint generated by two points a and b is in the ¢th fold
(without loss of generality). Let furthermore assume that ¢ and b have the same class labels
and the Must-link generated using ¢ and b is in the ith fold and the Must-link constraint
generated using c and a is in the jth fold .

What happen in the scenario 1 and 2, if the semi-supervised clustering algorithm uses
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the 7th fold as a training set and uses the jth fold as a test set? The independency of of the
training set and the test set is violated and the clustering algorithm is evaluated on binary
relations in the test set that some of them can be obtained by transitive closure of the binary
relations in the training set. So, overfitting to the model that is learned may happen in these

scenarios. We will present a solution to overcome this issue in the next section.

34 CVCPII

In this section, we explain the structure of the second version of the CVCP framework. The
framework takes a subset P of labeled points along with one data set X and a parameter s
as inputs. Figure 3.8 shows the diagram of the second version of CVCP. We also explain
the solution to the conceptual drawback discussed in the previous section. The main differ-
ence between the current version and the first version is that the current version takes prior
knowledge only in the form of a subset of labeled points. The remaining structure of CVCP

including cross-validation are still the same as in the first version.

3.4.1 Step I: Partition of the set of labeled points

We first equally distribute labeled points in the set P into K folds and then the process of

generating constraints will be followed in the next step (figure 3.5).
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Figure 3.5: Partition of the set of labeled points

3.4.2 Step II: Producing constraints

In the second step, we take the K — 1 folds as the training set and collect all the points
from these folds to generate constraints. We leave the K'th fold as the test fold and generate
constraints from the points in this fold. The constraints are treated as objects with class
labels ML or CL the same as in the step I from the first version of CVCP. This version of
CVCEP partitions labeled points across the folds first and then generates constraints from
them. This approach guarantees that folds do not share constraints transitively. So, no

overfitting happens and the second version of CVCP becomes more robust (figure 3.6).
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Figure 3.6: Producing constraints

3.4.3 Step III: Cross validation

In this step, K-fold cross-validation is performed in the same way as in the first version of
CVCP. The training and test sets in each iteration of the cross-validation is created as we
explained in the previous step. Then the quality of the clustering is evaluated by computing
constraints satisfaction score using a classification measure as in the step II of the first
version of CVCP. The purpose of using cross-validation is to obtain a robust estimation of

how well the semi-supervised clustering method satisfies the constraint set (figure 3.7).
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{

Predicted class
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Figure 3.7: Computing predicted labels

Figure 3.8 shows all the above steps in one diagram.
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Figure 3.8: CVCP -II Diagram

3.5 Parameter Selection based on CVCP

We explained the structure and steps of CVCP in the previous section. Here, we explain
how CVCP will help the user to select the “best” parameter value that achieves the best
possible clustering solution.

The algorithm to select the “best” parameter by CVCP can be found in procedure 3.

Procedure 3 CVCP application for finding the “best” parameter value.
Input:Data set X, a fixed set of labeled points P, a range of parameter
values S.

for s € S do
Run CVCP on data set X using set P with parameter value s.
Record classification score for s.
end for
Find the highest classification score and its associated parameter s’.
Output:Parameter s’ is the “best” parameter value suggested by CVCP.

CVCEP classification scores will be recorded for every value of the parameter « in the
range S and the parameter value associated with the highest classification score is returned

as the “best” value for the parameter o (figure 3.9).
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Figure 3.9: Parameter selection process

We expect that the “best” parameter value suggested by CVCP can be generalized to
the entire data set so that using this parameter value achieves the highest clustering quality
for the entire data set. In the next chapter, we will present experiments designed to evalu-
ate the CVCP performance in selecting the “best” parameter for semi-supervised clustering
methods. We will also present experiments that show the correlation of the semi-supervised
clustering performances evaluated using the ground truth and the CVCP internal classifica-

tion scores for different values in S.
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Chapter 4

Experiments

In the previous chapter, we explained the structure of the CVCP framework to find the
“best” clustering parameter values for semi-supervised clustering algorithms. As we ex-
plained, the “best” parameter value for a semi-supervised clustering method is selected
based on the highest constraints satisfaction score with respects to the constraints derived
from the given labeled points. We design the evaluation methods in order to identify the
usefulness of CVCP in finding the “best” parameters for semi-supervised clustering algo-
rithms. Our evaluation method is to run the semi-supervised clustering method using the
CVCP selected parameter and then evaluate how well the output clustering partition con-
forms the ground truth. The semi-supervised clustering performance obtained using the
CVCEP selected parameter is compared to the clustering performances obtained using other
existing methods that find “best” parameters. We also compare the clustering performance
obtained using the CVCP selected parameter to the expected performance when the param-
eter has to be guessed.

This chapter introduces details of data sets and the evaluation methods along with re-
sults according to each evaluation method. It worth to mention again that we evaluate the
CVCP performance for finding the “best” value of MinPts and k for the semi-supervised
clustering methods FOSC [19] and MP CKmeans [18], respectively. Both methods take
a set of Must-link/Cannot-link constraints as input. Before we get to the evaluation methods

and results, there are some symbols needed to be explained:
e P: A set of instance labels provided as a background knowledge.
e [3: A percentage of labeled points that are involved in the constraints.
e p: Value of correlation coefficient.

e S: A range of values for MinPts or &.
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e M : The maximum value in S.

4.1 Data sets

For the evaluation we used real data sets from different domains, image and UCI data sets as
well as synthetic data sets both with a variety of characteristics (no. of objects, dimension-
ality, and no. of clusters). We use some of the class labels as input for the semi-supervised
clustering method and the rest is for validation purposes only. We will present the details

of these data sets in the following section.

4.1.1 ALOI Data sets

ALOI (Amsterdam Library of Object Images) [25] consists of categories of color images for
one-thousand objects, recorded for scientific purposes. Each category contains one-hundred
recordings of a specific object where the viewing angle, illumination angle and illumination
color for that object were systematically varied. We used image sets that were created by
Horta and Campello [26]. Each data set is created by randomly selecting images (without
repetition) from k different categories, k = 2, 3,4 and 5. An image collection is composed
of hundred data sets for each k. We used the k5 image collection that consists of 100 data
sets each having 125 objects from five categories. Each data set has 25 objects from each

category. The descriptor for each objects is color moments with 144 attributes.

4.1.2 UCI Data sets

UC Irvine Machine Learning Repository [27] maintains 246 data sets as a service to the
machine learning community. Among these data sets, we used the Iris, Wine, Ecoli and
lonosphere data sets. The “Iris” data set maybe is the best known database to be found in
the pattern recognition literature. The data set contains 3 classes of 50 instances each with
4 attributes, where each class contains a type of iris plant and attributes for one instance
are the lengths and widths of its sepal and petal. One class is linearly separable from the
two which are not linearly separable from each other. The “Wine” data set contains 178
objects in 13 dimensions, with 3 classes. These data are the results of a chemical analysis
of wines grown in the same region in Italy but derived from three different cultivars. The
analysis determined the quantities of 13 constituents found in each of the three types of
wines. The “Ecoli” data set contains 336 objects in 7 dimensions, with 8 classes. The
classes represents the cellular localization sites of proteins and the attributes are sets of

biological properties. The “lonosphere” data set contains classification of radar returns
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from the ionosphere classified into “good” and “bad” classes. “Good” radar returns have
evidence of some type of structure in the ionosphere. “Bad” returns are those that do not;
their signals pass through the ionosphere [27]. The data set contains 351 instances with 34
continuous attributes. Each instance in this data set, is described with 17 pulse number with

2 attributes per pulse corresponding to the values of the complex electromagnetic signals.

4.1.3 Julia Handl Data sets

Julia Handl [28] developed two data set generators in order to obtain test data of sufficient
complexity for clustering. The first generator is a Gaussian cluster generator which is based
on a standard cluster model using multivariate normal distributions. There are data sets
with 2 and 10 dimensions and the number of clusters are 4, 10, 20 and 40. For each of the
8 combinations of a cluster number and a dimension, 10 different data sets were generated,
giving 80 data sets in all. The second generator creates ellipsoidal clusters with the major
axis at an arbitrary orientation. There are data sets with 50 and 100 dimensions and the
number of clusters are 4, 10, 20 and 40. For each of the 8 combinations of a cluster number
and a dimension, 10 different data sets were generated, giving 80 data sets in all. We used
10 data sets in 2 dimensions with 4 clusters and 10 data sets in 10 dimensions with 4 clusters
created by the Gaussian cluster generator. We report the average clustering performance on

these collections (2D Julia-Handl and 10D Julia-Handle).

4.2 Evaluation Measures

We used two different types of F-measure as our evaluation measures in this work. First,
we describe a classification measure, denoted as Average-Fmeasure, to be used within the
CVCP framework to evaluate the constraints satisfactions in order to select the “best” pa-
rameter value. Second, we report the Overall F-measure [17] to evaluate the output clus-
tering partition of the semi-supervised clustering algorithm obtained using the “best” pa-
rameter value selected by CVCP. The Overall-Fmeasure is explained in more details in this
section.

The F-Measure is an evaluation measure defined based on the harmonic mean ! of
precision and recall and is displayed as a percentage value. Precision is defined as the
fraction of objects that are correctly assigned to the cluster. Recall is defined as the extent to
which a cluster contains all objects of a specified class [1]. Precision, recall and F-measure

are defined as follows:

. . . 1y —1
!The harmonic mean of z1, x2, ..., Tr, is defined as H = (% 2:21 x; 1)
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ip

Precision =
tp+ fp
[ ]
t
Recall = _P
tp+ fn

2 x Precision x Recall

F — measure =
Precision + Recall

True positive, false positive and false negative are denoted by tp, fp and fn. The table 4.1

shows the above notions.

actual class

tp fp
(true positive) (false positive)
predicted class
fn tn
(false negative) (true negative)

Figure 4.1: Classification Table.

Average-Fmeasure As we explained, the complete graph of constraints is produced based
on a limited number of labeled points as the input to the semi-supervised clustering algo-
rithm. We assigned the pairs of points (treated as objects) from the complete graph of
constraints to classes {1} and {0}. Classes {1} and {0} represent Must-link and Cannot-
link pairs of points respectively. In our experiments, we derived the constraints from a
randomly selected limited number of labeled points, and usually the number of Cannot-
link constraints is larger than the number of Must-link constraints in the complete graph
of constraints, therefore usually classes {1} and {0} have different cardinalities. Since the
number of Cannot-link constraints in the complete graph is considerably larger than the
number of Must-link constraints, it is possible that the clustering method tends to output
a partition with a larger number of clusters in order to satisfy the Cannot-link constraints.
Also this may prevent the CVCP framework to find the appropriate parameter value for
the semi-supervised clustering method. The classification measure that is used within the
CVCP framework computes the Average-Fmeasures of classes {1} and {0}. This measure
is a simple average of F-measures for the class {1} and F-measures for the class {0} to

cancel out the imbalanced number of pairs of points that belong to classes {1} and {0}.
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We compute the F-measure for each class based on the number of correct and incorrect
predicted labels for pairs of points from the complete graph. The Average-Fmeasure is

formulated as follows:

2 X Precisiong, x Recallc,

Fmg, = —
! Precisionc, + Recallc,

2 x Precistonc, x Recallc,

Fmg, = —
0 Precisionc, + Recallc,

Fmg, + Fmc,

Average — Fmeasure = 5

Overall-Fmeasure The overall-Fmeasure is commonly used to compare how similar two
clustering results are by evaluating the accuracy of produced clustering partitions. We use
Overall-Fmeasure [17] to evaluate the clustering results of the semi-supervised clustering
algorithm obtained using the “best” parameter value selected by CVCP with respects to the
ground truth. It should be mentioned that, the Overall-Fmeasure is reported on a part of
data set which does not have the labeled points that are involved in the constraints.

Let assume the set of natural classes is C = {C1,Cq,...,C),} and the clustering is
K ={K;, Ko, ..., K,}. The recall, precision and F-measure for natural class C; and cluster

K are as follows:

Recall(C;, Kj) = ‘gZJ’
[ ]
.. Nij
Precision(C;, K;) = K]

2 x Recall(C;, Kj) x Precision(C;, Kj)
Recall(C;, K;) + Precision(Cy, Kj)

F(Cy, Kj) =

where n;; is the number of points from natural class C; that belongs to the cluster K;. The
success in finding the natural class C; can be considered as the maximumF'(C;, K j) for C;
when 1 < j < n. The overall-Fmeasure is the weighted sum of such maximum F-measures

for all natural classes which is:

Gl F(Cy, K;) (4.1)

F — measure(C) = Z D] e
J

C;eC

where | D| is the number of all points in the data set.
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4.3 Parameters

As mentioned earlier, we considered two types of semi-supervised clustering algorithms
in this work. CVCP selects parameters Minpts and k for a density-based semi-supervised

clustering and a semi-supervised Kmeans-based clustering, respectively.

e MinPts, describes the minimum number of points in the € neighborhood of a core
point. We used a range of [3 : 3 : 24] for the set S. As it is often the range which is

widely used in the literature.

e Kk, denotes the number of clusters to be found by K-means, which partitions n points
into k clusters in which each points belongs to the cluster with the closest mean. In
this work, we used the range of [2 : 1 : M| for the values of k in S. M is a reasonable

upper bound for the number of clusters.

4.4 Evaluation I: Correlation between CVCP internal classifica-
tion scores and the semi-supervised clustering scores

We propose the CVCP framework that selects the “best” parameters to improve the expected
performance of a semi-supervised clustering. CVCP checks the constraints satisfaction
score with respect to a limited number of labeled objects or constraints for each value of
the parameter in S and selects the parameter value that creates a partition that conforms
most with the constraints or labeled objects. CVCP evaluates the constraints satisfaction
using the average F-measure. The evaluation presented here investigates how well the semi-
supervised clustering performances for different values of the parameter are correlated with
the CVCP’s internal classification scores. The pseudo code for this evaluation is shown in
the procedure 4. This evaluation records the classification scores and the semi-supervised
clustering scores for each value s € S and computes their correlation. A high correlation
indicates that CVCP approximates the clustering performance for different parameter values
well and can improve the expected performance. The correlation coefficient is computed as

follows:

pxy = corr(X,Y) = COZS;Y) _Bl(X - /f;;)(i(Y — fiy)] 42)

where cov(X,Y) denotes the covariance of data X and Y, p and o denote the mean and

standard deviation of a data.
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Procedure 4 Experiment: Correlation of the semi-supervised clustering performances and

CVCEP internal classification scores
Input: Dataset X, a fixed set of labeled points P and a range of the parameter

values S.

1: for s € Sdo
2: Record the constraints satisfaction score for constraints derived from
P, computed within the CVCP framework for the parameter value s.
(Classification score)

Run the semi-supervised clustering method with s.

Record clustering quality of the output partition. (Clustering score)
end for
: Compute correlation coefficient of the classification and clustering scores.

AN A

4.4.1 Evaluation I using FOSC

This section presents the average correlation values obtained by running the experiment in
the procedure 4 for FOSC. The average results over 50 experiments are reported for different
data sets and different numbers of constraints. The number of constraints is reported in the
form of percentage of labeled points that are involved in the constraints, 8 = 2%, 5%, 10%
and 20%. For data set collections such as ALOI and Julia-Handl, the average results of all
data sets in the collections are reported, respectively. We depict the curves of the clustering
and classification scores for one data set from ALOI and for one data set from Julia-Handl

collections as representatives examples.

ALOI

Figure 4.2 depicts the curves for the FOSC clustering scores and the constraints satisfaction
scores obtained within the CVCP framework for the data set k5 — 59 from ALOIL. The
correlation coefficient in this case is p = 0.9989. Table 4.1 shows the average correlation

values for 100 data sets from the ALOI collection for different number of constraints.

| % labeled points used as input [ Correlation coefficient |

5 0.8019
10 0.9674
20 0.9687

Table 4.1: Average correlation values of 50 experiments on ALOI
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Figure 4.2: Data set k5 — 59 from ALOI collection, 5 = 10%

The above figure and table show that FOSC performance for different values of MinPts

is highly correlated with the CVCP classification scores.

Julia-Handl

Figures 4.3 and 4.3 depict the FOSC clustering scores and the constraints satisfaction scores
obtained within the CVCP framework for the data sets no.5 and no.8 from the 2D Julia-
Handl collection and 10D Julia-Handl collection, respectively. In these cases, the correla-
tion coefficients are p = 0.9794 and p = 0.6959, respectively. Tables 4.2 show the average
correlation values for 10 data sets from the 2D Julia-Handl collection for different number
of constraints. Table 4.3 show the average correlation values for 10 data sets from the 10D

Julia-Handl collection for different number of constraints.

| % labeled points used as input [ Correlation coefficient

2 0.7884
5 0.7920
10 0.8096

Table 4.2: Average correlation values of 50 experiments on 2D Julia-Handl
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Figure 4.3: Data set no.5 from 2D Julia-Handl collection, 8 = 5%

l % labeled points used as input [ Correlation coefficient ‘

2 0.7803
5 0.8739
10 0.9260

Table 4.3: Average correlation values of 50 experiments on 10D Julia-Handl
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Figure 4.4: Data set no.8 from 10D Julia-Handl collection, 8 = 2%

38



A strong correlation is obtained for the data set no.5 from the 2D Julia-Handl collection
as depicted in figure 4.3. Figure 4.3 shows that FOSC is insensitive to the choice of MinPts
value for the data set no.5 and has a good clustering performance for each value of the
MinPts. The correlation values increase when the number of given constraints are increased

for these data sets.

UCI

This section presents tables of the average correlation values for the data sets Iris, Wine,
Ionosphere and Ecoli from the UCI repository. The figures depict the curves of the FOSC
clustering scores and the constraints satisfaction scores obtained within the CVCP frame-
work for each data set for different number of constraints. The figures and tables show that

FOSC clustering scores and CVCP classification scores have strong correlations generally.
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Figure 4.5: Data set Iris, 8 = 20%

[ % labeled points used as input [ Correlation coefficient ]

5 0.6818
10 0.6125
20 0.9902

Table 4.4: Average correlation values of 50 experiments on Iris
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Figure 4.6: Data set Wine, 5 = 20%

l % labeled points used as input [ Correlation coefficient ‘

5 0.9020
10 0.7880
20 0.9381

Table 4.5: Average correlation values of 50 experiments on Wine

| % labeled points used as input | Correlation coefficient |

5 0.9177
10 0.9888
20 0.9695

Table 4.6: Average correlation values of 50 experiments on Ionosphere
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Figure 4.7: Data set Ionosphere, 8 = 20%

l % labeled points used as input [ Correlation coefficient ‘

5 0.6880
10 0.8819
20 0.4570

Table 4.7: Average correlation values of 50 experiments on Ecoli
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Figure 4.8: Data set Ecoli, 5 = 10%
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4.4.2 Evaluation I using MPCKmeans

This section presents the average correlation values obtained by running the experiment in
the procedure 4 for MPCKmeans. The average results over 50 experiments are reported
for different data sets and different number of constraints. The number of constraints are
reported in the form of percentage of labeled points that are involved in the constraints,
B = 2%, 5%, 10% and 20%. For data set collections, such as ALOI and Julia-Handl, the
average results of all data sets from the collections are reported. We depict the curves of the
clustering and classification scores for one data set from ALOI and for one data set from

Julia-Handl collections as representatives examples.

ALOI

Figure 4.9 depicts the curves for the MPCKmeans clustering scores and the constraints
satisfaction scores obtained within the CVCP framework for the data set k5 — 78. The
correlation coefficient in this case is p = 0.8819. Table 4.8 shows the average correlation

values for 100 data sets from the ALOI collection for different number of constraints.
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Figure 4.9: Data set k5 — 78 from the ALOI collection, 8 = 5%

| % labeled objects used as input [ Correlation coefficient

5 0.9661
10 0.9237
20 0.9238

Table 4.8: Average correlation values of 50 experiments on ALOI
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The results show a high correlation values for the data set k5 — 78 and for the ALOI
collection in general. As we mentioned, the ALOI collection has 100 data sets with 5 classes
each. Figure 4.9 shows that MPCKmeans has its best performance for £ = 5 and the CVCP
internal classification scores also reaches its maximum for & = 5. CVCP approximates

well the MPCKmeans clustering performance for different values of MinPts.

Julia-Handl

Figures 4.10 and 4.11 depict the MPCKmeans clustering scores and the constraints sat-
isfaction scores obtained within the CVCP framework for the data set no.5 from the 2D
Julia-Handl collection and for the data set no.8 from the 10D Julia-Handl collection. In
these case, the correlation coefficients are p = 0.8261 and p = 0.4261, respectively. Table
4.9 show the average correlation values for 10 data sets from the 2D Julia-Handl collection
for different number of constraints. Table 4.10 show the average correlation values for 10

data sets in the 10D Julia-Handl collection for different number of constraints.
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Figure 4.10: Data set no.4 from 2D Julia-Handl collection, 8 = 5%

Table 4.9: Average correlation values of 50 experiments on 2D Julia-Handl

[ % labeled objects used as input [ Correlation coefficient ]

2 0.7102
5 0.6433
10 0.6402
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Figure 4.11: Data set no.8 from 10D Julia-Handl collection, 5 = 5%

Table 4.10: Average correlation values of 50 experiments on 10D Julia-Handl

[ % labeled objects used as input [ Correlation coefficient ]

2 0.5960
5 0.5964
10 0.5690

All data sets from the 2D and 10D Julia-Handl collections have 4 classes. As depicted
in figure 4.11, for the data set no.8 from the 10D Julia-Handl collection, MPCKmeans has
the highest clustering score for £ = 6 and CVCP has the highest clustering score for £ = 5.
In this case, MPCKmeans is not able to find the natural clusters accurately even if it is

provided with the number of natural classes.

UCI

This section presents tables of the average correlation values for the data sets Iris, Wine,
Ionosphere and Ecoli from the UCI repository. The following figures depict the curves for
the MPCKmeans clustering scores and the constraints satisfaction scores obtained within

the CVCP framework for each data set at a different number of constraints.
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Figure 4.12: Data set Iris, § = 20%

l % labeled objects used as input [ Correlation coefficient ‘

5 -0.1643
10 0.0062
20 -0.3155

Table 4.11: Average correlation values of 50 experiments on Iris

Figure 4.12 shows that the curves are negatively correlated for the data set Iris. The Iris
data set has 3 classes but the MPCKmeans performance reaches its maximum for k = 8.
This result can give us an insight that MPCKmeans is not a suitable clustering method for
the data set Iris. MPCKmeans is not able to find the ground truth clusters for the natural

number of classes that is provided by the CVCP as the “best” value of &.
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Figure 4.13: Data set Wine, § = 10%

l % labeled objects used as input [ Correlation coefficient ‘

5 0.7021
10 0.6639
20 0.2282

Table 4.12: Average correlation values of 50 experiments on Wine

Figure 4.13 shows the curves for the MPCKmeans clustering scores and the CVCP in-
ternal scores are correlated for the wine data set. In this case also, MPCKmeans is not
able to find the ground truth clusters accurately for the “best” value of the parameter pro-
vided by CVCP. Wine has 3 classes and MPCKmeans reaches its maximum for £ = 5
while the CVCP internal scores has its maximum at ¥ = 3. In this case, the correlation
value decrease significantly for 5 = 20%. When the number of labeled points involved in
the constraints increases, the imbalance between the number of Cannot-link and Must-link
constraints increases. The low correlation value at 3 = 20% may relate to the fact that the
more Cannot-link constraints are given to a clustering algorithm, the more the clustering
algorithm tends to split the data in order to satisfy the Cannot-link constraints. This reason

may lead MPCKmeans to have its maximum value of performance at larger ks when the

“best” k is 3.
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Figure 4.14: Data set Ionosphere, 8 = 20%

l % labeled objects used as input [ Correlation coefficient ‘

5 0.5735
10 0.4863
20 0.4211

Table 4.13: Average correlation values of 50 experiments on Ionosphere

Ionosphere has 2 classes. Figure 4.14 shows that the MPCKmeans reaches its maximum
clustering score at k = 5 whereas the CVCP internal scores reaches its maximum at & = 3.
MPCKmeans does not partition the Ionosphere data set well for the natural number of

classes or the “best” value of k that is provided by CVCP.

| % labeled objects used as input | Correlation coefficient |

5 0.4360
10 -0.0508
20 0.1017

Table 4.14: Average correlation values of 50 experiments on Ecoli
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Figure 4.15: Data set Ecoli, 8 = 10%

Figure 4.15 shows MPCKmeans has its maximum clustering score at k = 7 for the
Ecoli data set , which has 8 classes. So MPCKmeans has its maximum for a value of &
close to the natural number of classes while CVCP has its maximum classification score at
k = 3. The number of points in each class in the Ecoli data set is different. Ecoli has classes
with cardinalties {143, 77,52, 35, 20, 5, 2, 2}. Figure 4.16 shows the imbalanced number of
points in each class. Ecoli has three large classes, therefore more points from these classes
are involved in the constraints. CVCP select the “best” value of k£ based on the number of
satisfied constraints. We observed that the in most of the experiments the minimum number
of distinct class labels is five and the large portion of the points which are involved in the
constraints are from the large three clusters. This condition lead the CVCP framework to

select the k£ = 3 in most of the experiments.
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Figure 4.16: 2D scatter plot for Ecoli

4.5 Evaluation II: Clustering performance using the CVCP se-
lected parameter

For both FOSC and MPCKmeans methods, we compared the clustering performance ob-
tained using the CVCP selected parameter value to the expected clustering performance
when the parameter value has to be guessed. In addition, the MPCKmeans performance ob-
tained using the CVCP selected value of k are compared to the MPCKmeans performance
based on the Silhouette width [10]. The Silhouette width was described in the chapter 2.
The results of this evaluation using FOSC and MPCKmeans methods for different data sets

are presented in section 4.5.1 and 4.5.2.

4.5.1 FOSC performance using the CVCP selected MinPts

CVCP finds the “best” MinPts as an input for FOSC. The procedure 5 compares the FOSC
performance using the MinPts value selected by CVCP with the FOSC expected perfor-
mance. In one experiment, CVCP takes a data set and a set of constraints derived from a
set of labeled points and a range of MinPts values S as inputs and selects the “best” MinPts
value from S. FOSC uses the “best” value of MinPts and returns the clustering partition.
The clustering quality of this partition is the “FOSC performance using the CVCP selected
parameter”. For computing the FOSC expected performance, we run FOSC for each value
of MinPts in S and then average all the obtained clustering qualities. The FOSC expected

performance shows the average performance of FOSC when the MinPts value have to be
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selected randomly. This experiment is repeated 50 times and the average of “FOSC perfor-
mances using the CVCP selected parameter” and “FOSC expected performance” on a data

set are reported.

Procedure 5 Experiment: FOSC performance using the CVCP selected parameter.
Input: Data set X, a fixed set of labeled objects P and a range of MinPts

values S.

1: Run CVCP for X using constraints derived from P to select the “best”
value of MinPts, s’.

2: Run FOSC with s: ( FOSC performance using the CVCP selected param-
eter).

3: for s € S do

Run FOSC with s.

5: Record clustering quality of the output partition with respect to the
ground truth (excluding the points in P).

6: end for

7: Average all recorded clustering qualities: (FOSC expected performance).

Results

This section reports the results of the experiment in the procedure 5 for different data sets.
The results are reported for different number of constraints. The number of constraints are
reported in the form of percentage of labeled objects that are involved in the constraints,
B = 2%,5%,10% and 20%. In tables and figures of this section, “CVCP-Q” and “CVCP-
std” denote the average and standard deviation of the FOSC performances using the CVCP
selected MinPts over 50 experiments. “Expected-Q” and “Expected-std” denote the aver-
age and standard deviation of the FOSC expected performances over 50 experiments. For
data set collections, such as ALOI and Julia-Handl the average results of all data sets in
the collections are reported. We also depict the values of “FOSC performance using the
CVCEP selected parameter” and “FOSC expected performance” over 50 experiments for

one individual data set from these collections as a representatives example.

ALOI

Figure 4.17 shows the values of “FOSC performance using the CVCP selected parameter”
and “FOSC expected performance” over 50 experiments for the data set k5 — 59 from the
ALOI collections. Each experiment uses a different set of constraints. Table 4.15 shows
results for different number of constraints for the collection ALOI. The results reported in

table 4.15 are averaged of 100 data sets in the ALOI collection.
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Figure 4.17: Data set k5 — 59 from ALOI, 8 = 10%.

Table 4.15: Average scores for 50 experiments on ALOI

Performance

B

CVCP-Q.

Expected-Q.

CVCP-std.

Expected-std.

5

0.7489

0.7154

0.0531

0.0039

10

0.8485

0.7293

0.0620

0.0071

20

0.8569

0.7290

0.0415

0.0106
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Figure 4.18: Boxplot of CVCP-Q and Expected-Q with different number of constraints -
ALOI collection.
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Figure 4.18 depicts the boxplot of values in table 4.15. We can see that the FOSC
performance is improved if the Minpts values are selected based on the CVCP framework.

Here, the average performance improves when using larger number of constraints.

Julia-Handl

Figure 4.19 shows the values of “FOSC performance using the CVCP selected parameter”
and “FOSC expected performance” over 50 experiments for the data sets no.5 in the 2D
Julia-Handl collection. Figure 4.21 shows the values of “FOSC performance using the
CVCEP selected parameter” and “FOSC expected performance” over 50 experiments for the
data sets no.8 in the 10D Julia-Handl collection.

Tables 4.16 and 4.17 show the average results of 10 data sets from the 2 dimensional
Julia-Handle collection and 10 data sets from the 10 dimensional Julia-Handle collection,

respectively. Figures 4.20 and 4.22 depict the boxplots of values in tables 4.16 and 4.17,

respectively.
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Figure 4.19: Data set no.5 from 2D Julia-Handle , 8 = 5%.

Table 4.16: Average scores for 50 experiments on 2D Julia-Handle

Perfor;nance CVCP-Q. | Expected-Q. | CVCP-std. | Expected-std.
2 0.9812 0.9802 0.0062 0.0004
5 0.9861 0.9844 0.0022 0.0006
10 0.9821 0.9801 0.0025 0.0007
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Figure 4.21: Data set no.8 from 10D Julia-Handle, 8 = 2%.

Table 4.17: Average scores for 50 experiments on 10D Julia-Handle

Perf"rﬁmance CVCP-Q. | Expected-Q. | CVCP-std. | Expected-std.
2 0.8801 0.8868 0.0092 0.0009
5 0.9045 0.8014 0.0085 0.0015
10 0.9103 0.8940 0.0066 0.0017
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Figure 4.22: Boxplot of CVCP-Q and Expected-Q with different number of constraints -
10D Julia-Handle collection

The results for Julia-Handl collections shows that “CVCP-Q” and “Expected-Q” are
very close and both have high clustering qualities. As we discussed in section 4.4.1, FOSC
is not sensitive to the value of MinPts in partitioning data sets from Julia-Handl collections
and presents partitions which highly conform to the ground truths for every value of MinPts
in S. In this case, CVCP finds several “best” values of MinPts since FOSC partitions
the data sets well enough regardless of the value of MinPts, leaving no much room for

improvements.

UCI

Figures 4.23, 4.24, 4.25 and 4.26 show the values of “FOSC performance using the CVCP
selected parameter” and “FOSC expected performance” over 50 experiments for the Iris,
Wine,lonosphere and Ecoli data sets from UCI repository, respectively. Tables 4.18, 4.19,

4.20 4.21 show the results for different number of constraints for these data sets.

Table 4.18: Average scores for 50 experiments on Iris

Performance

3 CVCP-Q. | Expected-Q. | CVCP-std. | Expected-std.
5 0.7251 0.6982 0.0360 0.0042
10 0.7615 0.7006 0.0401 0.0066
20 0.8251 0.7116 0.0554 0.0126
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Figure 4.23: Iris data set, 3 = 20%.

Table 4.19: Average scores for 50 experiments on Wine

Perforﬂmance CVCP-Q. | Expected-Q. | CVCP-std. | Expected-std.
5 0.4659 0.4580 0.0326 0.0049
10 0.4717 0.4569 0.0261 0.0161
20 0.5569 0.5127 0.0338 0.0191
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Figure 4.24: Wine data set, 5 = 20%.
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Table 4.20: Average scores for 50 experiments on Ionosphere

Performance
3 CVCP-Q. | Expected-Q. | CVCP-std. | Expected-std.
5 0.6036 0.5328 0.0311 0.0063
10 0.6189 0.5738 0.0086 0.0065
20 0.6228 0.5181 0.0106 0.0088
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Figure 4.25: Tonosphere data set, 8 = 20%.
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Figure 4.26: Ecoli data set, 8 = 10%.
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The above results show improvements in the expected performances of FOSC when
the appropriate value of MinPts is suggested by the CVCP. For Ionosphere data set, slight
improvements happen when increasing the number of constraints which means that using

the 5% of labeled points involved in constraints already provide a good partial supervision.

Table 4.21: Average scores for 50 experiments on Ecoli

Quality
Porcont CVCP-Q. | Expected-Q. | CVCP-std. | Expected-std.
5 0.6555 0.6532 0.0192 0.0040
10 0.6026 0.5659 0.0723 0.0071
20 0.5749 0.5668 0.0202 0.0112

4.5.2 MPCKMeans performance using the CVCP selected &

This section explains how CVCP improves MPCKmeans performance by finding the “best”
value of k. The procedure 6 shows the pseudo code of the CVCP evaluation using MPCK-
means. The MPCKmeans performance using the CVCP selected k is compared with the
expected performance of MPCKmeans and the MPCKmeans performance using the pa-
rameter k selected based on the Silhouette width [10]. The Silhouette width is one of the
well-balanced methods in the literature to estimate the value of k£ [16] [29] [30]. The param-
eter selected by Silhouette width is the parameter that has the maximum Silhouette width.

We report the average results of this evaluation on different data sets over 50 experiments.

Procedure 6 Experiment: MPCKmeans performance using the CVCP selected parameter.

Input: Data set X, a fixed set of labeled objects P, range of parameter values

AN

10:

L % 3D

S.

: Run CVCP for X using constraints derived from P to select the “best”

value of k, s’.
Run semi-supervised clustering algorithm with parameter s’: (MPCK-
means performance using the CVCP selected parameter).
for s € S do

Run MPCKmeans with s.

Record clustering quality for the output partition with respect to the
ground truth (excluding the points in P).

Compute Silhouette width for the output partition.

Recod Silhouette width.
end for
Average all recorded clustering qualities (MPCKmeans expected perfor-
mance).
Find the maximum recorded Silhouette width. (MPCKmeans performance
using Silhouette coefficient).
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Results

The average results of the MPCKmeans performances are reported on ALOI, Julia-Handl
and UCI data sets. For data set collections, such as ALOI and Julia-Handl the average
results of all data sets in the collections are reported. We also depict the results of procedure
6 over 50 experiments for one individual data set from these collections as representative
examples. In tables and figures of this section, “CVCP-Q” and “CVCP-std” denote the
average and standard deviation of the MPCKmeans performance using the CVCP selected
k over 50 experiments. “Expected-Q” and “Expected-std” denote the average and standard
deviation of the MPCKmeans expected performance over 50 experiments. “Sil-Q” and
“Sil-std” denote the average and standard deviation of the MPCKmeans performance using

Silhouette width over 50 experiments

ALOI

Figure 4.27 shows one average case representative example for the values of “MPCK-
means performance using the CVCP selected parameter” and “MPCKmeans expected per-
formance” over 50 experiments for the data set k5 — 11 from the ALOI collections. Each

experiment uses a different set of constraints.
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Figure 4.27: Data set k5 — 11 from ALOI, § = 5%.
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Table 4.22: Average scores for 50 experiments on ALOI

Perforﬂmance CVCP-Q. | Expected-Q. | Sil-Q. | CVCP-std. | Expected-std. | Sil-std.
5 0.7001 0.6250 | 0.5875 | 0.0506 0.0045 0.0105
10 0.7196 0.6253 | 0.5876 | 0.0485 0.0077 0.0103
20 0.7290 0.6271 0.5881 | 0.0410 0.0131 0.0162
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Figure 4.28: Boxplot of CVCP-Q, Expected-Q and Silhouette-Q with different number of
constraints - ALOI collection.

Table 4.22 shows results for different number of constraints for the collection ALOI.
The results reported in table 4.22 are averaged of 100 data sets in the ALOI collection. Fig-
ure 4.28 depicts the boxplot of values in table 4.22. We can see a significant improvement

in MPCKmeans performance when using the “best” k based on the CVCP framework.

Julia-Handl

Figure 4.29 show one best case representative example for the values of “MPCKMeans
performance using the CVCP selected parameter”, “MPCKMeans expected performance”
and “MPCKmeans performance using Silhouette coefficient” over 50 experiments for the
data sets no.7 from the 2D Julia-Handl collection. Figure 4.31 show one average case rep-
resentative example for the values of “MPCKMeans performance using the CVCP selected
parameter”, “MPCKMeans expected performance” and “MPCKmeans performance using
Silhouette width” over 50 experiments for the data sets no.7 from the 10D Julia-Handl col-

lection. In this case, the “MPCKMeans performance using the CVCP selected parameter”
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and “MPCKmeans performance using Silhouette width” are very close.

Tables 4.23 and 4.24 show the average results of 10 data sets from the 2 dimensional
Julia-Handle collection and O data sets from the 10 dimensional Julia-Handle collection,
respectively. Figures 4.30 and 4.32 depict the boxplots of values in table 4.23 and 4.24,

respectively.
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Figure 4.29: Data set no.7 in Julia-Handle 2D, 5 = 5%.

Table 4.23: Average scores for 50 experiments on 2D Julia-Handl.

Perforﬂmance CVCP-Q. | Expected-Q. | Sil-Q. | CVCP-std. | Expected-std. | Sil-std.
2 0.7371 0.6811 | 0.6978 | 0.0494 0.0010 0.0014
5 0.7839 0.6810 | 0.6984 | 0.0376 0.0014 0.0025
10 0.7992 0.6810 | 0.6981 | 0.0224 0.0020 0.0035
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Figure 4.30: Boxplot of CVCP-Q, Expected-Q and Silhouette-Q with different number of
constraints - 2D Julia-Handle collection.
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Figure 4.31: Data set no.8 from Julia-Handle 10D, 5 = 5%.

Table 4.24: Average scores for 50 experiments on 10D Julia-Handl.

Perf"rﬂmance CVCP-Q. | Expected-Q. | Sil-Q. | CVCP-std. | Expected-std. | Sil-std.
2 0.7139 06514 | 0.6319 | 0.0765 0.0011 0.0018
5 0.7569 06517 | 0.6321 | 0.0577 0.0019 0.0028
10 0.8056 06499 | 03701 | 0.0186 0.0025 0.0077
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Figure 4.32: Boxplot of CVCP-Q, Expected-Q and Silhouette-Q with different number of
constraints - 10D Julia-Handle collection.

We can see that the MPCKMeans performance on Julia-Handl collections are improved
by using the CVCP suggested parameters. As it is shown in the boxplots, “CVCP-Q”

outperforms “Expected-Q” and “Silhouette'Q” for different number of constraints.

UCI

Figures 4.33, 4.34 , 4.35 and 4.36 show the values of “MPCKmeans using the CVCP se-
lected parameter” and “MPCKmeans expected performance” and “MPCKmeans perfor-
mance using Silhouette width” over 50 experiments for the data sets in UCI repository; Iris,
Wine, Ionosphere and Ecoli respectively. Tables 4.25, 4.26, 4.27 and 4.28 show the results

for different number of constraints for these data sets.
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Figure 4.33: Iris data set, 5 = 20
Perforﬂmance CVCP-Q. | Expected-Q. | Sil-Q. | CVCP-std. | Expected-std. | Sil-std.
5 0.5585 0.5649 0.4456 0.0452 0.0055 0.0057
10 0.5475 0.5645 0.4444 0.0492 0.0083 0.0066
20 0.5697 0.5676 0.4457 0.0539 0.0132 0.0122
Table 4.25: Average scores for 50 experiments on Iris
Perforﬁmance CVCP-Q. | Expected-Q. | Sil-Q. | CVCP-std. | Expected-std. | Sil-std.
5 0.6523 0.6341 0.3772 0.0416 0.0045 0.0054
10 0.6392 0.6334 0.3753 0.0425 0.0073 0.0099
20 0.6397 0.6367 0.3777 0.0278 0.0106 0.0124

Table 4.26: Average scores for 50 experiments on Wine
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Figure 4.34: Wine data set, 3 = 10
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Figure 4.35: Ionosphere data set, 8 = 10
Performance . .
3 CVCP-Q. | Expected-Q. | Sil-Q. | CVCP-std. | Expected-std. | Sil-std.
5 0.6159 0.6119 0.4602 0.0641 0.0051 0.0039
10 0.6681 0.6129 0.4601 0.0853 0.0059 0.0054
20 0.6857 0.6133 0.4605 0.0729 0.0078 0.0079

Table 4.27: Average scores for 50 experiments on lonosphere
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Figure 4.36: Ecoli data set, 8 = 20

Perf"rﬂmance CVCP-Q. | Expected-Q. | Sil-Q. | CVCP-std. | Expected-std. | Sil-std.
5 0.4914 0.5025 0.3783 0.0812 0.0037 0.0046
10 0.4705 0.5021 0.3785 0.0719 0.0051 0.0063
20 0.4800 0.4992 0.3798 0.0310 0.0072 0.0093

Table 4.28: Average scores for 50 experiments on Ecoli

CVCP improves the MPCKmeans performances on the UCI data sets except for Iris. As
it was in the section 4.4.2, the MPCKmeans can not find clusters the ground truth classes
accurately given the natural number of classes and it is not a suitable method to partition

the Iris data. In this case, CVCP cannot improve the clustering performance.

4.6 Effects of increasing the number of constraints

We reported results for different number of constraints generated directly from some la-
beled data points. Some of the results in this chapter showed that adding more constraints
improves the average clustering performances whereas other results showed that the average
clustering performance have dropped. The inverse effects of more number of constraints
had been studied by [31]. Their empirical results showed that, surprisingly, some constraint
sets actually decrease clustering performance. This behavior is not caused by noise or er-
rors in the constraints but its a results of the interaction between a given set of constraints

and the clustering algorithm [31]. The paper introduces two measures, informativeness and
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coherence to explain the ill effect of some constraints.

Definition 9. Informativeness: refers to the amount of information in the constraint set that
the algorithm cannot determine on its own. It is determined by the clustering algorithm’s

objective function and search preference [31].

If a clustering algorithm is biased towards grouping nearby points together and separat-
ing distant points, the the below constraints contradict this bias. The constraints in figure
4.37 is highly informative and can have a considerable impact on the way that the clustering

algorithm partitions the points that are involved in these constraints.

.x.
oX-e
o
.X.. .x.

Figure 4.37: Sample illustrative example of constraints with high informativeness for the
clustering algorithm CKM

The second measure, coherence, is defined as follows:

Definition 10. Coherence: measures the amount of agreement within the constraints them-

selves, with respect to a given distance metric [31].

Some constraints in the constraint set impose a contradictory metric for some close
points. The sample constraints in figure 4.38 shows two parallel ML and CL constraints.
The ML constraint indicates the distance between the points and surrounding points should
be small. However, the CL constraint imposes that the distance between these points should
be large. These two constraints represent an incoherent constraint set with respect to a
Euclidean distance metric. Incoherent constraint sets may lead to select bad initial clusters

and decreasing clustering performance.

Figure 4.38: Sample illustrative example of constraints with low coherence, given a Eu-
clidean distance metric.

Empirical results in [31] shows that the constraint sets with high informativeness and

coherence are most likely to provide performance gains.
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4.7 Conclusion from results

We presented results for two different type of evaluations in this chapter. The first eval-
uation method investigated the correlation of clustering scores of a semi-supervised clus-
tering method with internal classification scores obtained within the CVCP. This evaluation
showed strong correlations on all of the data sets for FOSC and MPCKmeans method. Gen-
erally, the evaluation showed weak correlations where the clustering method is not able to
partition data well for the number of natural classes.

The second evaluations investigated the improvements in clustering performance when
the parameter value is selected by CVCP. The FOSC performance based on the CVCP se-
lected parameter outperformed the FOSC expected performance nearly in all the data sets.
The MPCKmeans performance based on the CVCP selected parameter outperformed the
MPCKmeans expected performance in most the data sets except for the Iris data set that
obtained poor correlation values. The MPCKmeans performance based on the CVCP se-
lected parameter outperformed the clustering performance based on Silhouette width for all
the data sets. At extreme cases where the clustering method performs clustering very well
or very poor regardless of the value of the parameter, the clustering performance obtained

by CVCP is the about the same as the expected performance.
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Chapter 5

Conclusions and Future Work

In this thesis, we addressed the problem of finding the “best” parameter value for different
clustering methods (e.g., k£ for K-means based clustering methods, MinPts for density-
based clustering methods). The choice of the parameter value can be very important for
the clustering performance depending on an algorithm’s sensitivity to the parameter. We
discussed existing methods that estimate the “best” parameter in partitional and density-
based clustering paradigms. Most of these approaches attempt to find the “best” parameter
value for unsupervised clusterings using some internal validation measures.

Few researchers have studied the problem of an appropriate parameter selection for
semi-supervised clustering methods. However, the fact that semi-supervised clustering
algorithms take as input a small number of labeled objects or a small number of Must-
link and Cannot-link constraints often provide additional opportunities for the parameter
value selection. In our work, we introduce a general method, denoted as “Cross-validation
framework for finding clustering parameters” (CVCP). Given a data set, CVCP selects the
“best” parameter value for a semi-supervised clustering method based on available labels
that are given as input to the semi-supervised clustering method. The CVCP framework
evaluates a semi-supervised clustering performance for a parameter value by measuring the
constraints satisfaction of the given constraints in the clustering results. We employed a
cross-validation framework to obtain a robust estimate of a constraint satisfaction score for
each value of a parameter. The parameter value that has the highest constraints satisfaction
score is selected as the “best”.

We evaluated the CVCP framework in two different ways and reported results for real
and synthetic data sets such as ALOI, UCI and Julia-Handl. The evaluations were de-
signed to identify the CVCP usefulness for finding the “best” value of MinPts and & for the

clustering methods FOSC and MPCKMeans, respectively. As the first evaluation method,

68



we investigated the correlation of the semi-supervised clustering performances for differ-
ent values of the parameter with the CVCP’s internal classification scores. The experiments
showed that generally the clustering performances and the internal classification scores have
strong correlations.

For the second evaluation method, We ran the FOSC method using the CVCP selected
MinPts value and then evaluated how well the output clustering partition conformed to
the ground truth. We compared the FOSC performance obtained using the CVCP selected
MinPts value to the FOSC expected performance when the MinPts value has to be guessed.
The experiments showed that the FOSC performance obtained using the CVCP selected
MinPts value outperformed the expected performance.

In case of MPCKmeans, we ran MPCKmeans using the CVCP selected value of k£ and
then evaluated how well the output clustering partition conformed to the ground truth. We
compared the MPCKmeans performance obtained using the CVCP selected value of £ to
the MPCKmeans expected performance when the value of & has to be guessed. In addition,
We compared the MPCKmeans performance obtained using the CVCP selected value of k
to the MPCKmeans performance obtained using the parameter value k selected based on
the Silhouette width. The experiments showed that the MPCKmeans performance obtained
using the CVCP selected value of k£ outperformed the expected performance generally.
In addition, the MPCKmeans performance obtained using the CVCP selected value of &
significantly improved the MPCKmeans performance based on the Silhouette width.

The CVCP framework can improve the performance of a semi-supervised clustering
method if the clustering method is capable of improving results by choosing an appropriate
parameter.

The future research can be in few different directions; our proposed framework uses a
subset of labeled objects as an input in order to avoid the “overlapping” constraints between
the training set and test set in the cross-validation. It can be studied the possibility of using
the user-provided constraints directly into our proposed framework by solving the problem
of implicit use of training fold constraints in the test fold.

Another future research can be evaluating the performance of our proposed framework
in other scenarios such as finding multiple parameters in clustering algorithms (e.g., € and
MinPts), finding minimum cluster ratio parameter value in Auto Cluster (Automatic clus-
ter extraction by Sander et al. [32]) or finding the scaling parameter value o in Spectral

clustering.
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