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Abstract

In this study the performance of feature-based dissimilarity space(FDS) classifica-

tion is evaluated by comparing it to conventional classification techniques. In FDS

classification a classifier is trained by using a dissimilarity space instead of a feature

vector space. Since FDS classification is applied in a wide range of classifiers a new and

model independent dissimilarity feature selection method is presented and tested. The

fundamentals of this newly proposed selection method are given by the compactness

hypothesis(Arkadev and Braverman, 1966). The performance of this newly proposed

dissimilarity feature selection technique is evaluated by a Monto-Carlo simulation ex-

periment and a bootstrap study.

The performance of FDS classification is evaluated by comparing it to the perfor-

mance of conventional classification techniques. The performance of FDS classification

is estimated by using a bootstrap procedure. The results indicate that FDS classifi-

cation is beneficial in combination with a linear classifier and a complex classification

task. Due to the combination of a linear classifier and FDS classification a linear decision

boundary is fitted in a dissimilarity space. This decision boundary becomes non-linear

in the original feature vector space.
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1 Introduction

In statistics classification is the problem of assigning an unseen observation to a category and

hereby reducing the classification error. This strongly connects classification to the discipline

of machine learning. Machine learning is the study of algorithms that learn from data and

has its roots in artificial intelligence but quickly became an independent discipline. In the

recent years the popularity and quality of these learning algorithms has quickly increased

and the number of learning algorithms has rapidly grown in the last decade. All of these

learning techniques used for classifying unseen observations are based on a set of features

or predictor variables, examples are logistic regression and linear/quadratic discriminant

analysis.

A new classification method that is developed in the last decade uses dissimilarities

to classify unseen observations and is referred to as dissimilarity-based learning. These

dissimilarity-based learning methods are proposed for dissimilarity structures (Pekalska

et al., 2001) and are primarily used in situations where the data consists of comparisons

between objects. Dissimilarity-based learning methods are for example used in the com-

parison of medical images and are proven effective in classifying patients by using medical

imaging data to discriminate between normal images and images with indication of disease

(Arzheava et al., 2009).

More recently, feature-based dissimilarity space(FDS) classification has been proposed

(Duin and Pekalska, 2006). This classification method uses dissimilarity measures in the

feature vector space to represent the dissimilarities between objects and to classify unseen

observations. In FDS classification the feature vector space is replaced by a dissimilarity

space. A feature vector space structure is often represented by a n × p data structure

with n objects and p features. This feature vector space is transformed into a dissimilarity

space and is used in FDS classification to train a classification model and to classify un-

seen observations. This dissimilarity space defined over the original feature space consist of

pairwise dissimilarities between objects and is argued to be a more natural way of repre-

senting objects (Duin and Pekalska, 2012). Goldfarb (1985) even argued that in the field of

pattern recognition the use of the feature vector space should be replaced by a dissimilarity

approach.

The advantage of this dissimilarity approach is the easy interpretability of the dissim-

ilarities. If two objects are almost similar their dissimilarity measure is close to zero and

thereby these objects are adjacent in their representation. This indicates that if a pairwise

dissimilarity measure of two observations is zero, only if the two observations are identical,
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they should also belong to the same category. The use of dissimilarities in classification

is supported by the argument that dissimilarity-based learning overlaps with how humans

categorise objects. When humans observe an object they almost instantly determine to

which class the object belongs, and most of all, humans are very accurate in this task. It is

argued that this is efficient due to the fact that almost instant classification by humans is

based on the perception of dissimilarities between objects and prototypes (Edelman, 1999).

FDS classification has the advantage that it can be applied in several existing classi-

fication methods, but instead of using the feature vector space, it classifies by using the

dissimilarity space. Besides that, FDS classification does not require a prior specification

of linearity or non-linearity. Duin et al. (2010) evaluated the performance of FDS classifi-

cation by comparing it with traditional feature-based classifiers such as nearest neighbour,

linear/quadratic discriminant analysis and support vector machine algorithms. They found

that on a large amount of different datasets FDS classification outperforms traditional clas-

sification methods. FDS classification is also used to identify individuals with schizophrenia

by using magnetic resonance imaging(MRI) data and proved to be of additional value in

terms of the misclassification rate (Ulas et al., 2011). Also the early detection of dementia

was done by using MRI data in combination with FDS classification (Klein et al., 2010).

Both these studies are characterised by the use of complex medical data. These results

indicate that FDS classification is of additional value while using complex data.

1.1 Aim of this thesis

In this thesis the performance of FDS classification will be evaluated and compared with

the performance of traditional machine learning algorithms such as the Random Forest

algorithm, linear/quadratic discriminant analysis(LDA/QDA), logistic regression and sup-

port vector machines. The performance of these methods will be evaluated by inspecting

the misclassification rate produced while classifying unseen observations. Before evaluating

FDS classification we will formalise how to apply FDS classification in practice and discuss

a newly proposed dissimilarity feature selection method. Since we have no prior information

about the performance of this new selection method two studies are conducted to evaluate

its performance. After the formalisation of FDS classification the performance of FDS clas-

sification is evaluated by using a real world classification task. The performance of FDS

classification is compared to the performance of traditional classifiers that uses the feature

vector space. Estimates of the performance are obtained by using a bootstrap experiment.

The data that are used to evaluate the performance of FDS classification originates
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from the Netherlands Study of Depression and Anxiety(NESDA). The data mainly consists

of biological parameters which are related to the presence of psychiatric disorders. These

biological parameters are used to train several different classifiers, these trained classifiers

are applied to identify individuals with a persistent or recurrent depression.

1.2 Structure

In section two of this document FDS classification will be formalised and a detailed descrip-

tion of how FDS classification is applied in a classifier is given. Section two includes two

experiments in which a newly proposed dissimilarity feature selection method is evaluated.

In Section three the data that is used to evaluate FDS classification are discussed and some

properties of the data are given. The fourth section provides a detailed description of how

the performance of FDS classification is evaluated and the collection of used classification

techniques is discussed in detail. In section five the performance of FDS classification is

compared to the performance of traditional classifiers. In section six and seven the results

are discussed and recommendation for future research is given. In section six we conclude

that FDS classification is of additional value while using a linear classifier in combination

with highly complex data. In this thesis no additional value of FDS classification was

observed while using a non-linear classifier or low complex data.
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2 Formalising Dissimilarity-Based Classification

In this section feature-based dissimilarity space(FDS) classification will be formalised and

a detailed description of how FDS classification is applied is given. First a definition of the

concept of compactness will be given and its mathematical properties are discussed. In the

second subsection a definition of the representation set will be given. The representation

set, or the so-called prototypes or exemplars set often consists of a subset of dissimilarity

features. In the third subsection we will discuss how to select an optimal subset of dis-

similarity features. In the fourth subsection we will discuss the use of dissimilarities in a

classification task. The final two parts of this section accommodate two studies in which the

performance of a newly proposed selection method for dissimilarity features is evaluated.

2.1 Concept of Compactness in Dissimilarities

As noted in the introduction, dissimilarities are a natural way of representing the pairwise

dissimilarities between observations. This is due to the belief that humans primarily use

pairwise dissimilarities between concepts during the classification of objects and that the

classification in terms of features comes second (Duin and Pekalska, 2012). Additional

support for the use of dissimilarities in the context of a classification task is found in

the compactness hypothesis (Arkadev and Braverman, 1966). The compactness hypothesis

states that two almost identical objects are close in their representation in the dissimilarity

space. In terms of a pairwise dissimilarity measure d, object i and j are almost identical if

their pairwise dissimilarity is close to zero. Two objects are defined as almost identical if

their overall difference on a set of features is small. These almost identical objects should

also belong to the same category if the category labels are a function of the set of features.

For two objects that are significantly different, their pairwise dissimilarity measure d is

much bigger. For feature vector representations the notion of the compactness hypothesis

does not hold, two completely different objects may have the same representation on feature

p but they have a different outcome label and may differ on complementary features. For

example, two individuals might have an identical age but do not have an identical outcome

variable. These two individuals might differ on several other features. In this case the

feature age violates the notion of the compactness hypothesis.

A restraint of this hypothesis is that it argues that if object i and j with representations

xi and xj are identical, d(xi, xj) = 0, or almost similar, they should also belong to the same

class. If this assumption holds the classes are perfectly separated by their dissimilarities and
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the misclassification rate is zero. However, in practice we often see that overlap between class

labels is common. Duin (1999) proposed a compactness measure based on the compactness

hypothesis to evaluate the complexity of a classification task. He argues that more complex

classification problems require a larger training set and more complicated classifiers. The

proposed compactness measure relaxes the assumption of no overlap between classes and

provides an indication of the compactness/complexity of the classification task. Given a

compactness measure c, a perfect compact observation for a classification problem occurs

if c = 1 and the class labels are perfectly separated by a pairwise dissimilarity measure d.

Duin (1999) defined the compactness measure as following ”The classes in a classification

problem are compact if for an arbitrary object it is expected that its distance to an arbitrary

object of the same class is smaller than its distance to an arbitrary object of another class”.

The compactness measure for a set of labelled objects is estimated by using the empirical

distribution and is defined as:

c = Pr(d(xi, xj) < d(xi, xr) | label(xi) = label(xj), label(xi) 6= label(xr)), (2.1)

where d(xi, xj) is the pairwise dissimilarity between two observations with an identical class

label and d(xi, xr) a pairwise dissimilarity between two observations with different class

labels. By applying expression 2.1 to a dissimilarity matrix each pairwise dissimilarity

in the dissimilarity matrix is evaluated for their contribution to the compactness of the

dissimilarity matrix and is expressed in terms of probabilities. This probability is inter-

preted as the probability that a pairwise dissimilarity between two observations with the

same label is smaller than a pairwise dissimilarity between two observations with a dif-

ferent label. Nevertheless, calculating a compactness measure for each individual pairwise

dissimilarity is hardly informative. However, a compactness measure for each dissimilarity

feature(column in dissimilarity matrix) in the dissimilarity structure is much more informa-

tive. This compactness measure for each dissimilarity feature represents an estimate of how

well an observation associated with a specific dissimilarity feature differentiates between

the class labels in the dissimilarity space. Let’s denote the compactness measure for each

dissimilarity feature as a set of C = {C1,C2, . . . ,Cn} where i = {1, . . . ,n}. To formulate

a set of compactness measures a set of n1 = {n1
1,n

1
2, . . . ,n

1
n} and n2 = {n2

1,n
2
2, . . . ,n

2
n} is

required. Each n1
i is defined as n1

i =
∑n

j I(yj = yi) and n2
i =

∑n
j I(yj 6= yi) where yi

denotes the class label of observation i. The compactness measure for dissimilarity feature
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i is formulated by the following expression:

Ci =
1

n1
i

n1
i∑

j=1

(∑n2
i

r=1 I(δij < δir)

n2
i

)
, (2.2)

where δij represents a pairwise dissimilarity between observation i and observation j with

an identical class label; δir represents a pairwise dissimilarity between observation i and

observation r with a different class label. The part between the parentheses in expression

2.2 is equal to expression 2.1 and calculates the compactness for each individual pairwise

dissimilarity with the same class label as the observation associated with the dissimilarity

feature. Expression 2.2 could be expressed as the empirical expectation of the proportion of

distances towards observations with an identical class label that is smaller than the distance

towards observations with a different class label:

Pr( δij < δir | label(j) = yi 6= label(r)). (2.3)

The compactness measure Ci for dissimilarity feature i estimates how well a dissimilarity

feature differentiates between the class labels in the dissimilarity space. For now lets assume

the dissimilarity structure is of size n × n, after applying expression 2.2 n compactness

measures are formulated. The average of all compactness measures provides an estimate of

the compactness of the dissimilarity structure, therefore, it also gives an indication of the

complexity of the classification task. Let’s denote the average compactness of a dissimilarity

structure as C and is defined by (Duin, 1999):

C =
1

n

n∑
i=1

Ci. (2.4)

The classes are defined as compact if C > .5, C is the empirical average of c in expression

2.1. Although Duin (1999) evaluated his compactness measure on several dissimilarities

sets, he did not find any C < .5. He also argued that if C > .5, there exist a classifier

with misclassification rate lower than .5. The compactness measure as just presented re-

quires a metric distance function d and is dependent on the distance measure. The measure

of complexity also depends on the variance of features, if the variance increases the com-

plexity/compactness measure decreases. This is illustrated in Figure 2.1, in Figure 2.1A a

dataset with two features and two class labels is presented. If the variance of feature p1

is increased the amount of overlap between the class labels is increased. As a consequence

the compactness measure decreases(Figure 2.1B) and the complexity of a classification task

increases.
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Figure 2.1: Compactness measure as a function of the variance. If the variance of feature p1 is

increased the compactness measure C decreases. As a consequence the complexity of a classification

task increases.

Before we consider transforming a feature vector space into a dissimilarity space we will

define the notion of metric in terms of dissimilarities. A distance measure d is defined as

metric when the following conditions are satisfied:

• Non-negativity: d(xi, xj) > 0 if xi 6= xj ;

• Identity of indiscernibles: d(xi, xj) = 0 if xi = xj ;

• Symmetry: d(xi, xj) = d(xj , xi);

• Triange inequality: d(xi, xr) ≤ d(xi, xj) + d(xj , xr);

Crucial for defining a proper dissimilarity measure are the first two conditions. The non-

negativity condition states that the pairwise dissimilarity between non-identical observations

is higher than zero, negative dissimilarities are considered hard to interpret. The identity

of indiscernibles condition argues that a dissimilarity measure is only allowed to be zero if

the two objects are identical. If this condition is violated the compactness hypothesis does

no longer hold. The last two conditions are required to construct a metric dissimilarity

structure. However, some argue that classification problems could also be tackled by non-

metric dissimilarity structures that only satisfy the first two conditions. It is argued that

dissimilarities obtained by assessing psychological constructs may not satisfy the symmetry

condition (Tversky, 1977). For example, an individual might judge x towards y as more
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dissimilar than y towards x, as a result, the assumption d(x, y) = d(y, x) is no longer satis-

fied. Duin and Pekalska (2010) revealed that these non-metric distances can be informative

in classification problems. However, in this paper we do not deal with this problem directly

since the data used is not directly observed in dissimilarities.

In this paper the dissimilarity space is defined over an original feature vector space.

Suppose this feature space is represented by a dataset with n objects, i = 1, . . . , n. For

each object we have P representations on a set of features. XP = {x1p, x2p, . . . , xnP }.
Individual measurements are denoted by lower case letters, xi1 represents a measurement

for object i on the first feature. In this setting the data is represented in a traditional

feature vector space as a n × P data-frame. In order to construct dissimilarities between

objects a dissimilarity/distance function is needed that returns a scalar dir that represents

the pairwise dissimilarity between object i and r on feature p:

dir = d(xip, xrp). (2.5)

Most commonly known dissimilarity functions are the Euclidean and the Manhattan dis-

tance function. The Euclidean distance function is defined by:

dir =

√√√√ P∑
p=1

(xip − xrp)2. (2.6)

Manhattan distance function is defined by:

dir =

P∑
p=1

| xip − xrp | . (2.7)

Both the Manhattan and Euclidean distance function satisfy the notion of metric dissimilar-

ities. A less common and semi-metric distance function is the Minkowski distance function.

The Minkowski distance function is defined by:

dir =

 P∑
p=1

| xip − xrp |l
1/l

. (2.8)

The Minkowski distance function is metric if l ≥ 1, and is equal to the Euclidean distance

function if l = 2. For the l = 1 the Minkowski distance function is equal to the Manhattan

distance function. If l < 1 the distance between d(0, 0) and d(1, 1) is 21/l > 2 but the d(0, 1)

is at a distance 1 from both d(0, 0) and d(1, 1), this violates the notion of triange inequality

and therefor the Minkowski distance is not metric with l < 1.
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As noted earlier in this section a traditional set of features is often represented by a n

× P data-matrix, after applying a dissimilarity function we obtain a dissimilarity structure

of size n × n. This n × n dissimilarity structure could be problematic for some traditional

classifiers, therefore it is in some cases useful to reduce the size of the dissimilarity structure.

The use of a representation, or so called prototype or exemplars set allow us to reduce

the size of the dissimilarity structure, however there are several ways of constructing the

representation set.

2.2 Representation Set

Lets assume that we have a training set T with nT observations and given a dissimilarity

measure d we have a nT × nT dissimilarity matrix D. Given the choice of a dissimilarity

matrix D of size nT × nT , training a classification model can be problematic for some clas-

sification methods and easily becomes computationally heavy. Therefore, a representation

set R = {r1, r2, . . . , rh} of h prototypes or exemplars is defined. Given a representation

set R of size h, the size of the dissimilarity matrix D becomes nT × h and accommodates

dissimilarities between the nT observations and the h prototypes or exemplars. Prototypes

are abstract averages of the members of a class label and are non-existing. Exemplars are

existing observations in the data (Ashby and Maddox, 1993) and are used to formulate

the pairwise dissimilarities between nT observations and h exemplars. In both situations

the dissimilarities between observations and prototypes or exemplars is formulated, given a

dissimilarity measure d a dissimilarity matrix of size nT × h is formulated by d(i, r) where

i = {1, . . . , nT } and r = {1, . . . , h}. This dissimilarity matrix is used to train a classification

model. The advantage of using a representation set is a decrease in computational time as

noted earlier, but also the amount of noise in the data is reduced (Pekalska et al., 2006)

when the prototypes or exemplars are carefully selected. There are multiple ways of defin-

ing a representation set, in the following paragraph we will discuss a method for defining a

representation set based on prototypes and how to optimise these prototypes. Thereafter

we will discuss how to select a subset of observations that are used as exemplars. In the case

of exemplars the representation set R is defined by selecting an optimal subset of exemplars

and is discussed in section 2.3. The use of a selection method is not mandatory for selecting

a subset of exemplars. One option is to use all the exemplars in the training data, as a

consequence the distance matrix is of size nT × nT . An alternative option for formulating

a representation set based on exemplars is to randomly select a subset of observations that

are used as exemplars.
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2.2.1 Prototype optimisation

As noted earlier prototypes are abstract averages of the members of a category and are

non-existing. As a consequence it is possible that a prototype is 50% male and 50% female.

A commonly known method for defining prototypes is the k-means clustering algorithm

(Macqueen, 1967). Although several other algorithms are available, we focus on the method

just mentioned. The k-means clustering algorithm is a method for finding k clusters in

a unlabelled set of observations that uses the Euclidean distance. The user specifies a

preferred number of k clusters and the k-means algorithms iteratively produces k clusters

by minimising the within cluster sum of squares(WCSS). This k-means algorithm is applied

to the feature vector data and is done before transforming the original feature vector data

into a dissimilarity structure by applying a dissimilarity measure d. To formulate a set of

prototypes the k-means clustering algorithm is applied to the training data for each class

independently.

To use k-means clustering for defining a set of prototypes for a labeled dataset an addi-

tional step is required. If the outcome variable is a set of G labels we apply G independent

k-means procedures. The following step is needed to construct prototypes:

1. Apply k-means clustering to the training data for each class independently and for-

mulate k = h
G clusters for each class. These clusters are the prototypes for a class

label in the set G.

After these steps we have a representation set R = {r1, r2, . . . , rh} of h prototypes. Given a

dissimilarity measure d and a training set T with nT observations we calculate the dissimi-

larities between the observations in the training set and the prototypes d(i,r). Resulting in

a nT × h dissimilarity matrix that is used to train a classification model. Also for the test

set the distance to the prototypes is measured and used for classification. A disadvantage

of the k-means is that it cannot handle categorical variables directly. An alternative algo-

rithms by Huang (1997) is available for categorical data. However, an alternative option is

to use indicator vector for the categorical features, for example a categorical feature with

J categories is vectorised into J features of which each vector contains zero’s and one’s. A

one if the observation belongs to the belonging category and a zero if not.

2.3 Dissimilarity Feature Selection

If the representation set is formulated by using the complete training set of observations the

dissimilarity structure is of size nT × nT . If prototypes or exemplars are used to formulate
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the representation set, the dissimilarity structure is of size nT × h. For both it is sensible

to generate an optimal subset of dissimilarity features in such a way that the selected

dissimilarity features optimally separate the class labels. As a consequence the amount

of noise and the computational time is reduced. In a dissimilarity space, a dissimilarity

feature completely isolates the class labels if the pairwise dissimilarities between observations

with identical class labels are consistently smaller than the pairwise dissimilarities between

observations with different class labels. If we restricted ourselves to logistic regression

we might apply a forward stepwise selection procedure based on the Akaike information

criterion(AIC) or a L1 regularised logistic regression (Friedman et al., 2010). But since

our aim is to evaluate the performance of FDS classification in combination with several

conventional statistical learning techniques we need some universal dissimilarity feature

selection method that is applied in combination with a large range of statistical learning

techniques.

One suitable universal dissimilarity feature selection method is found by applying the

compactness measure (Duin, 1999) as defined in expression 2.1, 2.2 and 2.3. Expression 2.2

allow us to estimate the compactness for each dissimilarity feature and is denoted as a set of

C = {C1,C2, . . . ,CnT } given a dissimilarity matrix of size nT × nT . By applying expression

2.2 a compactness measure is calculated for each dissimilarity feature. This estimate for

each dissimilarity feature seems like a good candidate for selecting a subset of dissimilarity

features since it estimates how well a specific dissimilarity feature differentiates between the

class labels. To select a subset of dissimilarity features by using the compactness measure C

we need to define a cutoff value κ that defines a set of dissimilarity features with Ci ≥ κ. For

example, if we define the cutoff value κ as κ = 1 we only select those dissimilarity features

which perfectly separate the class labels. Two sensible ways for selecting a cutoff value κ is

by taking the average compactness as defined in 2.4 or apply a cross-validation procedure

to find the optimal cutoff value for κ. We prefer the latter since it allows us to select an

optimal subset of dissimilarity features. The optimal cutoff value for κ is found by applying

the following procedure: First we define a set of cutoff values for κ that ranges between

0.5 and the maximum of C. For each cutoff value in this range a 10-fold cross validation

procedure is applied to get an estimate of the misclassification rate while using a specific

classifier. The cutoff value with the lowest misclassification rate is used to define a subset

of dissimilarity features.

To our knowledge, this dissimilarity feature selection method based on the compactness

of a dissimilarity structure has never been evaluated and has not been presented in any
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foregoing scientific literature. In section 2.5 and 2.6 two small experiments are presented

with the aim of evaluating the performance of compactness based selection. The first sim-

ulation study evaluates the performance of compactness based selection with respect to

forward stepwise selection and L1 regularisation in logistic regression. In section 2.6 com-

pactness based selection is applied in combination with a linear support vector machine

and real world data. The performance of compactness based selection is compared to FDS

classification without selecting a subset of dissimilarity features and the use of the original

feature vector data. However, ahead of these two sections a description is given of how FDS

classification is applied in a classifier.

2.4 Feature-Based Dissimilarity Space Classification

For feature-based dissimilarity space(FDS) classification a representation set R = {r1, r2, . . . , rh}
that is constructed by using exemplars or prototypes is required to train a specific classifier

f (d). The representation set R is constructed by selecting a subset of dissimilarity features

in the case of exemplars, in the case of prototypes k-means is used to construct R. In a

classification task we require a training set T of size nT and validation set V of size nV . To

train a classifier in the dissimilarity space a distance function d is required that determines

the pairwise dissimilarities between the observations in the training set T and the objects

in the representation set R. As a consequence a nT ×h dissimilarity matrix is formulated by

using a distance function d(i,r). Given a classifier f (d) a classification model is trained by

applying f(d(i, r)) where i = {1, . . . , nT } and r = {1, . . . , h}. f (d) might include traditional

classifiers such as linear regression, logistic regression but also Naive Bayes or a support

vector machine.

The validation set V is used to evaluate the performance of a trained classifier. Again

the pairwise dissimilarities are formulated by the distance function d. The dissimilarity

matrix for the validation set is of size nV × h and accommodates pairwise dissimilarities

between observations in the validation set V and the objects in the representation set R.

2.5 Monte-Carlo Simulation Experiment

As noted earlier, we conducted a small simulation experiment to evaluate the performance

of compactness based selection as defined in the previous paragraph by using expression

2.1, 2.2 and 2.3. In the context of FDS classification compactness based selection is used to

select a subset of dissimilarity features. To evaluate the performance of compactness based

selection in the context of FDS classification we compared its performance in terms of the
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misclassification rate with forward stepwise selection and L1 regularisation (Friedman et al.,

2010) that are both applied in the context of FDS classification. We are also interested

in comparing the computational time since the computational time of forward stepwise

selection and L1 regularisation drastically gets bigger if n is increasing.

Due to this choice we restricted ourselves to FDS classification applied in a logistic

regression model. The three methods are applied over three different datasets with each

four different conditions. The three datasets are displayed in Figure 2.2, Figure 2.2A reveals

a circular dataset, Figure 2.2B a spiral dataset and Figure 2.2C a linear dataset. Each

dataset has four different conditions, a normal condition as displayed in Figure 2.2, a noise

condition in which 10% of the class labels are switched, an irrelevant condition in which

an irrelevant feature is added and a combination of noise and an irrelevant feature. The

irrelevant feature is constructed by using a random uniform distribution v U(0, 10).

The three datasets are selected by their degree of complexity, the linear dataset is

characterised as a low complex classification task and is follow by the circular dataset in

terms of complexity. The most complex classification task is the spiral data. Each dataset is

of size n = 1000 and without the irrelevant feature it accommodates two features, therefore

each dataset is of size n × 2 and is constructed as a feature vector space. To transform

these datasets into a dissimilarity structure we applied the Euclidean distance as defined in

expression 2.6.

The current simulation study is a so called Monte-Carlo simulation experiment and is

characterised by the concept of generating a new sample from a known distribution. Within

each repetition a training and validation set is randomly selected from the generated data.

For each condition we used a training set of size 100 or 300, so we have 24 different conditions

for each dataset and we have three conditions(selection method) within each simulation. The

size of the validation set is dependent on the size of the training set, if the training set is of

size 100 the validation set is of size 900. If the training set is of size 300 the validation set is

of size 700. The simulation study has 50 replications per condition and in each replication

the misclassification rate for each dissimilarity feature selection method is computed and

the computational time of each method is measured.

In each replication we randomly select a training set T with nT observations and a vali-

dation set V with nV observations. Given the Euclidean distance function the dissimilarity

matrix for the training set is formulated as d(i, i) and is of size nT ×nT , it accommodates nT

dissimilarity features. Each dissimilarity feature is described by a vector of distances com-

puted between the observation associated with the dissimilarity feature and the remaining
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Figure 2.2: Overview of used datasets. Each dataset has two class labels, the class labels are

represented by the red and blue dots in each dataset. Each dataset has 1000 observations and

accommodates two features, X1 and X2

nT observations. All three selection methods are applied over the dissimilarity matrix d(i, i)

to construct a representation set R = {r1, r2, . . . , rh} of h exemplars and is formulated by

one of the selection methods. The final dissimilarity matrix d(i, r) is of size nT × h and is

used to train the model.

Since all the datasets have a two class outcome variable the focus will be on a two class

classification problem. Lets denote π as the probability that the outcome variable Y is in one

of the two classes, π = Pr(Y = 1). This probability for a specific observation depends on the

h dissimilarities features towards the h exemplars, and is denoted as π(di) = Pr(Y = 1|di).
As noted earlier, in the current simulation study we focus on the use of logistic regression,

thereby we define the probability π(di) as:

π(di) =
exp(α+ dTi β)

1 + exp(α+ dTi β)
, (2.9)

where di represents a row vector of dissimilarities between observation i and the h exemplars.

β is a vector of h regression coefficients. The optimal value for β is found by minimising

the binomial deviance:

D = −2
∑
i

yi log π(di) + (1− yi) log(1− π(di)). (2.10)

For the validation set V a dissimilarity matrix d(l, r) where l = {1, . . . , nv} and r =

{1, . . . , h}. The distance matrix represents the dissimilarities between the observations in

the validation set V and the R exemplars as constructed by one of the selection methods.
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This dissimilarity matrix is of size nV ×h and accommodates so called unseen observations.

These unseen observations are used to assign a class label to each observation in the valida-

tion set V by using the optimised model defined in 2.15. The probability Pr(Y = 1|di) for

observation i is calculated by using expression 2.14. Where di now represents a row vector

of observation i from the dissimilarity matrix.

The optimal cutoff value κ that is required for compactness based selection is found by

a 10-fold cross validation procedure. For each dataset a vector of possible cutoff points is

defined, each vector starts at 0.5 and increases in steps of 0.05 until the maximum, max(C),

of C is reached for that specific dataset. So for each value in the vector of cutoff values a

10-fold cross validation procedure is applied. In the case of L1 regularisation we also used a

10-fold cross validation procedure to find the optimal penalty parameter. These 10-fold cross

validation procedures are applied within in each replication. The optimal cutoff value and

penalty parameter with the lowest misclassification rate are selected within each replication.

The misclassification rate is defined by dividing the number correct classifications by the

total number of classifications.

2.5.1 Results

The results for the linear dataset are displayed in Table 2.1. Overall the results for the

linear dataset indicate excellent performance of FDS classification in terms of the misclas-

sification rate. Evidently is the computational time for compactness based selection, Table

2.1 suggests that the in majority of the conditions the computational time for compactness

based selection is larger than the computational time of the forward stepwise selection and

L1 regularisation. At first hand the results in Table 2.1 do not suggest any large differences

between the selection methods in terms of the misclassification rate. However, the results

do indicate that overall L1 regularisation outperforms compactness based selection and per-

forms similar to forward stepwise selection. The standard deviation of compactness based

selection for all four conditions suggest a similar trend compared to the other two selection

methods, this implies an equally stable selection method compared to L1 regularisation and

forward stepwise selection.

The results of the circular dataset are displayed in Table 2.2. Overall the results for the

circular data again suggest excellent performance of FDS classification in terms of the mis-

classification rate. Overall the required computational time is larger for compactness based

selection than the two other selection methods. However, the difference is less substantial

as compared to the linear data. In the noise and irrelevant feature combined condition,

15



NORMAL NOISE IRRELEVANT n&IR

C - n=100 0.030 (0.015,3) 0.065 (0.026,5.9) 0.049 (0.02,2) 0.095 (0.033,1.5)

L1 - n=100 0.026 (0.015,0.3) 0.052 (0.021,0.4) 0.032 (0.014,0.2) 0.075 (0.028,0.4)

Stepwise - n=100 0.019 (0.009,1) 0.073 (0.039,1.6) 0.028 (0.013,1) 0.101 (0.044,2.1)

C - n=300 0.018 (0.008,24.1) 0.041 (0.013,15.7) 0.022 (0.009,15.3) 0.058 (0.014,9.5)

L1 - n=300 0.013 (0.008,0.5) 0.032 (0.014,1.9) 0.013 (0.006,0.3) 0.042 (0.013,0.9)

Stepwise - n=300 0.008 (0.005,5.2) 0.072 (0.04,53.2) 0.010 (0.006,7.3) 0.077 (0.048,43.5)

Table 2.1: Results linear data: Selection method and the training set size are displayed in the

left column. The values in the table reveal the average misclassification rate, within brackets the

standard deviation of the misclassification rate and the computational time(seconds) are displayed.

compactness based selection is much faster than L1 regularisation and forward stepwise

selection. Noteworthy is the misclassification rate of forward stepwise selection in the noise

and irrelevant combined condition, the results in Table 2.2 suggest that the misclassification

rate and the computational time is substantially increased. For a training set of size 300

the computational time of forward stepwise selection is on average 109.6 seconds for the

noise and irrelevant combined condition. The results also indicate that L1 regularisation is

less sensitive to noise and irrelevant features. Again the results indicate that compactness

based selection is equally stable as the other two methods since the standard deviations are

almost equal. For the noise and irrelevant combined condition it seems that forward step-

wise selections becomes more unstable since the standard deviation increases. Noteworthy

is that the circular data is generally characterised as a more complex classification task as

compared to the linear data. However, the observed misclassification rate is lower in the

circular data as the observed misclassification rate in the linear data.

For the spiral data the results are displayed in Table 2.3. Given a training set of size

100 the performance of FDS classification is far from excellent. However, in the normal

condition compactness based selection and L1 regularisation evidently outperform forward

stepwise selection. In each condition with a training set of size 100, forward stepwise se-

lection seems hardly superior to randomly selecting a class label. As soon as noise or an

irrelevant feature is added all the methods barely perform better than chance. Given a

normal condition and a training set of size 300 the results in Table 2.3 suggest that com-

pactness based selection outperforms(0.15) the L1 regularisation(0.32) and forward stepwise

selection(0.388). Although the misclassification rate has increased in the noise condition,

the performance of compactness based selection is still superior(0.302) compared to the

L1(0.42) and forward stepwise selection(0.441). In the condition where an irrelevant feature
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is added, or in combination with noise, the performance of all three methods is barely better

than chance. Interesting to see is that the required computational time for compactness

based selection is less with respect to L1 and forward stepwise selection in all conditions.

NORMAL NOISE IRRELEVANT n&IR

C - n=100 0.003 (0.002,1.8) 0.035 (0.034,1.2) 0.039 (0.029,0.7) 0.154 (0.056,0.6)

L1 - n=100 0.007 (0.01,0.2) 0.011 (0.011,0.3) 0.053 (0.023,0.7) 0.091 (0.035,1)

Stepwise - n=100 0.003 (0.003,0.9) 0.025 (0.035,0.9) 0.169 (0.168,1.4) 0.289 (0.15,1.9)

C - n=300 0.001 (0.002,13.1) 0.01 (0.01,7.5) 0.009 (0.006,4.6) 0.086 (0.039,3.4)

L1 - n=300 0.003 (0.002,0.4) 0.004 (0.003,0.6) 0.02 (0.007,3.4) 0.028 (0.014,4.4)

Stepwise - n=300 0.002 (0.002,5.4) 0.012 (0.025,11.2) 0.022 (0.009,13) 0.152 (0.1,109.6)

Table 2.2: Results circular data: Selection method and training set size are displayed in the

left column. The values in the table reveal the average misclassification rate, within brackets the

standard deviation of the misclassification rate and the computational time(seconds) are displayed.

NORMAL NOISE IRRELEVANT n&IR

C - n=100 0.409 (0.047,0.5) 0.446 (0.029,0.5) 0.492 (0.019,0.4) 0.493 (0.018,0.5)

L1 - n=100 0.397 (0.052,2.2) 0.46 (0.034,1.8) 0.494 (0.015,2) 0.5 (0.017,2.2)

Stepwise - n=100 0.493 (0.032,0.7) 0.491 (0.024,0.6) 0.497 (0.014,0.6) 0.497 (0.016,0.4)

C - n=300 0.15 (0.04,2.5) 0.302 (0.043,2.6) 0.473 (0.019,2.6) 0.485 (0.019,2.7)

L1 - n=300 0.32 (0.06,13.5) 0.42 (0.037,8.7) 0.492 (0.021,6.5) 0.493 (0.019,8.5)

Stepwise - n=300 0.388 (0.151,42) 0.441 (0.083,52.8) 0.495 (0.018,3.1) 0.497 (0.017,6.8)

Table 2.3: Results spiral data: Selection method and the training set size are displayed in the

left column. The values in the table reveal the average misclassification rate, within brackets the

standard deviation of the misclassification rate and the computational time (seconds) are displayed.

2.5.2 Conclusion

A thorough inspection of the results suggest that in some specific conditions compactness

based selection evidently outperforms forward stepwise selection and L1 regularisation in

terms of the misclassification rate. The most substantial difference in performance between

compactness based selection and the other two selection methods is found in Table 2.3,

given a training set of size 300, compactness based selection evidently outperforms the L1

regularisation and forward stepwise selection for the normal and noise condition in the

spiral data. Similar results were not found in the linear and circular data. Nonetheless, the

results in Table 2.2 of the circular data suggest that the performance of compactness based

selection is comparable to L1 regularisation and outperforms forward stepwise selection.
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After transforming the data from a feature vector space into a dissimilarity space we com-

puted the compactness/complexity measure(as defined in expression 2.1) for each dataset

in the normal condition. The linear dataset after transformation revealed a compactness

measure of 0.75, the circular dataset revealed a compactness measure of 0.58 and the spiral

dataset revealed a compactness measure of 0.50. This compactness measure for each dataset

is the average compactness measure over 50 Monte-Carlo simulations. This compactness

measure is an indicator of the complexity of a classification task. The compactness mea-

sures indicate that the spiral data is the clearly the most complex classification task and is

followed by the circular data in terms of complexity. This in combination with the results in

Table 2.1, 2.2 and 2.3 indicates that in the case of a complex classification task compactness

based selection outperforms forward stepwise selection and L1 regularisation.

Additionally, the results also suggest that the performance of FDS classification is more

beneficial in combination with a complex classification task. The performance of FDS clas-

sification in Table 2.1 with respect to the performance of FDS classification in Table 2.2

suggest that the performance in the circular data outperforms the linear data in each condi-

tion and selection method. Noteworthy is that the linear data is a less complex classification

task compared to the circular data. This indicates that FDS classification is more beneficial

in the case of a more complex classification task.

The difference in the complexity also explains the decrease in computational time for the

compactness based selection method, as noted earlier we applied a 10-fold cross validation

procedure to find an optimal cutoff value. For each dataset we generated a vector of cutoff

values that started with 0.5 and increased in steps of 0.05 until max(C) and performed a

10-fold cross validation procedure for each value in vector of cutoff values. However, max(C)

is much lower for a highly complex dataset with respect to a less complex dataset. As a

consequence, the size of the vector of cutoff values between 0.5 and max(C) is much smaller

for a highly complex dataset. Therefore, the number of 10-fold cross validations is reduced

and as a consequence the average computational time is lower. Noteworthy is the fact that

we used standardised R functions for L1 regularisation (Friedman et al., 2010) and forward

stepwise selection (R Core Team, 2014). A function in R was written for the compactness

based selection method. In contrast to compactness based selection the L1 regularisation

and forward stepwise selection are highly optimised functions. Due to the optimisation of

these functions it is very likely that these functions require less computational time.

Overall we conclude that the use of compactness based selection for selecting a subset

of dissimilarity features is superior to L1 regularisation and forward stepwise selection in

18



the case of a complex classification task. In a low complex classification task, such as the

linear dataset L1 regularisation is preferred over compactness based selection. However, the

results also suggest that FDS classification is not beneficial in the case of a low complex

classification task.

2.6 Support Vector Machine - Bootstrap Study

Our second assessment of compactness based selection is characterised by a so-called boot-

strap procedure and involves the use of linear support vector machines(SVM) (Vapnik,

1996). These SVM’s are applied on two distinctive datasets in combination with FDS clas-

sification. The aim of a linear SVM is to separate the class labels by an optimal separating

hyperplane. This hyperplane is defined by a decision boundary which maximizes its margin

around the decision boundary in such a way that it separates the class labels optimally.

As a result it maximizes the distance to the closest points from both classes by using so-

called support points. These are the points that are defined to be on the boundary of the

margin. However, this concept does not hold if the cases are non-separable by a linear de-

cision boundary. Therefore Vapnik (1996) generalised the concept of an optimal separating

hyperplane to the non-separable case. In the case that the classes overlap in the feature

space the aim of linear SVM is still to maximise the margin around the decision boundary,

but now allow some observations to be inside the margin around the decision boundary. To

find an optimal separating hyperplane while some observations are allowed to be inside the

margin around the decision boundary a cost parameter ω is required. The cost parameter ω

controls the number of observations within the margin of the decision boundary. Normally

the optimal value for ω is found by a cross validation procedure, in this small bootstrap

study we used an arbitrary chosen value for ω that is equal to 1. For a more thorough

description about the computations and algorithms of linear SVM we refer to Hastie et al.

(2009).

Similar to the previous simulation study our aim is to asses the performance of com-

pactness based selection in combination with FDS classification. The performance of com-

pactness based selection is assessed by inspecting the average misclassification rate obtained

while classifying unseen observations. To obtain an estimate of the average misclassifica-

tion rate a bootstrap procedure is used. By means of this procedure the additional value of

compactness based selection in the context of linear SVM’s is evaluated.

A bootstrap procedure is characterised by the concept of resampling with replacement

from a given dataset to generate a bootstrap sample. This bootstrap sample is used as a
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training set, the observations outside the bootstrap sample are used as a validation set. In

our situation we are interested in the misclassification rate. All the models are fitted in

R by using the package e1071 (Meyer et al., 2015). The data consists of two distinctive

datasets:

1. The first dataset is the well known Iris flower data (Fisher, 1936) and has four con-

tinuous features that represents the length and the width of the sepals and petals for

each observation. The data accommodates n = 150 observations and has 50 obser-

vations for each of the three flower species. In the classification task our aim is to

predict the correct flower species. The outcome variable accommodates three class

labels, Iris setosa, Iris virginica and Iris versicolor. The complexity of the Iris data is

estimated at 0.93, this indicates a low complex classification task. The complexity is

estimated by standardising all the original features and by using a dissimilarity matrix

of size n × n and is constructed by the Euclidean distance function. Each feature

is standardized by subtracting the features mean value and dividing by the features

standard deviation.

2. The second dataset is the Bupa data and has six continuous features and n = 345

observations. The first five features are blood tests which are thought to be sensitive to

liver disorders. The last feature measures the alcohol consumption of each individual

observation in the data. The aim of the data is to predict if an individual has a

liver disorder. The outcome variable has two labels, liver disorder(145) and no liver

disorder(200). The complexity of the Bupa data is estimated at 0.507. This indicates

a highly complex classification task. The complexity is estimated in a similar manner

as estimated for the Iris data.

For each dataset we have four different conditions: a condition in which compactness based

selection is used to select a subset of dissimilarity features, these dissimilarity features are

used to train a linear SVM. In the second condition is FDS classification is applied in

the context of a linear SVM without selecting a subset of dissimilarity features. In the

third condition the original feature vector data is used to train a SVM. The last condition

uses a randomly selected subset of dissimilarities features to train a model. The number of

randomly selected dissimilarity features is optimised by a 10-fold cross validation procedure.

The bootstrap procedure is identical for each condition and dataset, however, within

each bootstrap replication each condition requires additional optimisations. We limited the

number of bootstrap replicates to B = 100. Each bootstrap procedure is defined by the
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following steps:

1. For each bootstrap replicate b we generate a bootstrap sample T of size nT from

the data. The bootstrap sample is generated by sampling with replacement from the

data and represents the training set for the bth bootstrap replicate. For the Iris data

nT = 100 and for the Bupa data nT = 200.

2. Within each bootstrap replication a validation set V of size nV is generated. The

validation set V accommodates all the observations that are not observed in the

bootstrap sample T. For the Iris data the validation set V is on average of size

nV = (1 − 1/n)nT · n = 77. For the Bupa data the validation set V is on average of

size nV = 137 (Efron and Tibshirani, 1993).

3. In the case of FDS classification each feature is standardized by subtracting the fea-

tures mean value and dividing by the features mean absolute deviation. The training

set T is transformed in a dissimilarity matrix Dtr by using the Euclidean distance and

is used to train a classifier. The validation set V is also transformed in a dissimilarity

matrix Dvl by using the Euclidean distance and represents the validation set.

4. Train a classifier by using T or Dtr.

5. Classify the unseen observations in V or Dvl by using the trained classifier.

6. Calculate an estimate of the misclassification rate erb for the bth bootstrap replicate.

Some conditions require an additionally procedure between step three and four: In the case

of compactness based selection a 10-fold cross validation is used between step three and four

to find the optimal cutoff parameter κ. For each dataset a vector of possible cutoff points is

defined, each vector starts at 0.5 and increases in steps of 0.01 for the Bupa data and 0.05

for the Iris data until max(C) is reached for that specific dataset.

In the case of randomly selecting a subset of dissimilarity features the optimal number

of randomly selected dissimilarity features is found by a 10-fold cross validation procedure

between step three and four. The optimal number of randomly selected dissimilarity features

is found between 1 and 30 for the Iris data and between 1 and 80 for the Bupa data.

The misclassification rate is estimated by using the validation set V of size nV . The

whole procedure is 100 times repeated and the average of the 100 misclassification rates for

each condition was taken as an estimate of the overall misclassification rate for each specific

condition.

21



For the Bupa data we also evaluated the misclassification rate as a function of the

training set size nT . The results are obtained by repeating the bootstrap procedure as

described above for several different training set sizes nT . We started with a training set

of size nT = 20 and increased in steps of 5 units until a training set size of nT = 300 is

reached. The size of validation set V was kept constant at nV = 45 by randomly selecting

a subset of 45 observations from the validation set V that accommodates the observations

that are not observed in the bootstrap sample T.

The bootstrap procedure for estimating the misclassification rate as introduced above

differs from the original bootstrap procedure as introduced by Efron and Tibshirani (1993).

Given a dataset of size n a bootstrap sample is created by sampling with replacement n

observations from the original data. In the original bootstrap procedure for misclassifica-

tion rate estimation this bootstrap sample of size n is used to train a classifier and the

observations that are not sampled into the bootstrap sample are used as a validation set. A

consequence of the bootstrap procedure is that the number of dissimilarity features in FDS

classification is equal to n. Due to the large number of dissimilarity features the compu-

tational time is drastically increased for training a classifier. To reduce the computational

time a bootstrap sample of size nT is taken. A consequence of adjusting the bootstrap

sample size is that the estimate of the misclassification rate is high biased. This is due to

the fact that some observations in the bootstrap sample are sampled multiple times and as

a consequence the number of unique observation is reduced in the bootstrap sample (Efron,

2004). In the original bootstrap procedure as introduced by Efron and Tibshirani (1993)

a bias correction is presented, however, this bias correction does not apply to a bootstrap

procedure with an adjusted bootstrap sample of size nT .

2.6.1 Results

The results are displayed in Table 2.4 and for the Iris data the results suggest that SVM’s

with the original feature vector data outperforms FDS classification with and without

compactness based selection. For the Iris data the misclassification rate of FDS classifi-

cation(0.06) is equal to FDS classification in combination with compactness based selec-

tion(0.06). The misclassification rate for the original feature vector data is 0.04 and is 0.02

lower with respect to the other three conditions. The misclassification rates for the Iris

data are within one standard deviation, so in terms of the misclassification rate we cannot

determine a superior technique. However, the number of wins per technique are displayed

in Table 2.4 and represents the number of times a specific classifier had the lowest classifica-
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tion rate. The total number of wins do not sum up to 100 since two techniques might have

the lowest misclassification rate simultaneously. Table 2.4 reveals that SVM in combination

with the original feature vector data managed to win 91 times. However, a large number

of these wins are shared with FDS classification since the total number of wins for the Iris

data sum up to 176 instead of 100. Noteworthy is that we did not observe a difference

between the FDS classification techniques. The results indicate that the misclassification

rate of FDS classification is independent of the selection of dissimilarity features.

Iris Bupa

Error Wins Error Wins

FDSC 0.06(0.04) 27 0.31(0.04) 26

FDSC & C 0.06(0.03) 29 0.29(0.03) 57

FDSC & R 0.06(0.04) 29 0.31(0.03) 32

OFV 0.04(0.03) 91 0.34(0.03) 7

Table 2.4: Results bootstrap for each condition and dataset: FDSC & C is the misclassification rate

for FDS classification in combination with compactness based selection. FDSC is the misclassification

rate for FDS classification, OFV is the misclassification rate while using the original feature vector

data. FDS & R is the random selection of dissimilarity features. Within the brackets the standard

deviation of the misclassification rate is presented.

The results for the Bupa data in Table 2.4 suggest that FDS classification in combina-

tion with compactness based selection(0.29) outperforms the linear SVM with the original

feature vector data(0.34). The results in Table 2.4 suggest that FDS classification in com-

bination with compactness based selection slightly outperforms the other FDS classification

techniques. The results in table 2.4 with regard to FDS classification are within one stan-

dard deviation. Randomly selecting a subset of dissimilarity features in FDS classification

performs(0.31) similar to normal FDS classification. The difference between FDS classifi-

cation in combination with compactness based selection and the traditional SVM in terms

of the average misclassification rate is about 0.05. The average decrease in the misclassifi-

cation rate while using FDS classification in combination with compactness based selection

is 0.02 with respect to normal FDS classification. The number of wins also suggest a sim-

ilar trend, FDS classification with compactness based selection managed to get the lowest

misclassification rate 57 times out of 100 replications. The number of wins for normal FDS

classification and the random selection of dissimilarity features is almost equal. Similar to

the Iris data the number of wins do not sum up to 100, this is due to fact that two methods
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might obtain an identical misclassification rate.

For the Bupa data we also evaluated the misclassification rate as a function of the

training set size. The results are obtained by repeating the bootstrap study as described

in section 2.6 for several different training set sizes. We started with a training set of size

20 and increased the size in steps of 5 units until a training set of size 300 is reached. The

results are displayed in Figure 2.3. The results suggest that for a small training set (n <

75) the performance of FDSC and the OFV condition is better than the performance of

FDSC & C and FDSC & R . However, if the training set becomes larger (n > 75) FDSC

& C is outperforming the OFV condition. When the training set is larger than 150 the

difference between FDSC & C and OFV becomes constant and is around 0.035. The results

also indicate that FDSC & C outperforms FDSC and FDSC & R when n > 125.
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Figure 2.3: The misclassification rate as a function of training set size. FDSC & C is FDS

classification in combination with compactness based selection. FDSC & R is the random selection

of dissimilarity features. FDS is feature dissimilarity space classification and OFV is SVM while

using the original feature vector data.

2.6.2 Conclusion

The results of the current bootstrap procedure suggest a similar trend as observed in the

Monte-Carlo simulation study described in the previous section. The results suggest that

FDS classification is superior in the context of a complex classification task. For the Bupa

data the results, as displayed in Table 2.4, suggest that the use of compactness based

selection is beneficial in terms of the number of wins as compared to FDS classification

applied without any dissimilarity feature selection method. In terms of the misclassification
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rate the superiority of FDS classification in combination with compactness based selection

with respect to the other FDS classification techniques cannot be determined. For the

Iris data, the performance of FDS classification is almost identical to FDS classification in

combination with compactness based selection. Despite the fact that these two methods

almost perform identical the latter method is preferred since it reduces the number of

dissimilarity features. A reduced number of dissimilarity features is mainly beneficial in

terms of the computational effort. Nonetheless, the use of compactness based selection is

only preferred if the training set is large. For a small training set Figure 2.3 indicates that

the FDS classification is preferred in terms of the misclassification rate. In the case of a

small training set the compactness measure C for each dissimilarity feature is based on

a small sample of observations. As a consequence the estimate of C for each dissimilarity

feature is unstable and hardly to be generalised to the validation set. In the case of the Bupa

data FDS classification in combination with compactness based selection was beneficial if

the training set is of size 100 or larger. The required training set size is dependent on the

complexity of a classification task. For a less complex classification task it is likely that the

training set requires less samples until compactness based selection becomes beneficial.

The results of the Iris data suggest that the use of a linear SVM in combination with the

original feature vector data is superior to all FDS classification methods. In combination

with the contrasting results of the Bupa and Iris data the results in Table 2.4 suggest that

FDS classification is not beneficial in the context of a low complex classification task. A low

complex classification task is often characterised by data that is optimally separated by a

linear decision boundary. The Iris dataset is well known and is proven to be easily separated

by a linear decision boundary. In the preceding Monte-Carlo simulation study the linear

data as displayed in Figure 2.2C is also optimally separated by a linear decision boundary.

Nonetheless, FDS classification does not optimally separate the data by a linear decision

boundary but uses a flexible decision boundary. As a consequence FDS classification is

more sensitive to overfitting in the case where a linear decision boundary is preferred. An

important note is that the compactness measure used for estimating the complexity of a

classification task is dependent on the distance function. In the current study we used

the Euclidean distance, however, changing the distance function will result in a different

estimate for the complexity of a classification task.
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3 Data

In the final part of this thesis we will assess the performance of feature-based dissimilarity

space (FDS) classification while applying it to a practical problem. The data primarily

accommodates bio-markers which are believed to be related with the prevalence of depres-

sive disorders. Patient data were obtained from the Netherlands Study of Depression and

Anxiety (NESDA, Penninx et al. 2008). NESDA is an ongoing longitudinal cohort study

on the longterm development and consequences of depression and anxiety. NESDA data

are collected by multiple centres and baseline measurement are obtained for 2981 patients

and control subjects. For a detailed description we refer to Penninx et al. (2008).

Our aim is to predict the presence of a recurrent or persistent depressive disorder in

unseen observations. A recurrent depressive disorder is characterised by intervals of periods

with and without depression. Individuals with a persistent depressive disorder are charac-

terised by the presence of a depression over at least a period of two years. A depression is

defined by a depressed mood that is present for a large part of the day and almost every

day. Individuals experience a loss of interest and pleasure in activities that are normally

experienced as pleasurable. Additional symptoms of a depression might differ between in-

dividuals and ranges between cognitive restrictions, such as a diminished ability to think,

concentrate and indecisiveness, and physical restrictions such as a decreased level of energy,

appetite changes and a change in psychomotor activities.

The outcome variable has two class labels (disorder and no disorder). The disorder class

label refers to individuals with a recurrent or persistent depressive disorder. No selection

has been applied on the basis of comorbidity, so the disorder class label includes individuals

with and without comorbidity. Of the 2981 observations, 982 observations had missing

values. All observations with missing values are removed from the analysis. The no disorder

label refers to individuals without a recurrent or persistent depressive disorder but may

include different disorders such as a single depressive episode or anxiety disorder. There

are 705 individuals with a recurrent or persistent depression and 1294 individuals without

a persistent or recurring depressive disorder. The presence of a persistent or recurrent

depression was assessed by using a standardised psychiatric interview (CIDI)(Kessler et al.,

2004).

Additionally to the outcome label an additional outcome label is specified. This addi-

tional outcome label is based on the idea that individuals with a single depressive episode

at baseline may develop a persistent or recurrent depression over time. So, for all the indi-

viduals with a single depressive episode at baseline we evaluated if some of these individuals
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were diagnosed with a persistent or recurrent depression three years after the first diagnoses

was established. An example of this process is depicted in Table 3.1 where PRDB refers

to a persistent or recurrent depression at baseline and PRD3 refers to a persistent or re-

current depression three years after baseline. SDB refers to a single depressive disorder at

baseline. Yor refers to the original outcome label and Yadd to the additional outcome label.

Yadd is identical to Yor for the majority of observations. Yadd and Yor only differ for those

observations which are diagnosed with a persistent or recurrent depression three years after

baseline and where diagnosed with a single depressive episode at baseline. An example of

this is depicted in the first row of Table 3.1.

The theory behind this is that individuals with a single depressive episode may have the

same biological parameters as individuals with a persistent or recurrent depression which

may indicate that these individuals eventually develop a persistent or recurrent depression.

We identified 54 (2.7%) individuals which are diagnosed with a single depressive episode

at baseline and are diagnosed with a recurrent or persistent depression three years after

baseline. In the set of original outcome labels these 54 individuals are labeled as no disorder,

for the additional outcome labels these 54 individuals are changed into the disorder label.

n remains of size n = 1999.

PRDB PRD3 SDB . . . Yor Yad

0 1 1 . . . 0 1

1 1 0 . . . 1 1

0 0 1 . . . 0 0

0 1 0 . . . 0 0

Table 3.1: Example formulation additional outcome label. PRD refers to a persistent or recurrent

depression and SD refers to a single depressive episode. B refers to baseline and 3 refers to three

years after baseline.

3.1 Features

The 12 features used for training and prediction are selected on the basis of scientific lit-

erature that describe the possible relation between depressive disorders and the specific

feature.

Gender The data accommodates 687 males and 1312 females. Out of the 687 males 238

were diagnosed with a recurrent or persistent depression. 467 females were diagnoses
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with a persistent or recurrent depression.

Age The average age is 42.1(Sd = 12.9) years. The average age for individuals with a per-

sistent or recurrent depression is 43.6(Sd = 11.8), for individuals without a persistent

or recurrent depression the average age is 41.3(Sd = 13.3).

Vitamin D25 In the recent years vitamin D25 has been increasingly linked to cognitive

deterioration (Annwiler et al., 2009) and psychiatric disorders (Cherniack et al., 2009).

A recent study revealed that a low level of vitamin D25 is associated with the presence

of depressive disorder (Milaneschi et al., 2014). Vitamin D metabolites influence the

growth of neurones by the up-regulation of nerve growth factors (Neveu et al., 1994).

The average level of D25 over all individuals is 63.72 (Sd = 29.02). For individuals

with a recurrent or persistent depression the average level of vitamin D25 is 61.42 (Sd

= 26.41). For individuals without a recurrent or persistent depression the average

level of vitamin D25 is 64.99 (Sd = 30.29).

Brain-Derived Neurotrophic Factor Brain-derived neurotrophic factor(BDNF) is a nerve

growth factor that is found in the brain and is responsible for the survival and growth of

neurones in the central nervous system (Acheson et al., 1994). BDNF is active in brain

regions that are related to learning, memory and higher thinking, these brain regions

include the hippocampus, cortex, and the basel forebrain (Yamada and Nabeshima,

2003). Research has revealed that exposure to stress reduces the expression of BDNF.

If the expression of BDNF is persistently reduced in the related brain regions it will

eventually result in atrophy of these related brain regions. Atrophy of these related

brain regions is observed in individuals with a depressive disorder (Warner-Schmidt

and Duman, 2006). In our data the average expression of BDNF is 9.25 (Sd = 3.46), for

individuals with a recurrent or persistent depression the average expression of BDNF

is 8.78 (Sd = 3.04). For individuals without a recurrent or persistent depression the

average expression of BDNF is 9.50 (Sd = 3.65).

High Sensitive C-reactive Protein High sensitive C-reactive protein (hs-CRP) is an

inflammation marker and it is argued that stress, deprivation and other negative

cognitions trigger and inflammatory response that is similar to a general inflammatory

response in the case of a bodily disease. An inflammatory response sets the brain into

a status of sickness and often the symptoms of being physically sick overlap with the

symptoms of having a depressive disorder (Berk et al., 2013). The average expression

of hs-CRP is 2.90 (Sd = 5.11). For individuals with a recurrent or persistent depression
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the average expression of hs-CRP is 2.61 (Sd = 4.75). For individuals without a

recurrent or persistent depression the average expression of hs-CRP is 3.06 (Sd =

5.29).

Interleukine-6 Similar as the previous feature Interleukine-6(IL-6) is also an inflamma-

tory marker and is related to an inflammatory response of the body in case physical

distress. It is argued that IL-6 mediates the expression of BDNF in related brain

regions (Sharma et al., 2008). This assumes that an inflammatory response induces

the expression of BDNF. The average expression of IL-6 is 1.35 (Sd = 3.89). For

individuals with a recurrent or persistent depression the average expression of IL-6

is 1.07 (Sd = 2.38). For individuals without a recurrent or persistent depression the

average expression of IL-6 is 1.50 (Sd = 4.50).

Tumour Necrosis Factor Alpha Tumour necrosis factor alpha (TNFa) is also an inflam-

matory marker and is related to depression in a similar way as hs-CRP. Dowlati et al.

(2010) revealed that the expression of TNFa is elevated in depressed individuals. Our

data suggest a contrary and very small difference between depressed individuals and

controls. This difference is likely due to the inclusion criteria. The average expression

of TNFa is 1.13 (Sd = 1.51). For individuals with a recurrent or persistent depres-

sion the average expression of TNFa is 1.07 (Sd = 1.35). For individuals without a

recurrent or persistent depression the average expression of TNFa is 1.17 (Sd = 1.59).

Creatinine Creatinine is an indicator of renal functioning and several studies revealed an

elevated expression of creatinine in individuals with a depressive disorder (Allen, 2012;

Segal et al., 2007). The exact relation between depression and creatinine is still un-

known. However, it is argued that creatinine is involved in the energy metabolism in

neurotransmission which is alternated in depressive individuals. The average expres-

sion of creatinine is 81.11 (Sd = 14.37). For individuals with a recurrent or persistent

depression the average expression of creatinine is 90.40 (Sd = 11.83). For individuals

without a recurrent or persistent depression the average expression of creatinine is

76.04 (Sd = 13.04).

Aspartate Transaminase Aspartate transaminase is an indicator of liver functioning.

The exact relation with depression is unknown, however, it is reasonable to argue

that an induced expression of aspartate transaminase in depressed individuals is due to

the use of anti-depressants. The average expression of aspartate transaminase is 26.06

(Sd = 10.99). For individuals with a recurrent or persistent depression the average
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expression of aspartate transaminase is 22.75 (Sd = 10.87). For individuals without

a recurrent or persistent depression the average expression of aspartate transaminase

is 27.87 (Sd = 10.63).

Glucose Level The glucose level is related to diabetes. Individuals with diabetes are

more vulnerable to a depressive disorder (Anderson et al., 2001). The average level of

glucose is 5.17 (Sd = 1.01). For individuals with a recurrent or persistent depression

the average level of glucose is 5.30 (Sd = 0.85). For individuals without a recurrent

or persistent depression the average level of glucose is 5.10 (Sd = 1.09).

Cholesterol The relation between cholesterol levels and depression has been extensively

studied and several inconsistent results has been published (Tanskanen et al., 2000).

The average level of cholesterol is 1.63 (Sd = 0.45). For individuals with a recurrent

or persistent depression the average level of cholesterol is 1.65 (Sd = 0.44). For

individuals without a recurrent or persistent depression the average level of cholesterol

is 1.61 (Sd = 0.45).

WHO Disability Assessment Schedule WHO Disability Assessment Schedule is a ques-

tionnaire that measure the degree of disability and is the only non-biological measure.

It is generally assumed that the degree of disability is higher for individuals with a

recurrent or persistent depression in comparison to individuals without a recurrent or

persistent depression. However, our data suggest no difference in the degree of disabil-

ity between the two groups. The average score is 24.95 (Sd = 21.16). For individuals

with a recurrent or persistent depression the average score is 24.28 (Sd = 21.07). For

individuals without a recurrent or persistent depression the average score is 25.32 (Sd

= 21.20).

3.2 Formulation Dissimilarity Matrix

In the case of FDS classification the original feature vector data is transformed into a

dissimilarity space. The Euclidean distance is used to construct a dissimilarity structure.

For the feature that represents gender an indicator vector is used (0 = male, 1 = female).

All the features are standardised before applying the distance function. Each feature is

standardized by subtracting the features mean value and dividing by the features standard

deviation. The final dissimilarity matrix D is of size n × n. The matrix D is split into a

training matrix Dtr of size nT × nT , and a validation matrix Dvl of size nV × nT .
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4 Methods

In this section we will give a detailed description of how the performance of feature-based

dissimilarity space(FDS) classification is evaluated. Our aim is to assess the performance

of FDS classification in terms of the discrimination power and the misclassification rate

for several techniques which includes Logistic regression, Support Vector Machine (SVM),

Naive Bayes, Random forest and linear/quadratic discriminant analysis.

The discrimination power of a classifier is evaluated by estimating the area under the

curve (AUC) of a receiver operating characteristic (ROC) curve. The AUC is represented

by a single number and a graphical representation in which the true positive rate is plotted

against the false positive rate (1-specificity). The advantage of the AUC with respect to

the misclassification rate is that the AUC is insensitive to an imbalanced set of class labels.

Basically the AUC quantifies the overall ability of a classifier to discriminate between two

different class labels at different threshold values. A classifier that classifies at random will

obtain an AUC of 0.5, a perfect classifier will obtain an AUC of 1 (Fawcett, 2006).

To obtain an accurate estimate of the misclassification rate and the AUC for each clas-

sification technique and condition we applied a bootstrap procedure with B, B = 100, boot-

strap replications. Due to the computational effort that is required in some classification

techniques we limited the number of bootstrap replications to B = 100. The design of the

bootstrap procedure is identical to the bootstrap procedure discussed in section 2.6. How-

ever, in the current bootstrap procedure the training set T (bootstrap sample) in step one

is of size nT = 500. The size of nT is limited to 500 due to the computational efforts in FDS

classification. Due to this the validation set is on average of size nV = (1−1/n)nT ·n = 1557.

In step six the AUC and the misclassification rate is estimated in each bootstrap replicate.

Additional steps are required between the third and the fourth step (as described in sec-

tion 2.6) for some specific classification techniques and conditions. Since FDS classification

is capable of being applied in several conventional classification techniques we will assess the

performance of FDS classification by using a diverse set of different classification techniques

and conditions. We defined a total of five different conditions which are characterised by:

OFV Classification by using the original feature vector (OFV) data: A classifier is trained

in each bootstrap replicate by using the training set T of size nT . The misclassification

rate and AUC are estimated by using the validation set V.

FDSC FDS classification: A classifier is trained by using the dissimilarity matrix Dtr and

the misclassification rate and AUC are estimated by using the dissimilarity matrix
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Dvl. In this condition the dissimilarity matrix Dtr is of size nT × nT , the validation

matrix Dvl is of size nV × nT . The validation and training matrix are formulated in

each bootstrap replicate.

FDSC & C FDS classification in combination with compactness based selection: In this

condition a classifier is trained by using a subset of dissimilarity features which are

selected by using compactness based selection. The optimal cutoff value for compact-

ness based selection is estimated by using a 10-fold cross validation procedure within

each bootstrap procedure. The 10-fold cross validation procedure is applied between

third and the fourth step. The 10-fold cross validation procedure is applied on the

training matrix Dtr as defined in each bootstrap replication. A classifier is trained in

each bootstrap replicate by using the selected subset of dissimilarity features.

FDSC & L1 FDS classification in combination with L1 regularisation: In this condition

a classifier is trained by using a subset of dissimilarity features which are selected

by using L1 regularisation (Friedman et al., 2010). The penalty parameter for L1

regularisation is estimated by using a 10-fold cross validation procedure within each

bootstrap procedure. The 10-fold cross validation procedure is applied between third

and the fourth step. The 10-fold cross validation procedure is applied on the training

matrix Dtr as defined in each bootstrap replication. A classifier is trained by using

the selected subset of dissimilarity features.

FDSC & P FDS classification in combination with prototypes: The prototypes are for-

mulated by using k-means (Macqueen, 1967) as described in section 2.1.1. For each

class label a set of 60 prototypes is created in each bootstrap replicate. A set of 250

random initial starting value was used to prevent a local minima. The prototypes are

created by using the training set T. The prototypes are created between the third and

the fourth step. The training matrix Dtr is of size nT × h. The validation matrix Dvl

is of size nV × h.

The aim is to compare the OFV condition with the remaining conditions. So, the aim

is to evaluate the performance of FDS classification with respect to the condition in which

the original feature vector data is used to classify unseen observations. However, due to the

principle of bootstrapping each condition is not applied in each technique. An overview of

which condition is applied in which technique is presented in Table 4.1.

Noteworthy in Table 4.1 is radial basis SVM (Vapnik, 1996), Radial Basis SVM is only

applied in combination with the original feature vector data. This is due to the nature
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Condition

Method OFV FDSC FDSC & C FDSC & L1 FDSC & P

Logistic Regression
√ √ √ √

Linear SVM
√ √ √

Radial Basis SVM
√

Naive Bayes
√ √ √ √

Random Forests
√ √ √ √

Linear Discriminant Analysis
√ √ √ √

Quadratic Discriminant Analysis
√ √

Table 4.1: Condition per method: Quick overview of each condition and in which classification

technique it is applied.

of the radial basis kernel function which also uses the Euclidean distance. By taking a

combination of radial basis SVM and FDS classification the radial basis kernel function will

formulate similarities over already formulated dissimilarities. Since both techniques use a

distance function it implies that these two techniques strongly overlap. FDS classification

could also be interpreted as a kernel function. A kernel function is denoted by K(xip, xrp),

the radial basis kernel is defined by:

K(xip, xrp) = exp(−γ||xip − xrp||2), (4.1)

where xip and xrp represents object i and r with a representation on feature p. ||xip− xrp||2

can be recognised as the Euclidean distance. The γ parameter is optimised by a 10-fold cross-

validation procedure within each bootstrap replication. For a more detailed description

about how kernels are applied in the context of a SVM classifier we refer to Hastie et al.

(2009). In the case of linear SVM the cost parameter ω is also optimised by a 10-fold cross

validation procedure within each bootstrap procedure.

Also noteworthy in Table 4.1 is the QDA which is only applied in combination with

the original feature vector data and FDS classification in combination with prototypes.

Applying FDS classification in the context of QDA without selecting a subset of dissimilarity

features is unachievable since the the covariance matrix for each class label is rank deficient.

A matrix is said to be rank deficient if p ≥ n. In the case of FDS classification n =

p. As a consequence the covariance matrix is not positive definite which is a necessity

to obtain an inverse of the covariance matrix. A possible solution is to use compactness
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based selection to reduce the number of dissimilarity features to satisfy the assumption of

p < n. However, due to the nature of a bootstrap simulation it is possible that the training

set accommodates identical observations. As a consequence the dissimilarity matrix Dtr

accommodates a number of non-unique dissimilarity features. In this case the covariance

matrix is also rank deficient. To overcome the problem of obtaining identical dissimilarity

features prototypes are formulated as discussed above for each class label.

Random Forests is a classification technique that operates by formulating a user defined

number of de-correlated classification trees during training and classifies by using the ma-

jority vote of all these classification trees (Breiman, 2001). For the construction of a random

forest model we used the R package randomForest (Liaw and Wiener, 2002). Each individ-

ual tree is constructed by the principle of bagging and random selection of features. For

each individual classification tree a bootstrap sample is taken from the training set T and a

constant number of random features is selected (Ho, 1998). The number of random selected

features in each classification tree is
√
p for each classification technique and condition.

Naive Bayes is a probabilistic classifier that uses Bayes theorem to classify unseen ob-

servation. The term naive originates from the assumption that all features are independent

in a Naive Bayes classifier. A Naive Bayes classifier aims to assign unseen observations to

a class label by using the probability of a class label given the data. Given a set of class

labels Gl = {G1, . . . ,GL} and a data matrix X with p features and n observations in the

original feature vector space Naive Bayes aims to assign a probability to each Gl given X,

P (Gl|xn1, . . . , xnp). This classification method works fine while using categorical features,

however, in practice continuous features are common. For all continuous features in the

original feature vector space and the dissimilarity space we assume a normal distribution

and the Gaussian probability density function is used to estimate the probability for each

class label.

because our aim is to assess the performance of FDS classification within each individual

technique by comparing it with the same classification technique while using the original

feature vector data as input. The performance of each condition and technique is assessed

by evaluating the average misclassification rate and the average AUC. The average mis-

classification rate is estimated over B = 100 bootstrap replications and is defined by the

following expression:

ẽr =
1

B

B∑
b=1

erb. (4.2)

The average AUC is formulated in a similar manner and is defined by the following expres-
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sion:

ãuc =
1

B

B∑
b=1

aucb. (4.3)

By taking the average misclassification rate and the average AUC these estimates are more

robust against strong deviations in these estimates than single estimates. A density distri-

bution curve for the misclassification rate is also presented for each technique and condition.

This density distribution curve provides an indication of the spread of the misclassification

rate. For the AUC a ROC curve is presented for each technique and condition, these curves

indicate to what extend a classifier is capable in differentiating between the class labels over

different threshold values. The ROC curve is estimated over the 100 bootstrap replications

by taking the class probabilities for the unseen observations in each bootstrap replicate.

Additionally to the bootstrap procedure a model independent importance measure is

presented to evaluate the importance of each individual feature in the original feature vector

space. This method uses a permutation approach to evaluate the importance of each original

feature. Before transforming the original feature vector data into a dissimilarity matrix a

feature of interest is permutated. After permutation the dissimilarity matrix is formulated

and the compactness is estimated by using expression 2.4. A low compactness measure

indicates a more complex classification problem. The importance measure is formulated

as the compactness measure of the original data minus the compactness measure of the

permuted data. This permutation approach is repeated 100 times for each feature and is

applied on the complete dataset. This technique allows us to estimate the importance of an

individual feature in a model independent manner.

For the model with the best performance in terms of the misclassification rate and the

AUC an additional misclassification rate will be estimated by using the additional outcome

label as discussed in section 3. Additionally for the model with the best performance the

sensitivity and specificity is discussed. The sensitivity and specificity for the model with

the best performance is based on the 100 bootstrap replications. The results of the best

model are also discussed in terms of the clinical implications.
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5 Results

In this section the results of the bootstrap study for each technique and condition are

presented. The results are divided in two subsections. In the first subsection, the results

with regard to the comparison between feature-based dissimilarity space (FDS) classification

and traditional classification are presented. In the second subsection the results with regard

to the clinical implications are given. In the second subsection section the model with the

best performance in terms of the misclassification rate and AUC is thoroughly discussed.

Additionally the importance of each original feature as observed in the original feature

vector space is discussed.

5.1 Results Feature-Based Dissimilarity Space Classification

In this section the results of each technique and condition is presented per classification tech-

nique. Within each classification technique the comparison between the traditional tech-

nique and the technique in combination with FDS classification is discussed. The traditional

technique is characterised by the use of the original feature vector data. The classification

techniques are compared by evaluating the misclassification rate and the AUC.

5.1.1 Logistic Regression

The results of the bootstrap study with regard to logistic regression and FDS classification

are presented in Table 5.1. The results suggest a poor performance of FDS classification

while applied without selecting a subset of dissimilarity features. The average misclassifi-

cation rate of FDS classification is 0.31, this is barely better than chance since 705 (35%)

individuals are diagnosed with a recurrent or persistent depression in the original sample.

The standard deviation of the misclassification rate also suggest a more unstable classifier

as compared to the other methods. In Figure 5.1 the distribution of the misclassification

rate for each technique is displayed. The distribution of the misclassification rate of FDS

classification (without selecting subset of dissimilarity features) clearly reveals that the

misclassification rate is much more unstable and widely spread as compared to the other

techniques. These results are a consequence of the fact that logistic regression is incapable of

finding an optimal estimate for each coefficient when the amount of features is equal to the

amount of observations. It is reasonable to assume that FDS classification without selecting

a subset of dissimilarity features performs similar to the random selection of outcome labels.

Table 5.1 reveals that traditional logistic regression applied while using the original fea-
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ture vector data performs worse when comparing it with FDS classification in combination

with selecting a subset of dissimilarity features. The average misclassification rate of lo-

gistic regression is 0.19. Over 100 bootstrap replications logistic regression only managed

to get the lowest misclassification rate five times. FDS classification in combination with

compactness based selection has an average misclassification rate of 0.18 and managed to

get the lowest misclassification rate 12 times. The total number of wins does sum up to

100 in this case. However, since it is possible that two techniques simultaneously obtain the

lowest misclassification rate the total could also deviate from 100.

error AUC wins

Log Reg FDS & C 0.18(0.014) 0.88 12.00

Log Reg FDS & L1 0.17(0.013) 0.90 83.00

Log Reg FDS 0.31(0.097) 0.71 0.00

Log Reg 0.19(0.014) 0.86 5.00

Table 5.1: Results bootstrap study logistic regression: Traditional logistic regression (log) compared

to FDS classification. C refers to compactness based selection and L1 to L1 regularisation. Wins

refers to the number of times the classification technique obtained the lowest misclassification rate.

The standard deviation of the misclassification rate is displayed within the brackets.

FDS classification in combination with L1 regularisation outperformed all other methods

in terms of the misclassification rate and the AUC. The average misclassification rate of FDS

classification in combination with L1 regularisation is 0.17 and managed to win 83 times.

On average FDS classification in combination with L1 regularisation is 2% better than

traditional logistic regression. The standard deviation of 0.013 reveals a stable method, this

is confirmed by inspecting Figure 5.1.

In Table 5.1 the area under the cure (AUC) of the ROC curve is presented for each

technique. The AUC of FDS classification without selecting a subset of dissimilarity features

has the worst AUC, 0.71, and is poorly capable of discriminating between the class labels.

FDS classification in combination with L1 regularisation is most capable of discriminating

between the class labels and has an average AUC of 0.90. In Figure 5.2 it is clearly visible

that the ROC curve associated with FDS classification in combination with L1 regularisation

has the largest distance to the black diagonal line. The average AUC of FDS classification

in combination with compactness based selection is 0.88 and the ROC curve as displayed in

figure 5.2 is close to the curve of FDS classification in combination with L1 regularisation and

traditional logistic regression. FDS classification in combination with compactness based
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selection is slightly better than traditional logistic regression in discriminating between the

class labels.
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Figure 5.1: The distribution of the misclassification rate for each technique estimated over 100

bootstrap replications.
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Figure 5.2: Receiver operating characteristic curve (ROC) for each technique. A ROC curve that

is close to the black diagonal line is often labeled as a classifier with poor performance.

5.1.2 Support Vector Machine

The results of the bootstrap study with regard to support vector machine’s (SVM) are

presented in Table 5.2. The results indicate that FDS classification is a strong competitor of

radial basis SVM. The average misclassification rate of FDS classification with and without
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selecting a subset of dissimilarity features is 0.17, together these two methods managed to get

the lowest misclassification rate 56 times out of the 100 bootstrap replications. Radial basis

SVM managed to get the lowest classification rate 54 times over 100 bootstrap replications,

the average misclassification rate for radial basis SVM is 0.17. The only difference between

FDS classification and radial basis SVM is observed in the AUC, The AUC of radial basis

SVM is 0.90 and 0.89 for both FDS classification techniques.

error AUC wins

L-SVM FDS 0.17(0.012) 0.89 22.00

L-SVM FDS & C 0.17(0.008) 0.89 34.00

L-SVM 0.19(0.014) 0.87 2.00

RB-SVM 0.17(0.012) 0.90 54.00

Table 5.2: Results bootstrap study. Traditional linear SVM (L-SVM) compared to FDS classifica-

tion and radial basis (RB) SVM. C refers to compactness based selection. Wins refer to the number

of times a classification technique had the lowest misclassification rate. The standard deviation of

the misclassification rate is displayed within the brackets.

Inspection of the density curve in Figure 5.3 reveals that the density curves of FDS

classification largely overlaps with the density curve of radial basis SVM. A close inspec-

tion of these curves reveal that the density curve of the radial basis SVM is slightly more

to the left. The density curve of the traditional linear SVM and FDS classification has

substantially less overlap. This indicates the superiority of FDS classification in terms of

the misclassification rate. Noteworthy is that the average performance of the linear SVM

in terms of the misclassification rate and the AUC is equal to the performance of logistic

regression while using the original feature vector data, Table 5.1. A similar trend is seen

when FDS classification is applied in the context of a linear SVM, the average misclassifi-

cation rate of FDS classification in combination with compactness based selection is 0.17.

FDS classification in combination with compactness based selection and logistic regression

has an average misclassification rate of 0.18 and 0.17 in combination with L1 regularisation.

The AUC as presented in Table 5.2 indicates a similar trend as compared to the mis-

classification rate. FDS classification and radial basis SVM are superior to a linear SVM

while using the original feature vector data. Radial basis SVM is slightly more capable

of discriminating between the class labels as compared to the FDS classification methods.

Figure 5.4 indicates that ROC curves for FDS and radial basis are almost identical, linear

support vector machine clearly performs less as compared to FDS classification and radial
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basis.
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Figure 5.3: The distribution of the misclassification rate for each technique estimated over 100

bootstrap replications.

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00
False Positive Rate (1−Specificity)

Tr
ue

 P
os

iti
ve

 R
at

e 
(S

en
si

tiv
ity

)

Method

L−SVM

L−SVM FDSC

L−SVM FDSC & C

RB−SVM

ROC curve − SVM

Figure 5.4: Receiver operating characteristic curve (ROC) for each technique. An ROC curve that

is close to the black diagonal line often represents poor performance.

5.1.3 Naive Bayes Classifier

The results in Table 5.3 suggests a poor performance of Naive Bayes in each condition. The

performance of Naive Bayes while using the original feature vector data is superior to all FDS

classification methods. The average misclassification rate is 0.34 while using the original

feature vector data. This is barely better than randomly selecting a class label. Figure 5.6
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indicates that the distribution of the misclassification rate is widely spread for each technique

and indicates that each technique has a poor performance in terms of the misclassification

rate and is worse than randomly selecting a class label. The poor performance of Naive

error AUC wins

N-B FDS 0.57(0.100) 0.67 0.00

N-B FDS & C 0.50(0.125) 0.61 3.00

N-B FDS & P 0.38(0.056) 0.68 18.00

N-B 0.34(0.069) 0.79 79.00

Table 5.3: Results bootstrap study. Naive Bayes (N-B) compared with FDS classification. C

refers to compactness based selection and P to the use of prototypes. The amount of wins refer to

the amount of times a classification technique had the lowest misclassification rate. The standard

deviation of the misclassification rate is displayed within the brackets.

Bayes is reflected in the AUC, the AUC of all FDS classification techniques indicate that

Naive Bayes in combination with FDS classification is incapable of selecting the correct

class label for an unseen observation. The ROC curve in Figure 5.5 reveals a similar trend

and indicates that the original Naive Bayes classifier is the best choice.

Inspection of the original Naive Bayes classifier reveals that each unseen observation is

assigned to the non-depressive class label. The likelihood of the data given a class label,

p(X|Gl), as estimated by a gaussian distribution for each continuous feature is identical for

each class label. As a consequence the classification of unseen observations solely depends

on the prior probability p(Gl). The dependence on the prior probability indicates that Naive

Bayes in combination with a gaussian density function is incapable of finding a pattern in

the data that differentiates between the class labels.

Inspection of the Naive Bayes classifiers in combination with FDS classification suggest

that due to the large amount of probability estimates for the dissimilarity features FDS

classification is incapable of finding a stable pattern in the data. This is likely due to

the combination of a large number of dissimilarity features and the insensitivity of Naive

Bayes to detect a pattern in the data. The insensitivity to detect a pattern is likely due

to the assumption that continuous features are normally distributed. Inspection of the

dissimilarity features revealed that these are non-normally distributed.

Inspection of Figure 5.6 also reveals that FDS classification with and without selecting

a subset of dissimilarity features either assigns all unseen observations to the depressive

or the non-depressive class label since the two peaks are centred around 0.35 and 0.65.
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FDS classification in combination with prototypes seems more stable than the other FDS

classification techniques. It is likely that this is due to the fact that this technique only uses

120 dissimilarity features.
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Figure 5.5: Receiver operating characteristic curve (ROC) for each technique. A ROC curve that

is close to the black diagonal line represents poor performance of a classifier.
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Figure 5.6: The distribution of the misclassification rate for each technique estimated over 100

bootstrap replications.

5.1.4 Random Forest

The results of the bootstrap simulation in which FDS classification is applied in the con-

text of Random Forests are displayed in Table 5.4. The results clearly reveal that FDS
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classification is not beneficial in the context of a Random Forests classifier. The average

misclassification rate of FDS classification with and without selecting a subset of dissimilar-

ity features is 0.16. Similar results are found while using the distance between observations

and prototypes. The average misclassification rate of the traditional Random Forests model

is 0.14 and is 0.02 lower than FDS classification. Out of the 100 bootstrap replications the

traditional random forest model managed to get the lowest misclassification rate 93 times.

The difference in the misclassification rate is clearly visible in Figure 5.7, the overlap in terms

error AUC wins

R-F FDS 0.16(0.013) 0.90 6.00

R-F FDS & C 0.16(0.012) 0.90 2.00

R-F FDS & P 0.16(0.012) 0.90 0.00

R-F 0.14(0.011) 0.93 93.00

Table 5.4: Results bootstrap study. Random forests compared with FDS classification. C refers to

compactness based selection, P to the use of prototypes. The amount of wins refer to the amount

of times a classification technique had the lowest misclassification rate. The standard deviation of

the misclassification rate is displayed within the brackets.

of the misclassification rate between the traditional Random Forests model and FDS clas-

sification is minimal and are almost separated. These results indicate that the traditional

Random Forests model is superior to FDS classification in terms of the misclassification

rate. 14 out of 100 unseen observations are misclassified while using the traditional random

forest model.

A similar trend of superiority is revealed in Figure 5.8 that represents the ROC curve

for each individual condition. The curves clearly indicate that the discrimination power

of the traditional Random Forests model is superior with regard to the FDS classification

techniques. The average AUC of the traditional Random Forests model is 0.93. The AUC

of each individual FDS classification technique is on average 0.90. These results indicate

that the traditional Random Forests model, which uses the original feature vector data, is

more valuable in discriminating between class labels.
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Figure 5.7: The distribution of the misclassification rate for each technique estimated over 100

bootstrap replications.
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Figure 5.8: Receiver operating characteristic curve (ROC) for each technique. A ROC curve that

is close to the black diagonal line represents poor performance of a classifier.

5.1.5 Linear / Quadratic Discriminant Analysis

The results of the bootstrap simulation in which FDS classification is applied in the context

of linear and quadratic discriminant analysis are displayed in Table 5.5. The misclassifi-

cation rates in Table 5.5 suggest that FDS classification, applied in a LDA classifier, is

preferred while classifying unseen observations. FDS classification in combination with a

LDA classifier managed to obtain the lowest misclassification rate 99 times. Figure 5.9

reveals that the density curves of the misclassification rate are almost identical for the two
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FDS techniques which uses exemplars. The average misclassification rate of these tech-

niques is 0.19 and is on average 0.01 better than traditional LDA which uses the original

feature vector data.

The worst performance in terms of the misclassification rate is observed in the traditional

QDA which uses the original feature vector data. The average misclassification rate of

QDA is 0.28, the standard deviation of the misclassification rate and Figure 5.9 indicate

an unstable classifier. It is likely that the QDA classifier is unstable due to the violation of

the normality and continues features assumption. The original feature vector data contains

binary data for gender, this feature is not continuous and not normally distributed. QDA

and LDA are not suited for the use of a binary features, as a consequence the covariance

matrix for each class label might be unstable.

error AUC wins

LDA FDS 0.19(0.008) 0.87 48.00

LDA FDS & C 0.19(0.010) 0.87 48.00

LDA FDS & P 0.20(0.010) 0.85 3.00

LDA 0.20(0.009) 0.86 2.00

QDA FDS & P 0.24(0.020) 0.80 0.00

QDA 0.28(0.057) 0.81 0.00

Table 5.5: Results bootstrap study. Traditional linear/quadratic discriminant analysis compared

with FDS classification. C refers to compactness based selection and P to the use of prototypes. The

amount of wins refer to the amount of times a classification technique had the lowest misclassification

rate. The standard deviation of the misclassification rate is displayed within the brackets.

Table 5.5 also indicates that the performance of FDS classification in combination with

compactness based selection in terms of the misclassification rate outperforms traditional

LDA. The average misclassification rate of FDS classification in combination with compact-

ness based selection is 0.19 and is 0.01 better than traditional LDA. The performance of

FDS classification in the context of a LDA while using prototypes is similar to traditional

LDA in terms of the misclassification rate.

Figure 5.10 and Table 5.5 Indicates that in terms of the AUC FDS classification while

using exemplars is superior to all other techniques. Overall the AUC reveals that each

techniques is reasonably capable of discriminating between the class labels. The worst

performance is observed while using the traditional QDA classifier and QDA in combination

with FDS classification and a set of prototypes.
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Figure 5.9: The distribution of the misclassification rate for each technique estimated over 100

bootstrap replications.
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Figure 5.10: Receiver operating characteristic curve (ROC) for each technique. An ROC curve

that is close to the black diagonal line often has a poor performance.

5.2 Clinical Results

The best performance is achieved by using a Random Forests classifier in combination

with the original feature vector data. The average misclassification rate of this model is

14%. This indicates that out of 100 unseen observations a random forest classifier will on

average misclassify 14 observations. For the Random Forests classifier we also estimated

the sensitivity and specificity, sensitivity represents the proportion of individuals with a

persistent or recurrent depression and are correctly identified as such. Specificity is the
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proportion of individuals without a persistent or recurrent depression and are identified as

such by the random forest model. The sensitivity of the random forest model is 79% and

the specificity is 93%. This indicates that the random forest model is better in correctly

identifying non-depressive individuals.

The average misclassification rate of the additional outcome label while using the original

random forest model is 16.4%. On average this is 2.4% higher than the normal misclassi-

fication rate. Since 2.7% of the individuals are diagnosed with a single depressive episode

at baseline and are diagnosed with a recurrent or persistent depression three years after

baseline the additional misclassification rate suggest a decline in performance in terms of

the misclassification rate. This suggests that the pattern of biomarkers that are related

to the presence of a recurrent or persistent depressive disorder are a consequence of the

presence of a recurrent and persistent depression.

The advantage of using a random forest classifier in combination with the original feature

vector data is the capability of assessing the importance of each individual feature in the

original feature vector space. The importance of each feature is displayed in Figure 5.11 and

reveals that the glucose, aspartate transaminase (ASAT) and creatinine expression are the

most important features. The average decrease in accuracy of the random forest classifier

after permuting creatinine is estimated at 12.8%. The average decrease in accuracy for

aspartate transaminase is estimated at 5.5% and 2.5% for the glucose level. The importance

measure for a Random Forests classifier is obtained by applying a permutation approach in

each individual classification tree and measures the decrease in accuracy. The average over

all trees is used as an importance measure for a single Random Forest model (Liaw and

Wiener, 2002). The results are obtained by taking the average decrease in accuracy over all

the Random Forests classification models that are in the bootstrap procedure.

We also constructed a model independent importance measure by using a permutation

approach in combination with the compactness measure as described in expression 2.4. A

decrease in compactness is interpreted as an increase in complexity. These results (Figure

5.12) indicate a similar trend in the top three features as the importance plot obtained by

the Random Forests models. The results indicate that creatinine, ASAT and the glucose

expression are the most important features that influence the compactness of this classifica-

tion task. The average decrease in compactness after permutation of the feature creatinine

is 0.03. For ASAT the average decrease in compactness is 0.01 and 0.003 for the glucose

expression. This importance measure gives an indication to what extend an individual

feature contributes to the separation of the class labels in the dissimilarity space. The re-
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maining features are around zero and indicate that they have no impact on the complexity

of the classification problem. Although the top three features indicate a similar trend as

the importance measure of the Random Forests model, the model independent importance

measure also reveals some contrasting trends as compared to the importance measure of

the Random Forests model.
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Figure 5.11: Importance of each feature. For each feature the average decrease in accuracy is

plotted. The average decrease in accuracy is obtained by taking the average decrease in accuracy

over 100 Random Forests classifiers.
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Figure 5.12: Independent measure of importance based on the compactness measure. The middle

points represent the average decrease in compactness and the lines represent the 95% confidence

interval of the average decrease in compactness for each feature.
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6 Conclusion

The aim of this thesis was to asses the performance of feature-based dissimilarity space

(FDS) classification by applying it to a practical problem and to interpret the results with

respect to the practical problem. Additionally this thesis evaluates how and when FDS

classification is beneficially applied. Similar to the previous section this section is divided

in two individual subsections. In the first subsection the performance of FDS classification

is discussed and an answer on the question when FDS classification is beneficial is given. In

the second subsection the results are discussed in terms of the clinical implications.

6.1 Conclusion Feature-Based Dissimilarity Space Classification

The main aim of this thesis was to evaluate the performance of FDS classification with

respect to traditional learning algorithms which uses the original feature vector space.

The results in section 5 indicate that in the combination of a complex classification

task and a linear classifier the performance of FDS classification is slightly superior to the

use of the original feature vector data. The complexity of the data as used in section 5 is

estimated at 0.53, this indicates a complex classification task. We used several models that

are characterised by a linear decision boundary and are applied in combination with FDS

classification in the bootstrap study. The diverse set of linear classifiers includes logistic

regression, linear discriminant analysis and linear support vector machine. In all these

classification techniques FDS classification slightly outperforms the traditional method in

which the original feature vector data is used to train a classifier. These linear classification

techniques are fitting a linear decision boundary in the dissimilarity space, this decision

boundary is non-linear and flexible in the original feature vector space.

Identical results as observed in section 5 are observed by Duin et al. (2010), in which the

performance of FDS classification is evaluated over 301 distinctive datasets and by applying

FDS classification to a wide range of classifiers. In their paper FDS classification is evalu-

ated by comparing its performance in terms of misclassification rate with the performance

of conventional classifiers. Over 301 datasets the results indicate that FDS classification

is mainly beneficial in combination with a linear classifier. Similar results are observed in

section 5 where FDS classification was mainly beneficial in combination with linear classi-

fiers. The results of Duin et al. (2010) also indicate that the majority of the 301 datasets

are likely to be identified as a complex classification task.

Similar results are found in section 2.5 and 2.6. In section 2.5 compactness based
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selection is evaluated and a similar trend is observed. The results in section 2.5 indicate

that the performance of FDS classification in combination with a linear classifier is more

beneficial when the complexity of classification task is increasing. This relation between

complexity and performance is observed while inspecting the results of the linear and circular

data in Table 2.1 and 2.2. The results reveal that FDS classification in combination with

compactness based selection has a lower misclassification rate in the circular data as in the

linear data. However, the linear data is identified as a less complex classification task as

compared to the circular data. In section 2.6 a similar trend is observed. The results in

section 2.6 indicate that FDS classification is mainly beneficial in the context of a complex

classification task and a linear classifier.

It is likely that a complex classification task is characterised by a flexible decision bound-

ary while a low complex classification task is characterised by a linear decision boundary.

So, in the case of a low complex classification task, such as displayed in Figure 2.2C or the

Iris data, a linear classifier such as a fitted by logistic regression is preferred. However, if

FDS classification is applied in a classifier such as logistic regression the decision boundary

becomes non-linear in the original feature vector space while a linear decision boundary is

preferred in a low complex classification task. As a consequence of using a flexible decision

boundary while a linear decision boundary is preferred is that the classifier becomes more

sensitive to overfitting. Overfitting occurs when a classifier describes noise instead of the

underlying relationship. In general an overfitted model will have poor performance in terms

of the misclassification rate.

In section 2 compactness based selection is presented as a newly proposed method for

selecting a subset of dissimilarity features. This method is derived from the compactness

hypothesis (Arkadev and Braverman, 1966) which gives the fundamentals for estimating the

complexity of a classification task. In this thesis we generalised this concept of compact-

ness to individual dissimilarity features which basically estimates the compactness for each

individual dissimilarity feature. By using the compactness measure for each individual dis-

similarity feature it is possible to select a subset of dissimilarity features that separates the

class labels in the dissimilarity space. Additionally compactness based selection eliminates

noise, dissimilarity features that barely separates the class labels could be considered as

random noise. The dissimilarity features that barely separates the class labels are removed

form the set of dissimilarity features used to train a classifier.

In section 2.5 and 2.6 the performance of compactness based selection is evaluated

in two different settings. The first experiment evaluates the performance of compactness

50



based selection in the context of logistic regression and is compared to L1 regularisation and

forward stepwise selection. All three conditions are applied while using dissimilarity data.

The results of this experiment evidently suggest a superior performance of compactness

based selection in combination with highly complex data. The complexity is estimated by

using the relaxation of the compactness hypothesis as proposed by Duin (1999). In the case

of less complex data compactness based selection performs similar to L1 regularisation and

forward stepwise selection is superior in the case of low complex data.

Similar results are found in the experiment as discussed in section 2.6. In this section

compactness based selection is applied in the context of linear SVM’s while using real world

data. In this experiment the performance of compactness based selection is compared to

three conditions: FDS classification without selecting a subset of dissimilarity features,

FDS classification with a randomly selected subset of dissimilarity features and a linear

SVM classifier trained by using the original feature vector data. The results again suggest

that compactness based selection is beneficial in the context of highly complex data. Two

commonly known datasets were used in this experiment, namely the Iris and the Bupa data.

The Iris data is a well known dataset in which the class labels are easily separated by a linear

decision boundary, this is similar to the linear data as presented in Figure 2.2C. In both

these datasets the use of FDS classification seems less beneficial. The Bupa dataset is used in

several papers and the class labels are best separated by a flexible decision boundary (Jiang

and Zhou, 2004). The results of the experiment in section 2.6 indicate that compactness

based selection is only beneficial in combination with the Bupa data. This indicates that

compactness based selection is beneficial when the data is optimally separated by a flexible

decision boundary.

The advantage of compactness based selection is that the method does not depend

on a specific classification model and is easily applied over an entire range of classifiers.

Additionally, compactness based selection is easily generalised to continuous features in the

original feature vector space. However, the performance of compactness based selection in

the original feature vector space has not been evaluated yet. Noteworthy is that the choice

of a cutoff value does not only depend on a 10-fold cross validation procedure. The cutoff

value could be user defined or other methods could easily by applied to find an optimal

cutoff value. All these aspects of compactness based selection makes it a potential and

dynamic feature selection method in as well the dissimilarity space and the feature vector

space.

Overall the results in section 5 indicate that in terms of the performs FDS classification
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is not always beneficial. The model with the lowest misclassification rate and the highest

AUC is the random forests model while using the original feature vector data. The random

forests model with the original feature vector data performs on average 2% better than

FDS classification applied in the context of a random forests model. These results are

hardly comparable to other classification techniques since a random forests classifier is

characterised by a decision boundary that is formulated by an ensemble of classification

trees which uses a rectangular decision boundary to separate the class labels. At least in

this example we could easily argue that the use of the original feature vector data is preferred

over FDS classification. However these results are not to be generalised to other datasets.

Further research should be conducted to investigate in which conditions FDS classification

is beneficial in the context of a random forests model.

In section 5 linear support vector machines (SVM) in combination with the original

feature vector data is compared to FDS classification in combination with a linear SVM.

FDS classification clearly outperforms the linear SVM in terms of the misclassification rate

and the AUC. The performance of FDS classification is comparable to the performance

of radial base SVM. Both techniques obtained a misclassification rate of 0.17. Only the

AUC differs slightly. The almost identical results are easily explained by the fact that both

classifiers are characterised by a flexible decision boundary. It becomes interesting if we

compare the results of radial base SVM with the results of FDS classification applied in the

context of logistic regression or a linear SVM. The performance of these two techniques is

almost identical in terms of the misclassification rate and the AUC. Both techniques uses

the Euclidean distance function, however, radial base SVM uses a similarity measure that is

bounded by one and FDS classification uses a dissimilarity measure. A similarity measure

indicates that if two observations are identical their pairwise similarity measure is equal to

one. Lets assume a pairwise dissimilarity between object i and r is formulated by using

the Euclidean distance and is denoted as dir. In the case of radial base SVM the pairwise

similarity is formulated by using exp(− d2ir). Despite that these two classification methods

differ in how they use the Euclidean distance they seem to achieve the same results in terms

of the misclassification rate and AUC. We could not find a legitimate explanation why the

results of these two classifiers are almost identical.

The results of FDS classification in the context of a linear SVM suggest a similar trend

as compared to FDS classification in combination with logistic regression. Both techniques

seem to achieve almost identical misclassification rates. However, the difference between

logistic regression and linear SVM is minimal since both techniques are characterised by a
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linear decision boundary. However, logistic regression aims to find a linear decision boundary

that separates the class labels while a linear SVM finds a decision boundary that separates

the class labels with a maximum margin around the decision boundary. The similarities

between linear SVM and logistic regression have been studied and the results indicate that

the performance in terms of misclassification rate is almost identical (Hastie et al., 2009).

During the process of the bootstrap simulation, as described in the methodology sec-

tion, several obstacles were encountered due to combination of FDS classification and the

principal of bootstrapping. Bootstrapping is characterised by generating a new sample by

sampling with replacement from a given dataset. Due to principal of sampling with replace-

ment it is likely that a newly generated sample of size n accommodates identical observations

in the feature vector space. In the case of FDS classification the newly generated sample in

the original feature vector space is transformed into a dissimilarity matrix of size n×n. Now

each observation is also represented as a dissimilarity feature in the dissimilarity matrix. As

a consequence of sampling with replacement it is likely that identical dissimilarity features

are observed in the dissimilarity matrix. In the case of identical features the formulation of

a quadratic discriminant analysis (QDA) classifier becomes impossible since it is no longer

possible to invert the covariance matrix.

Identical features are also problematic in the case of Naive Bayes which makes a strong

assumption about the independence of the features. In these two methods the combination

of FDS classification and bootstrapping is not optimal, and in the case of QDA even im-

possible. However, such a problem could also occur while using original data, for example

lets assume a data set with three categorical features with each two labels and a two class

outcome variable. When the number of observations increases it becomes more likely that

some observations are identical. To overcome this problem one could repeat a cross valida-

tion procedure to get an estimate of the misclassification rate and the AUC. An alternative

is achieved by repeatedly generating a random training and validation set from the original

data. However, in this case the samples are not independently sampled. This procedure is

commonly known as the holdout method.

The disadvantage of FDS classification is that the coefficients provided by several mod-

els such as logistic regression do no longer provide any information about the value of the

original features. In the case of logistic regression in combination with FDS classification

the estimated coefficients represent the effect of a specific dissimilarity feature on the out-

come variable. As a consequence we only obtain a set of regression coefficients for a set

of dissimilarity features towards individuals in the training set. Nonetheless, during the
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construction of a classifier we are often interested in the relation between a specific feature

and the outcome variable.

In the case of logistic regression the importance of an original feature is identified by

a permutation approach. In this permutation approach the values of a specific feature are

permuted before transforming it into a dissimilarity structure. The importance measure

in the context of logistic regression is the deviance obtained by using the original data

minus the deviance while using the permuted data (De Rooij, 2015). By repeating this

permutation procedure an estimate of the importance per feature is obtained (Ho, 1998).

This concept of measuring importance could be generalised to different models. Instead

of using the deviance as a measure of importance, the average decrease in accuracy or a

measure of goodness of fit are possible candidates for evaluating the importance per feature.

A second alternative and model independent method is the use of the compactness

measure of a dissimilarity matrix. This compactness measure is defined in expression 2.4

and is the average of all the compactness measures for each individual dissimilarity feature.

In this newly proposed method we also use a permutation approach. Again the values of

a specific feature are permuted before transforming it into a dissimilarity structure. After

transforming the data with the permuted feature into a dissimilarity matrix an estimate of

the compactness is formulated by using expression 2.4. The importance measure is estimated

as the compactness measure while using the original data minus the compactness measure

while using the permuted data.

The results of the model independent importance measure are discussed in section 5.

However, this newly proposed technique has not been evaluated. The results of this im-

portance measure indicate a similar trend for the top three most important features as the

importance measure that is incorporated in the random forests classifier in combination

with the original feature vector data. However, for the remaining features different results

are obtained. To assess validity of this newly proposed method future research should

be conducted to evaluate if this technique is a legitimate estimator of the importance for

individual features.

6.2 Conclusion Clinical Implications

In the practical problem the aim was to correctly identify individuals with a persistent or

recurrent depression by using a set of bio-makers and a short disability questionnaire. In

some sense this is the holy grail for psychiatrists since psychiatric diagnostics are primarily

derived by a clinical interview. This is in contrast to other medical conditions such as cancer,
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hiv/aids, diabetes and infectious diseases which are often diagnosed by using blood sam-

ples. The advantage of using biological markers in diagnosing individuals with a depressive

disorder is that it is less prone to human error. In the case of diagnosing depression it has

been shown that the accuracy of diagnosing a depression correctly decreases if individuals

have psychiatric co-morbidity (Nuyen et al., 2005).

Noteworthy is that the label of a persistent or recurrent depression has been derived

by using a standardised psychiatric interview (CIDI). Research has shown that the CIDI

interview has a high false positive rate which falsely elevates the prevalence of a depres-

sion (Kurdyak and Gnam, 2005). Additionally the CIDI interview has been criticised for

its insensitivity to cultural differences (Rosenman, 2012). This indicates that the outcome

variable as used in this thesis may contain false positives which may influence the misclas-

sification rate and the AUC of the learning algorithms. An alternative is use unsupervised

learning algorithms to detect structural differences in biological markers that potentially

could serve as an objective marker to diagnose a persistent or recurrent depression.

A random forests classifier in combination with the original feature vector data is the

superior model in terms of the misclassification rate and the AUC. Due to the nature of

a random forests model the importance of each individual feature in terms of the average

decrease in accuracy can be estimated. The average decrease in accuracy is interpreted as

the average decrease in accuracy of a classification tree when a specific feature is permuted.

The results as discussed in section 5 indicate a superior predictive value for creatinine with

respect to the remaining features. The average decrease in accuracy after removing creati-

nine is 12.8%. However, the exact mechanism of creatinine on the prevalence of a persistent

or recurrent depression is not exactly clear and a limited amount scientific literature is

available about this topic. In section 3, the description of the data reveals that the average

serum expression of creatinine is 90.4 for individuals diagnosed with a persistent or recurrent

depression and 76.04 for individuals without a persistent or recurrent depression. Research

suggest that the severity of a depression is related to the creatinine serum expression, higher

levels of creatinine are related with more severe depressive symptoms (Segal et al., 2007).

One of the arguments is that the functional neurotransmission is dependent on the intracel-

lular energy metabolism which is partly supported by the expression of creatinine (Allen,

2012).

The random forests model also identified two other important features, namely the

expression of glucose and aspartate transaminase (ASAT). The relation between glucose has

been well studied although the exact biological relation is still under debate. Some argue
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that depression is a risk factor for type 2 diabetes while others suggest that type 2 diabetes

is a risk factor for depression (Weber et al., 2000). However there is no scientific literature

available that studies the mechanism between the expression of ASAT and depression. The

data suggest a decrease in the expression of ASAT in individuals diagnosed with a persistent

or recurrent depression. However, previous research that investigated the relation between

the expression of ASAT and depression revealed an increase in the serum levels of ASAT in

individuals diagnosed with a major depression (Zelber-Sagi et al., 2013). These results are

in contrast to the findings presented in this thesis. A possible mechanism that could explain

the lowered levels of ASAT is due to the fact that some individuals within the NESDA study

use anti-depressive medicine which may alter the expression of ASAT. Further research is

needed to investigate why we observed a decreased expression of ASAT in individuals with

a persistent or recurrent depression.

Noteworthy is that the results indicate that the features are not capable of predicting the

presence of a persistent or recurrent depression. If individuals are diagnosed with a single

depressive disorder at baseline and diagnosed with a persistent or recurrent depression

three years after baseline the blood samples does not contain a pattern that may indicate

the presence of a persistent or recurrent depression after three years. These results indicate

that changes in the blood serum samples are mainly due to the presence of a persistent or

recurrent depression.

The results in section 5 indicate that by using a combination of bio-markers and a dis-

ability scale, learning algorithms such as logistic regression, support vector machine and

linear discriminant analysis are reasonable well competent in discriminating between indi-

viduals with and without a persistent or recurrent depression. The overall performance in

terms of the misclassification rate and AUC is possibly improved if other bio-markers are

added into the set of features. Examples are the use of genetics or the formulation of a

genetic risk score which could possibly improve the overall performance of the classification

models. The overall performance could also be improved by increasing the training set size,

during the process of this thesis we used a training set of size n = 500 by increasing it to

n = 1000 the performance of the classifiers in terms of the misclassification rate and the

AUC are improved. However, given the results as discussed in section 5 it is reasonable to

assume that by improving the performance of the learning algorithms psychiatrist could use

a blood sample to get an indication of how likely it is that an individual has a persistent

or recurrent depression. This indication, as given by a learning algorithm, could be used in

combination with a clinical interview to decrease the overall false positive rate.
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7 Discussion

In section two compactness based selection is presented as a newly proposed method for

selecting a subset of dissimilarity features. This method is derived from the compactness

hypothesis (Arkadev and Braverman, 1966) which gives the fundamentals for estimating the

complexity of a classification task. In this thesis we generalised this concept to individual

dissimilarity features which basically estimates the compactness for each individual dissim-

ilarity feature. By using the compactness measure for each individual dissimilarity feature

its possible to select a subset of dissimilarity features.

Assume a compactness estimate for a single dissimilarity feature of 0.5. This indicates

that on average 50% of the pairwise dissimilarities towards observations with the same class

label as the observation associated with the dissimilarity feature is smaller than the pair-

wise dissimilarities towards observations with a different class label. Thus, a compactness

estimate of 0.5 indicates that the specific dissimilarity feature is barely informative for a

classification model and only contains noise. In the case of a compactness estimate of one

unit the class labels are perfectly separated by the pairwise dissimilarities. In this thesis a

10-fold cross validation procedure was applied to find an optimal cutoff value between 0.5

and the maximum compactness estimate for a specific dataset. This concept is displayed

in Figure 7.1A in which the density of the compactness measures is displayed for the com-

plete data as used in section 5. This figure reveals that by finding the optimal cutoff value

for compactness based selection between 0.5 and the maximum compactness measure we

assume that compactness measures below 0.5 are not informative for a classification model.

However, a compactness measure below 0.5 is likely to be just as informative as a dissimi-

larity feature with a compactness measure above 0.5. For example, a compactness measure

of 0.25 indicates that the observation associated with the specific dissimilarity feature is on

average closer to observations with a different class label. These observations associated

with a dissimilarity feature that has a compactness measure below 0.5 could for example

represent an outlier but still be informative while classifying.

In Figure 7.1B an alternative to the currently used method for compactness based se-

lection is presented. In this newly proposed method two optimal cutoff values are found

by a 10-fold cross validation procedure. The extra optimal cutoff value is found between

0.5 and the minimum compactness measure of a specific dataset. Due to this adjustment

dissimilarity features with a compactness measure below 0.5 are now considered to be in-

formative and used while training a classifier. As a consequence of this adjustment it is

likely that FDS classification models contain more information and thereby achieve better
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performance.
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Figure 7.1: Density curve of the compactness measures. In Figure A the optimal cut-off value

for compactness based selection is found in the grey area under the curve, between 0.5 and the

maximum compactness measure. Figure B represents a newly proposed method in which a second

cut-off value is found below 0.5.

A disadvantage of FDS classification is the incapability of providing any information

about the importance of individual features in the original feature vector space. The im-

portance measure as described in section 4 makes it possible to assess the additional value of

a specific feature on the outcome variable. An alternative is to formulate a completely new

classification model that optimises a set of coefficients for features in the original feature

vector space before transforming it into dissimilarity structure. In the current framework

the Euclidean distance between object 1 and 2 with representations on p features is defined

as:

d12 =
√

(x11 − x21)2 + (x12 − x22)2 + . . .+ (x1p − x2p)2 (7.1)

All the dissimilarities within a specific feature are weighted by a coefficient in this new clas-

sification algorithm. These coefficients are optimised by a yet to be developed optimisation

algorithm in such a fashion that the advantages of FDS classification are preserved. In

the case of this new model the distance between between object 1 and 2 with values on p

features is defined as:

d12 =
√
β1(x11 − x21)2 + β2(x12 − x22)2 + . . .+ βp(x1p − x2p)2 (7.2)

In order to preserve the properties of FDS classification a new optimisation procedure that

optimises the β coefficients has to be developed. The potential of this model is that the
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dissimilarities between specific features are weighted accordingly to their importance. This

allows the user to select features in the original feature vector space while classifying in the

dissimilarity space.

The results of this thesis indicate that FDS classification is beneficial in the context of

linear classifiers in which FDS classification finds a non-linear decision boundary. These

non-linear boundaries fitted by FDS classification are a good competitor for radial base

SVM’s. The advantage of FDS classification over SVMs is that the output is interpretable

in terms of dissimilarities towards prototypes or exemplars. SVM’s are often characterised

as black boxes in which it is unknown what is done in order the classify. However, a large

extend of research is needed in the field of formulating prototypes. Most common techniques

only allow the input of continuous features, methods for defining prototypes with categorical

features are often insufficiently explored.

In the case of FDS classification in the context of logistic regression the use of compact-

ness based selection or L1 regularisation does provide a superior tool for selecting a subset

of dissimilarity features while the classification task is considered to be complex. For less

complex classification tasks forward stepwise selection is a good competitor of compactness

based selection and L1 regularisation. Using FDS classification in the context of logistic

regression without selecting a subset of dissimilarity features is proven unstable since the

coefficients are not uniquely estimated.

In this thesis we mainly used the Euclidean distance. The complexity of a classification

task as measured by the compactness hypothesis is dependent on the distance function used

to transform the original feature vector data into dissimilarity data. A large collection of

different distance functions are available and could improve the performance. The Maha-

lanobis distance is good competitor for the Euclidean distance since it takes into account

the variances and covariances between features in the original feature vector space. The

perfect distance function could differ per classification task, although it is likely that some

of the distance functions in general are more suitable for FDS classification. Estimating the

complexity of a classification task requires a metric distance function. The use of asym-

metric distance function in combination with FDS classification is hardly studied and new

methods for estimating the complexity and selecting dissimilarity features are required in

that case.

In this thesis we standardised all the original features before transforming the original

feature vector data into a dissimilarity structure. However, the standardisation of the

original features is not a necessity. However, if the original features are not standardised
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the importance of the original features are a function of the scale of the original features.

Multiple alternatives are available, the original features could be used without standardising

and instead features could be weighted accordingly to their importance.

Overall the results indicate that FDS classification is beneficial in combination with a

linear classifier and a complex classification task. However, further research is needed to

identify when FDS classification is beneficial in a non-linear classifier such as radial base

SVM or a random forests classifier.

All the experiments are conducted by using R (R Core Team, 2014) and the R code for

all the functions are available on request by sending an e-mail to n.jongs@me.com. The data

that accommodates all the biological markers which are related to psychiatric disorder is not

publicly available. The data is available on request by contacting the NESDA consortium

(Penninx et al., 2008).
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