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Abstract

Feature selection is a process used for selecting a subset of features from the
feature space of a dataset, according to some criteria. The main goals of feature
selection are creating simpler and/or better models and getting insights about the
data. The problem is that the accuracy of different feature selection techniques might
be dependent on the classifier or the dataset used. In this thesis different feature
selection techniques are compared with each other, each feature selection technique
is tested with a number of different classifiers and datasets, which either may be real
or synthetic data. By providing these insights, we support practitioners in machine
learning and classification with a better understanding of the relative advantages
and challenges of several feature selection methods, and thereby arguably help them
in the process of classifier design.
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Nomenclature

Observation An observation is a data instance represented by an n-dimensional vector.

n

m

Number of observations
Number of features

Matrix of dimension n x m containing all known observations. Each column rep-
resents a feature and each row represents an observation

n-dimensional vector representing the i’th observation of X
m-dimensional vector representing all the values for feature f in X

n-dimensional vector which defines the class for each observation in X



C Set of all classes



1 Introduction

In machine learning classification is the problem of assigning a class to an observation
on the basis of a model which is described by some parameters. These parameters are
optimized by a training set which contains data for which the class is known. A typical
example of classification is classifying a new image of skin where the classes are “skin
cancer” and ‘no skin cancer”. The image is assigned to one of the classes based on the
model which in turn uses the training set. This example also demonstrates the importance
of classification. If a system could make accurate predictions about whether or not the
skin in the image contains skin cancer it could save lives.

Data is often represented by an n-dimensional vector x where each element z; of x
represents a feature. A feature describes a property of the data and is usually repre-
sented by a number. For example a color is usually described by a vector with three
integers between 0 and 255, where the integers describe the red, green and blue coefficient
respectively. Each coefficient is a feature, and the three features together describe the
data. In this example each feature is relevant, because all features are needed to correctly
specify the color, but in some cases there might be features which are not relevant or are
redundant. Feature selection aims to eliminate such features to make the model simpler
and maybe better. More formally: Feature selection is a process which selects a subset k
from the features available where k£ contains the best features according to some criteria,
usually relevance or usability.

The goal of this thesis is to compare several feature selection techniques with each
other, to see how well each feature selection technique performs in comparison with the
other techniques and how robust the results of the features selection techniques are. The
feature selection techniques will consist of a baseline method, fast filter methods, com-
putationally more expensive wrapper methods and experimental methods. The baseline
method should be the worst method and is used for comparison. The experimental meth-
ods are usually not used for the task of feature selection but contain a rationale which
makes sense for feature selection. So they might be good feature selection techniques.
More interestingly are the results of the filter and wrappers methods. A method with
slightly less accuracy but with a faster execution time might be preferable to a slower
more accurate method.

The comparison is done between several different classifiers and datasets, to make the
results more robust/meaningful.

Section 2 describes machine learning, supervised learning and classification. In section
3 feature selection will be explained in more detail. Section 4 describes the experiments
performed for this project. In section 5 the implementation will be explained. In section
6 the project will be discussed and in section 7 this report will be concluded.



2 Classification

Classification is a machine learning problem, so before explaining classification, machine
learning is introduced briefly.

According to Alpaydin [10] the definition for machine learning is: “Machine learning
is programming computers to optimize a performance criterion using example data or
past experience”. Another famous definition of machine learning by Mitchell [24] is: “A
computer program is said to learn from experience E with respect to some class of tasks T
and performance measure P, if its performance at tasks in T, as measured by P, improves
with experience E”. The main problems machine learning tries to solve is predicting fu-
ture data and gaining knowledge about the data [10]. The basic algorithm for machine
learning is selecting a model with some parameters and optimize the parameters with
respect to the training data. The outcome associated to the observations can be known
or unknown. This is called supervised and unsupervised learning respectively. A typical
example of machine learning is spam detection.

Classification is a supervised learning problem which has to do with assigning a class
to a new observation. An observation is a representation of a single data entry. In this
case an observation is an n-dimensional vector where each element in the vector repre-
sents a feature. Let C' be the set of all classes and let X = {(a%,¢y")|z € R",y € C}I,
be the training set which contains all known data. The training set contains observations
x! with their corresponding outcome y!. Classification is the process of assigning a class
¢ € C to a new observation o, where the observation is evaluated by a model g(z|#). The
model g(.) is chosen from a hypothesis class H which is a set of models where each model
has different parameter values. Because the parameters 6 of g(.) are unknown at the
beginning the best model from H has to be selected. Finding the model which describes
the data best three main choices have to be made [10].

1. Choosing a hypothesis class H, which limits the number of possible classifiers.

2. A loss function L to measure the difference between the known output y and the
predicted outcome g(x|0).

3. An optimization procedure to find the optimal parameters for a model, e.g. 0% =
argmin » L(y", g(«]0)).
0 t

Different classifiers have either a different hypothesis class or differ on one of these func-
tions. In classification a model is also called a discriminant function d(z) = y,y € C,
because it discriminates between classes. Classification is important in a lot of cases, skin
cancer detection is one of the many examples.

2.1 Classifiers

As our focus is on feature selection, rather than classifier evaluation, we wanted to base
our work on a set of well-proven classifiers, as studied and described in the literature.
For this purpose, we selected a number of well-known classifiers in the machine learning
community. These are described next.



2.1.1 K-nearest Neighbours

A k-nearest neighbours classifier, abbreviated knn, classifies a new observation o according
to the k closest neighbours of 0. Let N, be the set of k-nearest neighbours for o, then
the probability of o belonging to class C; is set to P(Cjlo) = %kciw“), which is the
ratio of the number of observations in N against k. The discriminant function d =
C; such that P(C;|N) = max(P(C;|N)), j € [0..p], where p is the number of classes,
assigns the most frequent class in NV to the new observation o. The nearest neighbours

are determined by a distance function. The most common function is the Euclidian

distance function d(z,y) = {/>_(z; — v;)?, but other distance functions can be used. The
i=0

rationale behind this method is that observations of the same class should be close to each
other. Knn is included because it is a widely-used, simple and intuitive way of classifying
new observations.

2.1.2 Random Forest

A decision tree is a classifier which makes use of the tree data structure. Each node in
the tree represents a rule and each leaf represents a class. A rule splits up the data into
multiple directions and may invoke several features. For example if a feature f for a new
observation o has the value 1 and the rule for a node is f > 2, then o travels to the
next node b via the edge with the label “false”. Methods for creating decision trees from
training data are for example C4.5 [25] and CART |[28]. Decision trees are a popular
classifier because they don’t make assumptions about the distribution of the data it tries
to predict. A big disadvantage of a decision tree is the high variance, which means that
small changes in the data might change the model significantly which makes the model
less robust and prone to overfitting. A possible solution to this is tree bagging, which
introduces a random factor by re-sampling the data k times, selecting only a certain
percentage of the training-data each time, and creating a decision tree for each sample
[11]. The final class outcome is calculated by taking a majority vote over all created
decision trees. Research shows that bagging keeps the same bias, but decreases variance
[11].

The random forest uses the same process as bagging, but it differs in one aspect. When
the tree has to be split, most algorithms try to select a rule which minimizes the error
taking into account all features. With a random forest at each split a random subset of
features is chosen and from that set the best rule is chosen. This is done to minimize
correlation between individual decision trees [12] and thus reduces overfitting. Research
has shown that random forest outperform bagging and decision trees in general [18].
The random forest classifier is available in scikit-learn [7] and is specified by several
parameters such as the number of trees to use and the percentage of observations to be
selected in each sample. The working of the random forest classifier is explained in detail
by Leo Breiman [I2]. It is included as a classifier because random forests is a well-known
and robust classifier.

2.1.3 Support Vector Machines

Support Vector Machines (usually abbreviated as SVM) are well known in classification
because they have computational advantages over other methods [2I]. An SVM specifies
a linear decision boundary, dividing the space into two half-spaces. Observations are



classified according to their position of the decision boundary. An SVM is trained on
all the data but the resulting model only uses so-called support vectors for classification
[21]. A support vector is a known observation which is close to the decision boundary. An
SVM trains the weights of a decision function, which, in the end, determines the class of
the data. The data is not always linearly seperable, that’s why SVMs make use of kernel
functions, a kernel function transforms the data into another space which might be better
linearly seperable. Thus SVMs operate on the transformed data. There are several kernel
functions possible, we use the linear kernel and a radial based kernel.

2.1.4 Dummy

As a sanity check for our experiments, we introduce a dummy classifier. Dummy assigns
new data to the most frequent class, so the probability of a new observation o belonging
to class C; is P(C; | X) = %C"X) Let k& be the number of classes then the decision
function d(o) = C; if P(C; | X) = max(P(C; |X)), j € [0..k] assigns o to the most
frequent class. The dummy classifier is used as a baseline classifier, the other classifiers
should never be worse then the dummy. It can also be used for verification of the imple-
mentation since this method has the property that it always has a ROC-AUC score of
0.5. The working of the ROC-AUC score will be explained in section 4.1 .



3 Feature selection

As mentioned in the introduction, data is often represented by features. The number of
features used is typically large, think of a few hundred /thousand features [20]. A feature
selection technique selects a subset with the best features according to some criteria. It
is possible that two or more features are related so that they partially measure the same
quantity. If the goal is to select the best features regardless whether the best features are
related to each other, then the criteria is relevance. If the goal is to select the features
which optimize a model, then the criteria is usefulness. Although other criteria are possible
these two are the most used [20]. Note that the most relevant features are not always
optimal for a model, overlapping features may cancel each other or even decrease the
accuracy of the model [20].

All the feature selection techniques used in this project give each feature a score, which
is why they are reffered to as scorers. By doing so we can iterate over the best features
by changing one parameter ¢ where ¢ defines how many of the best features are to be
selected. This makes the experiments easier since there is only one variable which has to
be changed each iteration. It is also used in the work of Isabelle Guyon [2I]. Note that
this is not the only possible solution.

3.1 Importance

The most obvious reason why feature selection is important is the dimensionality reduction
which leads to a reduction in storage needed, processing time and simplifies the model by
making it dependent on less features. A second reason is that a model with less features
might describe the data equally well or even better then with all features, since a simpler
model reduces overfitting [21]. For example the article by Rauber et al [26] shows that
for a specific dataset the number of features can be reduced to five percent of the total
number of features whilst keeping the same prediction accuracy. The third reason is that
feature selection might give relevant insights about the data [20, 23, [10]. For example in
the skin cancer case it is useful to know if the color of the skin is good indication for skin
cancer. These insights can be used to create potentially better classifiers.

3.2 Feature selection categories

The techniques used in this thesis are divided into two main categories.

Filters A filter scores the features according to a scoring function S(f), where f is a
feature, based on the input X and output y. Filters are a preprocessing step and
are completely independent of the classifier. The advantage of filters is that they
are usually faster than wrappers and are more robust against overfitting because
it is independent of a classifier [20]. The filters used in the scope of our project
are chi-squared [30], one-way ANOVA [30], variance based coherence, random and
silhouette coefficients [9], all of them will be explained in more detail later on.

Wrappers Wrappers use a classifier as a black box to score the features [20]. So they
optimize the features according to their predictive power for the selected classifier
[23]. The wrappers used in this project are recursive feature elimination [21],
randomized decision trees [I8] and randomized logistic regression [§].



Hybrid Hybrids combine filters and wrappers, it uses a filter for selecting potential
models and the wrapper to verify it [23]. For this project no hybrid methods were
used. The reason for this is that we wanted to study the methods individually. It
is up to the reader to combine methods, if it appears interesting.

3.3 Scorers

The scorers are split up into three groups based on their category and their purpose.
The first group contains a random scorer, which is used as a baseline, and two exper-
imental methods, which are not often used for feature selection.

Random The random scorer gives each feature a score between zero and one randomly.
It is used as a baseline method. The quality of other scorers can be compared with
respect to the random scorer. If a scorer scores worse than the random scorer it is
very probable that scorer selects bad features instead of good ones.

Silhouette Coefficient The silhouette coefficient makes use of clusters. A cluster is
a subset of observations which are similar to each other in feature space. The
silhouette coefficient assumes cluster compactness is a good way to discriminate
between classes. It is calculated by the formula m;’;(g,b), where a is the mean intra-

cluster distance and b the mean nearest-cluster distance [9]. The Euclidian distance

is used by default but this can be changed. The score for a feature f is calculated by

bj—a;

the formula #ﬁlb), where a; is the mean distance to observations of the same
class and b; is the smallest mean distance to observations of another class. The
score is calculated for each feature f using all observations X/ for f. The division
by the maximum normalizes the score to a value in the range [—1..1], 1 being the
best score and -1 the worst. Positive values indicate that the inner-cluster distance
is smaller than the nearest-cluster distance, negative values indicate the opposite.
The rationale behind this method is that the features with the best score are the
most isolated from the rest so if a new observation is close to this cluster it is very
probable it has the same class. In the code the silhouette coefficient is calculated
for each feature and the end result is normalized so it contains values between zero
and one. This method is not often used as a feature selection technique. It has been
proposed for instance selection and is used for evaluating clustering algorithms [13].
It is expected that this method is not very good in selecting good features because
the data for a given class don’t have to be in a compact cluster. It is included
because it is a simple method and had some success in instance selection.

Variance Based Coherence The variance based scorer scores the features based on
their variance by calculating the variance for a feature for all observations var(p+n)
and calculating the variance for only observations of the positive class var(p) and

then taking of the ratio of the two: #p(ﬁ)n), the highest score meaning the worst

feature. In the case of divison by zero the score for that feature is the same as the
worst score. The rationale behind this is that without variance you have no way of
knowing to which class a new observation belongs so the feature cannot be worse.

After this step the values are normalized and negated, so the best feature has the

highest score. The idea behind this scorer is that if the variance in the positive

class is significantly smaller than the total variance for the feature, the feature can
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be used to discriminate between the classes. If the variance of the positive class is
higher or almost equal it gets harder to distinguish between classes. The scorer is
included because of its simple and intuitive way of selecting features, although it
is expected that it does not work well all the times since there are examples where
this scorer selects bad features. For example, if there is a feature f which should
have zero variance but due to an outlier the variance in the positive class is zero
and the total variance is 0.00001 than the score for this feature is very good because
1 — —% - = 1. This of course is not true and this feature should not even be

0.00001
considered as one of the best.

The second group contains filter scorers. This group contains widely-used feature selection
techniques which do not use a classifier to score the features.

Chi-squared Chi-squared is a filter method that uses the chi-squared statistic. Specif-
ically the Pearson chi-squared statistic is used. The statistic measures goodness of
fit, the likelihood of the variable belonging to some distribution and the indepen-
dence with respect to another variable. The Pearson chi-squared test is defined as
> % [30], where O; is the observed value, E; is the expected value and n the

i=1
number of observations. This statistic is used for feature selection in the following

way [1]:

1. yis converted to a binary class problem if it wasn’t already, 1 being the positive
class and 0 the negative.

2. The observed value O for a feature f is calculated by taking the sum over all
feature values of f for the postive class.

3. The class probability is calculated by P = pu(y). This is correct because y is
binarized.

4. The expected value F is calculated by the formula £ = P f, where > f is
the sum over all feature values for feature f.

In the scope of our project the statistic is used to calculate the dependence between
the class variable and the selected feature. High scores indicate dependencies so
features with a high score are probably more important.

Now the expected and observed values are calculated the chi squared metric can
be calculated by simply applying O and E to the formula. Note that the sum-
mation in the formula is implemented with dot products, so to calculate the final
score the summations in the formula have to be ignored. Chi-squared is chosen
as a scorer because it is a well known method for measuring dependence between
variables and it is also a fast filter method, so it would be nice to compare this
with the more advanced methods. Chi-squared scores features independently, any
dependence between features will not be detected by this scorer.

One-way ANOVA The one-way ANOVA statistic tests the null hypothesis that the
means of all groups are equal. One-way ANOVA can only work with numeric features
and makes several assumptions about the data, e.g. it is normally distributed,
the samples are independent and all the groups have the same standard deviation
[30, 5]. Let z”, p € N be the vector containing all feature values of feature f for class
p. The hypothesis which one-way ANOVA tests then becomes pu(z') = u(z?) = ... =
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1(z”). Note that we only talk about one feature in this section. In our experiments
these calculations have to be egcecuted for each feature. The inter class variance is
P
calculated by the formula Y Y (2! — 27)?, where n; denotes the number of values
j=1i=1
for class j, p is the number of classes, 2] is the i’th element of z’ and z/ is the mean

of feature f for class j. The treatment is calculated by the formula i nj(z — z)?,

=1
where z is the mean value of feature f regardless the class. The scjore for feature
f is calculated by summing the outcomes of the two formulas together. In our
experiments j will always be 2 because we only work with binary classification
problems. The features with the highest scores are the best scores according to the
one-way ANOVA scorer. The rationale behind this is that a big difference in means
between classes for the same feature can be used to distinguish between classes.
The higher the score the bigger the difference in means so the easier it becomes to
distinguish between classes. Like the chi-squared scorer it does not take into account
dependencies between features. This scorer is included because it makes the filter
methods equally represented.

The last group contains wrapper scorers. Wrapper scorers score features with help of a
classifier and are widely used for feature selection.

Recursive Feature Elimination Recursive feature elimination is a wrapper method
which makes use of a classifier. It consists of three basic steps [21].

1. Train the classifier.
2. Compute the ranking for each feature, based on the classifier.

3. Remove feature with the highest rank.

This process can be repeated and more than one feature may be selected each
iteration. In our case we use the combination of Results for the Random scorer with
the linear SVM as suggested in the article by Guyon [21]. We are only interested
in the ranking. The ranking of features is based on the weights they receive when
training the SVM [2I]. A higher weight means that the feature is more relevant.
Recursive feature elimination is added because it seems a intuitive way to select
features, it is also different from the other wrapper methods which make use of
randomization.

Randomized Decision Trees Randomized decision trees use extremely randomized trees
as classifier to find the best features. Extremely randomized trees is an extension
of the random forest classifier with the difference that extremely randomized trees
use the entire training set multiple times and it chooses a random rule at each split.
It has a fast execution time and delivers good results [I§]. The randomized deci-
sion trees classifier works by generating k (partially) random decision trees [18].
New observations are classified based on a majority vote over all £ random decision
trees. The main rationale behind the random element is that it tries to decrease
bias and variance. Randomized decision trees can be used for ranking features, al-
though research shows that it does not belong to the top scorers [19]. The features
are scored using the gini impurity measure according to [3]. In the random forest
classifier randomization leads to less variance while keeping the same bias. It seems
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to apply in general that randomization makes the results more robust. That is why
this method is included, because it is a randomized method and because it is the
only scorer to use a tree classifier.

Randomized Logistic Regression In this method a logistic regression classifier is used

to train a model. The logistic regression classifier is defined as g(x) = rle—t where

n

t = > a;x;+ag. The weights a are optimized with respect to the data X [22]. This
is dé)nle by selecting the weights which minimize the error for the training set. The
function returns for an observation o a value between zero and one. o Is classified
as “positive” if g(o) > 0.5 and classified as “negative” otherwise. The training of
the classifier can be done in several ways and is outside of the scope of this project.
Randomized logistic regression works by re-sampling the input data k£ times, each
time selecting only a fraction r of the training set, and train the logistic function
only using r [8]. The weights for each feature are summed up for each iteration and
the features are ranked according to their summed weight, a high weight indicates
a good feature [8]. Note that this is not the only way to score a feature, squaring
the weights or taking the absolute value of the weights before summing up are
also possibilities. It is added to this project because it uses a completely different
classifier.
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4 Experiments

The goal of the experiments is to compare the performance of feature selection techniques
with each other and the baseline scoring technique. The feature selection techniques
are used in combination with multiple datasets and classifiers to make the results more
robust and meaningful. The prediction accuracy is used as a metric to score the feature
selection techniques. Particularly interesting is the difference between faster filter and
slower wrapper methods. It is also interesting to see how well the experimental scorers
perform.

4.1 Scoring

A scoring method is used for measuring the performance or accuracy of a classifier. There
are multiple ways of scoring a classifier. Intuitive and simple ones are the error and
success ratio. But in some cases these are not good enough. For example when there
are two classes and the prior probability of class 1 is 0.99 then a classifier using a simple
majority vote classifies the data with a success rate of 0.99 or equivalently an error rate
of 0.01. The scores indicate a very good classifier whilst this is not the case. To prevent
this problem a different and more robust scoring method is used. The scoring method
used in the experiments is called the “receiver operating characteristic area under the
curve”, abbreviated “ROC-AUC”. The following definitions are used for calculating the
ROC-AUC score [10].

True positive, TP: A true positive occurs when the classifier predicted correctly that
the observation belonged to the positive class.

True negative, TN: A true negative occurs when the classifier predicted correctly that
the observation belonged to the negative class.

False positive, F'P: A false positive occurs when the classifier predicted incorrectly that
the observation belonged to the positive class. This type of error is known as a type
I error.

False negative, FFN: A false negative occurs when the classifier predicted incorrectly
that the observation belonged to the negative class. This type of error is known as
a type II error.

Total positive, ToP: ToP =TP + FN.
Total negative, ToN: ToN =TF + FP.

True positive rate, T'PR: Ratio of correctly predicted positives against ToP, TPR =
TP/ToP. Best score is 1, everything is predicted correctly, note that this is also
the case when you always predict positive. Worst score is 0 everything is predicted
incorrectly.

False postive rate, F'PR: Ratio of incorrectly predicted positives against ToN, FPR =
FP/ToN.

Threshold, 7: The threshold determines the class the data belongs to if data > T it
belongs to positive otherwise it belongs to negative.
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For different values of T the TPR and FPR are calculated, these values are than placed
inside the plot. In the end the plot contains several data-points and the resulting curve is
obtained by drawing a line through all these data-points. The final score is the area under
the curve and because the axes both have the range [0..1] so the score is also between
zero and one. One denoting the best score and zero the worst. It is an elaborate scoring

method but it is generally more robust. More information about the ROC-AUC score can
be found in [I0].

4.2 Protocol

The protocol has two main parts, the first part is about obtaining the relevant data, the
second part is about converting that data into useful plots and statistics.

Each feature selection technique in this project works by scoring all features, so each
technique has a ranking for the features. This makes it possible to select the k most
important features according to a feature selection technique or scorer. Let [ be a set
with integers where Vicr(i € [1,2,..,m — 1,m]). Each i defines with how many of the
best features the experiment has to be evaluated. In the best case I contains all integers
in the range [1,2,..,m — 1, m] but this means that for each ¢ all the classifiers have to
be retrained which is time-consuming. To overcome this problem the number of features
selected at each iteration is increased exponentially so if a dataset has 500 features, the
experiment is evaluated with 1, 2, 4, 8, 16, 32, 64, 128, 256 and 500 of the best features
respectively according to scorer f. Note that the experiment always includes one iteration
using all the features because it can be used as a baseline score. The evaluation of the
feature selection technique is based on the score of the underlying classifier because the
aim of feature selection is to select the best features with as criteria to optimize the
performance of the classifiers. So if for a classifier ¢ and feature selection techniques a and
b the resulting scores for ¢ are 0.5 and 0.8 when selecting the two best features according
to a and b respectively, than b is considered the better feature selection technique. This
of course might change when selecting another number of features. To make results
more robust several different classifiers are used. The classifiers are scored using the
ROC-AUC score because it is more robust than other scoring methods. A classifier is
defined by several parameters. A classifier with specific parameter settings is called an
estimator. The experiment is executed multiple times for each classifier each time using a
different estimator, the best score from those estimators will be the resulting score for the
classifier. Let F' be the set containing all scorers, then the end-result is that for each triple
(f,c,i),f € Fc e Cié€ I there is a corresponding score s. A ten-fold cross-validation
is used when calculating the results, making the outcome more robust. The following
pseudo-code will explain the experiments more clearly. Store is a command which writes
data to disk. F is the set containing all scorers or feature selection techniques, C is the
set containing all classifiers, I is the set containg the number of best features for which
the experiment has to be executed and E is the set containing all estimators for ¢ where
ceC.
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Algorithm 1 Algorithm for obtaining relevant information

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

procedure EXECUTE(X, y) > executes experiment for a dataset

for all f € F do
scores <— sorted list containing scores for each feature in X using f
STORE(scores) > stores the feature scores with corresponding names
for all € I do
Xt < training-set containing the data for the i best features for f
yt <— classes corresponding to Xt
for all c€ C' do
best _score < 0
for all e € F do > E is the set of all estimators for the classifier ¢
TRAIN(e, Xt,yt) > Train model with training data and estimator
score < ROC-AUC score for e using Xt and yt
if score > best _score then
best score < score
end if
end for
STORE(best _score, f,c, 1) > store best score for (f,c,1)
end for
end for
end for

21: end procedure

Note that the cross-validation is not included in the pseudo-code but implicitly as-

sumed when returning the score for an estimator. To make the results more useful and
robust this experiment is executed for multiple datasets, the datasets are described and
evaluated in section 4.3 .

The second part of the experiment is about the generation of relevant statistics. There

are three different types of statistics generated.

e A plot for each classifier. Shows the curves for each feature selection technique

in the same figure. Each curve displays the number of features plotted against
the corresponding ROC-AUC score. All known data-points are marked by colored
dots or squares. The data-points are linearly interpolated to make the plots more
readable. This plot can be used to see which feature selection technique worked the
best for the classifier of the figure.

A plot for each feature selection technique. Displays curves for each classifier in the
same figure. Like the previous type of plot it plots the number of features against the
ROC-AUC score, only in this case the feature selection technique does not change.
This plot can be used to see if a feature selection technique yields good results for
all classifiers.

A table for each feature selection technique which contains all features with their
corresponding ranking-score. The table is sorted from best to worst. The tables can
be used to validate if different feature selection techniques select the same features.

A subset of the plots and statistics are used in section 4.3 . A complete overview of all
plots and statistics can be found in appendices A to G.
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1.0 T

4.3 Analysis

The experiments were executed on several datasets to make the results more meaningful
and robust. Each dataset will be analyzed individually and this section will be concluded
by a general conclusion which takes all datasets into account.

4.3.1 Melanoma

The melanoma dataset contains 753 images of skin. Each observation is specified by 369
features. Two of the most important types of features used in this dataset are features
which describe color properties and features which describe boundaries in the image.
A complete overview of all the features can be found in the master thesis by Feringa
[I7]. There are two classes “malignant skin lesion” and “benign skin lesion” which are
represented by 268 and 485 observations respectively, so the dataset is in favor of the
second class. The images are a part of the EDRA atlas of dermoscopy [14] and are
provided by M. Emre Celebi.
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Figure 1: Most relevant plots for the Melanoma dataset
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The variance based coherence scorer scored less than the random scorer, which functions
as baseline, as can be seen in figure and [Id This indicates that the variance scorer
selects bad features instead of good ones. There are examples where the variance scorer
makes wrong assumptions about the data, for example if a feature has always the value 0
except in one case where due to an outlier the value is 0.01, this will lead to a local variance
of 0 and a global variance of almost 0 this leads to the equation ﬁ = 0, so this feature
is selected as the best feature possible, this of course is not true since there is no good
way to distinguish the classes from each other. This or a related problem might explain
why the results for the variance scorer are bad. The silhouette scorer, which was expected
not to work very well, performed reasonably well. It was not one of the top scorers but
it scored significantly better then the random baseline scorer, see figure [1b| and The
filters chi-squared and one-way anova performed as well as the wrapper methods with the
exception of recursive feature elimination. It could create a model with less features while
keeping the same accuracy. Figure[la]shows the recursive feature elimination scorer which
has the best overall performance for all classifiers especially with the SVM classifiers it
performs well. With an rbf SVM it scores about 0.05 better than the second-best scorer
when selecting the 32 most relevant features. These observations strengthen the claim
that a wrapper optimized with a classifier performs better when classified by the same
classifier, because the recursive feature elimination scorer was trained using an SVM.
Recursive feature elimination is also the only scorer which decreases significantly if all the
features are used. Recursive feature elimination has some features in the top ten which
no other scorer has in the top ten, namely “variance g” and “inverseDi om0 1” which
might expain its superiority over other scorers. The randomized logistic regression scorer
performed well, only with one feature were the results less, about 0.05, then the other
methods, strangely the feature selected was “lab_std b” and is also one of the top ranked
features in the recursive feature elimination scorer, so it is likely that this feature only
works well when used with another feature.

Of the classifiers knn had the worst performance, although the difference was only
about 0.02. Knn was also the only classifier which increased in performance when selecting
less features for other scorers then the recursive feature elimination scorer, as can be seen
in figure [[d The other classifiers performed about equal except when recursive feature
elimination is used in combination with an SVM.

The results for this dataset validate the fact that more features do not always lead to
a better model and that the performance can even increase when selecting less features.
When selecting only one feature most scorers already achieve a reasonable score between
0.7 - 0.8 and with eight features most scorers receive a ROC-AUC score which is almost
equal to the score when selecting all the features. This means that the number of features
in those cases can be reduced by a factor % ~ 46, which leads to a much simpler and
faster model. This dataset also indicates that wrappers optimized with a classifier tend
to perform better when evaluated by the same classifier ¢. There are also some signs that
some features only work well if combined with other features, for example in the case of
randomized logistic regression. The results, using all the features, we obtained are slightly
better the results in [26], this is probably due to the fact we use ten-fold cross-validation
and they are using five-fold cross-validation. The results also match when selecting only
the top five percent features only recursive feature elimination out-performs the scorer
mentioned in [20].
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4.3.2 Digits

The digits dataset contains 1797 images of handwritten digits represented as a vector
with 64 features. The data has 10 classes, one for each digit. In this dataset each pixel
is a feature. Each class is almost equally represented, so in our case we used the default

positive class which is the digit “1” in this case.
the machine learning repository [6].

The original data can be found in
This dataset is obtained from scikit-learn, which

is a package for python. They transform this dataset into a dataset containing 1797
observations and 64 features, where each observation is a 8 by 8 image [2]. The detection
of character is a very practical problem, that is why this dataset is included.
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The variance and silhouette scorer perform very bad for this dataset, only when selecting
eight or more features they come close to the random scorer, for less then eight features
their score is approximately 0.2 lower, as can be seen in figure and the comparison
between figure [2aland [2b| for the variance scorer. It is noteworthy that the top four of these
scorers consist of the same features “f16”, “f63”, “f24” and “f55” and that these features
are not in contained in the top ten for other scorers, indicating that the variance and
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silhouette scorer make the same wrong assumption about the data. The experimental
methods make a big leap going from four to eight features. This is probably due to
the fact that the features with rank 5-8 for these scorers contains features which are
in the top three for better scorers, for example the features “f19” and “f10”. Only in
the linear SVM the difference between random and the variance and silhouette scorer
is lower although the random scorer is still better. The other scorers have more or less
the same performance. Only the randomized trees scorer performs significantly less when
selecting only one feature, as can be seen in figure The filter methods do not have any
problems with competing against the other methods. The recursive feature elimination
scorer reaches a score of almost 1 if eight or more features are selected, just like several
other methods, but in the case of recursive feature elimination there is almost no variance
between classifiers.

The random forest classifier performs very well (figure 2d)), after eight features it has
an accuracy of almost one, for all relevant scorers. The Knn classifier is almost as good as
the Random Forest, it only has more variance and some scorers perform a bit worse. The
SVMs are worse, especially the linear SVM, which indicates that the data is not entirely
linearly seperable. The rbf SVM performs better but only if more than eight features are
selected.

The results indicate that feature selection and classification can be independent, be-
cause the filter methods perform very well, as well as most wrappers. It also shows again
that selecting less features does not lead to a decrease of accuracy, although in this case
the accuracy does not increase but rather stays the same. It also shows that with only one
feature the accuracy is about 0.9 for most scorers, so if a very high accuracy is not neces-
sary, one can argue for only selecting one feature which will drastically increase the time
performance. This dataset shows that the experimental scorers are not robust feature
selection techniques.

4.3.3 Corel

Corel is a dataset of 1000 images where each image is represented by 150 SIFT features
according to [16]. It has ten equally represented classes with the labels: “Africa”, “beach”,

“buildings”, “buses”, “dinosaurs”, “elephants”, “Howers”, “horses”, “mountains” and “food”.
No class has a majority so the default positive class “beach” is used.

The experimental scorers are performing well when compared with the baseline scorer,
although still worse than more serious scorers which can be seen in figure [3a and [3b| and
the comparison between figure [3c| and [3d| for the silhouette scorer. The filter and wrapper
methods are almost indistinguishable which also can be seen in figures [3a] and [3b] this is
because they select almost the same features, especially the features “attr123”, “attr143”
and “attr145” are very significant for the accuracy because they are in the top three of four
of the scorers and are also in the top-ten of the other scorers except the random scorer.
It goes even so far that some methods have the same top ten features but in different
order. For example, “chi-squared”, “randomized-trees”, “one-way-anova’, “silhouette” and
“randomized logistic regression” have the same top ten features.

The Knn classifier has a lot of variance compared to the other methods, whilst the
linear SVM seems to predict the data better and is more robust.

In this dataset we observe that many features do not add accuracy to a classifier.

2

For most classifiers the accuracy is constant after four features, which is only = of the

total number of features. It also shows as in the previous datasets that filters are able
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Figure 3: Most relevant plots for the Corel dataset

to perform as well as wrappers. Another fact obtained from these results is that the
experimental scorers can be reasonable, but they are not at all robust, so practitioners
should be careful when using them for feature selection.

4.3.4 Rome

The dataset represents a satellite image of Rome. FEach observation represents a su-
perpixel. Superpixels are an alternative way of representing images in comparison with
normal pixels. The image is represented by several groups, where each group contains
neighbouring pixels which look like each other, such a group is called a superpixel. Rome
has seven classes with labels: “road”, “tree”, “shadow”, “water”, “building”, “grass” and
“soil”. Class five “building” is the most frequent, so it is chosen as the positive class [29].

For this dataset there is a lot of variance between scorers, especially when few features
are selected. The variance scorer scores bad again, as can be seen in figure [Id] and the
comparison between figure [db] and [dc The other experimental method, the silhouette
scorer, does better and can be considered the average scorer. The scorers “chi-squared”,
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Figure 4: Most relevant plots for the Rome dataset

“randomized logistic regression”, “variance scorer”, “randomized trees” have a slow start,
which means that for some reason the ranking order is wrong. The recursive feature
elimination scorer is clearly the best scorer for this dataset it shows a nice almost logistic
grow (figure and has almost no variance between classifiers, only when selecting one
feature is the recursive feature elimination bad since it has a lower score than the random
scorer. Strangely enough a lot of scorers with about equal performance do not always
share the same top ten features. For example the top four features of recursive feature
elimination “56”, “213”, “253” and “35” are not found in the top ten of the one-way anova
scorer and they don’t differ very much performance wise.

Figure [da] shows that recursive feature elimination increases the model a bit when
selecting between 16 and 128 features, which validates the hypothesis that less features
describe the data better or equally well. This dataset also shows that feature selection
techniques are not perfect because a scorer might score well for a certain number of
features but score relatively bad for another number of features, a intuitive solution is to
use several scorers and use the sum of the ranks to rank the features, the feature with the
lowest rank being the best feature. For example if features “f1” and “f2” have ranks 4 and 7
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for scorer “a” and ranks 10 and 3 for scorer “b” than the final scores are f1 =4+ 10 = 14
and f2 = 7+ 3 = 10 so “f2” is the best feature. This dataset also displays filters as
reasonable scorers and the reasonable score for the silhouette scorer indicates that it can
be used in some cases.

4.3.5 Madelon

Madelon is an artificial dataset. The data consists of 32 clusters drawn in a 5-dimesional
hypercube. Each data-entry is randomly assigned to a class, 1 or -1. In total, it contains
500 features where only 20 are useful the other are just noise. Of the 20 relevant features
15 are linear combinations of the others The dataset was created by Isabella Guyon and
is available on the machine learning repository [4]. This dataset has two classes.
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Figure 5: Most relevant plots for the Madelon dataset
This dataset is very interesting because it is clear on first sight(see figure @ that the
data cannot be separated well linearly. Because of this, several methods will fail with

respect to classification. For example the linear SVM has a terrible performance as can

23



.- 2 '-.‘-‘
s e
". ] . "
:‘.... . iy
o
: ™ y
- "# &

ey
e e
Figure 6: Overview of the madelon dataset [4]

be seen in figure [bal The recursive feature elimination scorer also obtains very bad results
because it uses a linear SVM to select the best features. The variance scorer is better
then the random scorer most of the time and has a peak when four features are selected,
which indicate that it found some relevant features, however when selecting more then
four features it doesn’t find any more relevant features where other methods do so it is
not a good scorer for this dataset. It also does not select the features “475” and “241”
which are selected by other methods. The randomized trees scorer (figure does very
well because it makes use of the Extremely Randomized Trees classifier, which is not
linear. It increases drastically when selecting four or more features and decreases when
selecting more then 16 features, this matches with the number of relevant features. The
filter methods have also peaks between four and 16 features, although the graphs are not
as smooth as the randomized trees scorer. The silhouette scorer does reasonably well
again when compared to the baseline random scorer.

The linear SVM performs badly because the data cannot be separated linearly in a
good way. The other classifiers have a better performance because non of them are linear.

The results show that usually good classifiers can be very bad in certain cases that
is why a platform helping people to select the correct classifier and feature selection
technique is a good idea [15]. It also shows the big difference between different kernel
functions for an SVM, the rbf SVM performs way better then his relative the linear
SVM. This dataset also gives a big disadvantage for the use of wrappers. Because of
the dependence between the classifier and the scorer, the scorer might get wrong results
because the classifier does not work well, which can clearly be seen in the case of recursive
feature elimination. It also strengthens the claim that filter methods are more robust.
This dataset gives a very good example that a model can significantly increase when
selecting less features, the difference being almost 0.2 for randomized trees in the random
forest classifier when selecting only 16 features.

4.3.6 Parasites proto

This dataset contains seven classes. Each class represents a type of protozoa parasite,
except for class seven which are not protozoa parasites but impurities. Class seven contains
the most examples and is also the class you want to distinguish from the rest, since the
goal is most likely to recognize protozoa parasites, therefore class seven is set as the
positive class and the other classes represent the negative class. More information about
this dataset can be found in [27].
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Figure 7: Most relevant plots for the Parasites dataset

The experimental scorers do not select the best features right from the beginning. The
silhouette scorer only performs well when eight or more features are selected (figure
possibly because the feature “2” is selected, this feature is in the top-scoring methods the
best scoring feature. It is very probable that the variance scorer also selects this feature
when going from 32 to 64 features, this shows that it is not a good scorer. The chi-squared
scorer performs worse than top-scoring methods between 1 and 32 features, although it is
still way better then the random scorer, see figure [Tbl The other filter method, the one-
way anova scorer, performs better and is almost indistinguishable from the other wrapper
scorers. The wrapper methods are close to each other as can be seen in figure [7a] which
shows the classifier with the most variance for this dataset.

This dataset shows that feature selection techniques with almost the same performance
also have a lot of features in common. It also verifies that filters can compete with
other methods and once again indicates that a lot of features can be ommited from the
model without losing accuracy and when only selecting one feature with a good scorer the
accuracy decreases only with approximately 0.1 whilst the number of features decreased
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by a factor 260 which should lead to a very fast and simple model.

4.3.7 Sksynth

Sksynth consists for the most part of synthetic data, only three features are meaningful.
This data can be used for verification. There are two classes. This dataset was generated
using a procedure very like the procedure used for the Madelon dataset.
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Figure 8: Most relevant plots for the Sksynth dataset

Most scorers have an accuracy of 0.9 or higher right from the beginning, only the random
and variance scorer start slow. This means that most methods found a relevant feature
immediatly and the variance and random scorer did not. The variance scorer selected
feature “f9” as the most relevant, this does not comply with the other scorers which
all selected “f6”, “f3” and “f4” as the most relevant features, these features are the most
relevant after “f9” for the variance scorer, which explains why the accuracy increases when
selecting two or more features. Because the top three is the same for a majority of the
scorers and because the scores differ significantly from the other scores, it is assumed “f6”,
“f3” and “f4” are the relevant features. The randomized trees scorer is the only one with
a peak around four features, see figure [Ba], the most likely explenation for this is that the
fourth feature in this case “f19” does not influence the outcome and the fourth feature of
other scorers do decrease the accuracy of the model. The random scorer performs when
selecting four or more features, this can all be explained by probability 1—(17/20)* = 0.48
which makes it very likely to happen.

This dataset shows once again that the variance scorer makes wrong assumptions
about the data because the first ranked feature is just noise. It also indicates that noise
does not necessarily decrease the accuracy, as can be seen in plot b.

4.3.8 Discussion of the results

Based on the observations of the different datasets we can analyze the overall results.
The dummy classifier always has a score of 0.5. This is a property of the ROC-
AUC score, it is included to verify the plots, since score other than 0.5 would indicate that
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something has gone wrong with the experiment. All the plots with de dummy classifier
show a score of 0.5 which indicates that the experiment succeeded.

The variance scorer is usually not a good scorer, in some cases the results are really
bad and when it performs better then the baseline score it is still worse than the other
methods. Because of this it is not recommended to used this method for feature selection.

The other experimental method, the silhouette scorer has better results, but still
should be used with uttermost care.

In the scope of our datasets the randomized trees scorer was the most robust
scorer, it was among the best scorers for all instances.

The recursive features elimination scorer did also well, but like some other
scorers it failed on the madelon dataset. This could probably be prevented by taking
another kernel for the SVM than the one we used. The recursive features elimination
scorer showed that in some datasets it was better than other scorers, so if a good classifier
is chosen for the recursive features elimination scorer it is likely it performs very well or
even better than other methods.

The general observation is that for each dataset there is at least one classifier which
works well with the dataset. Filters describe the data generally very well. At least for the
datasets used in this experiment this makes the choice for a filter as feature selection tech-
nique more logical because it is way faster and does not decrease the quality drastically.
The other randomization method, randomized logistic regression performed well only with
the madelon dataset was the performance not very good. Thus randomized methods seem
to give more robust results. It is difficult to select the best feature selection technique
since different methods make different assumptions and these assumptions might not al-
ways hold for different datasets. If the ultimate goal is to select a robust method then it
is probably best to select a randomized wrapper method or a filter method. If the goal
is to get the best performance it is best to select the recursive feature elimination scorer
with an appropriate classifier.
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5 Implementation

In this section we will explain how the experiments of the previous section are implemented
and which important choices were made.

5.1 Requirements

The only functional requirement is that the program must be able to execute the ex-
periment described in the previous section. The execution of the program may take a
while so it should be robust. Reliability is also an important non-functional requirement
for this program, because wrong results make the whole experiment invalid. The last
important non-functional requirement is efficiency, because it is an intensive task in itself
the program should not waste time when not necessary. Another requirement is that the
program must be able to load and store data and/or plots.

5.2 Decisions

Throughout the project several important decision were made.

e The programming language used is python because there was already code availabe
written in python. Python has some packages for scientific and machine learning
purposes, which are really useful.

e The programming paradigm is a combination of imperative and object-orientated,
since this goes nicely with python. Object-orientated is useful for encapsulating
data and splitting the code up in multiple cohesive parts. But in some cases it is
simpler to use the imperative paradigm.

e The project is decoupled in two programs. The first program generates data, whilst
the second one analyzes the data. It is possible to couple them but then the user
cannot run the analysis part without running the generation part. In software engi-
neering it is considered a good principle to split software up into multiple cohesive
parts.

e The generation part makes use of settings files. The settings could be hardcoded
but this limits the use-ability of the program. With settings files the user can define
his own experiment to a certain degree of freedom and since we had to execute it for
seven datasets it was easier to create seven settings files. The settings are written
in json because it is human readable, easy parseble and reasonably efficient.

e Instead of a normal profiler, which only gives execution time per function call, we
use a line profiler which gives execution time per line. This is done because we want
to have a detailed overview of the time each line of code takes.

e Pickle was used for storing the generated data. Pickle is availabe in python, widely-
used and can store and load data easily.

e For generating the plots matplotlib is used. This is a package for python which can
make plots in more or less the same way as the programming language matlab.
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proces: Generation ' ., Proces: Analysis
Receives settings from settingsfile DataObject /| Write plots and statistics to disk

write output to dataobject read data from dataobject

Figure 9: Architecture

5.3 Architecture

Figure [9 shows the architecture of the system. The process generation generates data ac-
cording to the loop specified in the experiment settings and stores the data in a DataOb-
ject which is stored to disk using pickle. The analysis process, reads the DataObject with
pickle and generates plots for each classifier and scorer. It also writes all the features with
their corresponding scores to a file for each scorer.

5.4 Design

Figure displays the class diagram. It gives an overview of the classes and methods
available.

Figure [11]| shows the sequence diagram for the generation part of the system.

The generation part, handles the retrieval of data. It is specified by a settings file, which
contains information like:

1. Input location.

2. Output location.

3. Search method to search in the set of best features.

4. Classifiers to use, and parameter ranges for the classifiers.
5. Scorers to use.

The settings files are written in json to make it parseble for the computer and readable for
humans. The settings files are static, which makes them easier to use, it also enhances the
flexibility of the program because now you can run several experiments with different set-
tings without changing the source-code. After the setup work is done the generation part
generates all data according to the loop specified in the previous section. The generation
part contains the following files.

helper functions.py Contains functions which can be useful in the main code but do
not have anything todo with the real purpose of the project.

settings controller.py Handles the json settings files, checks if they are valid and other
parts use it for indirect access to the settings file. By making a controller it hides
the details of the other parts.
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Figure 10: Class diagram

30



dir specifies settings
file. Is loaded with

python json module
classification point_matrix.py

1 SeftingsController(dir) | 5: SettingsController

load(file) ’_rl;chccksmtmgs(;u

return Data, classes, feature names

-

evaluate(Data, classes, s, featurs names) ;

- getClassifiers() H create classifiers Creale classiiars
returns a list with IF:E’-“EL[F_”_"_JL_i‘-flf‘-_s_sfﬁ_f-‘_rf-_??[%f_f'_sf-_l_a?_ﬁ[zu i Classifier nrieaturesand
integers specifying getNrFeatures() ’ scorers according to
how many of the best return nr_features 'J_| : their 5p:emf|cgt|0n in
featuresto selecct | || fete-emmmm e e : the settings file

getScoringTachniques() : craate scorers :

return scorers
o ---mmmmm e ‘FeatureScorer
taObject(len|scorers), len(nr_featuresy, leniclassifiers), nr of features)

=

~

do: DataObject

foreach scorer score()
in scorers

return array with a score foreach feature

.::_ _______________________________________________________________
addFeatures(feature_names, feature_scores)

foreach n

X = original data with only the n best features
in nr_features [; '

foreach GridSearchCV(classifier, params, 10fold, 'roc-auc’)

(classifier, »

params) Eif: GridSearchCWV
inC

fit{Data, classes)

B return best_score J—J
addDatalbest_score) '

addLabels() classifier, scorer a
My labels etc.
1 return do
{ -

store do with disk R : E

with pickle package |
]

Figure 11: Generation

feature scoring.py Consists of all the feature scoring techniques. Each technique is
a class which inherits from a base class called FeatureScorer. Each scorer has to
define a score function, which scores each feature according to the input data and
corresponding classes.

classification.py Main part of the program, generates the data and stores it inside a
DataObject. The DataObject is stored to disk with pickle.

The DataObject is a class which is in between generation and analysis, by using a
DataObject the generation and analysis part are split from each other. So you can do
multiple analysis on the same data, or do the analysis much later than the generation,
which might be useful.

The diagram in figure 12| displays the analysis part of the system. The analysis part
loads the DataObject using pickle, after that it generates the plots using matplotlib and
the tables by simply writing the features plus their score to disk, in plain text. The plots
are stored in png format.

The analysis part consist of one file generating all plots and other statistics.
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Figure 12: Analysis
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5.5 Testing

To ensure that the source-code is correct unit tests were written for each file to test the
implementation. With use of a line profiler the performance of the evaluation function
was tested on the digits dataset with the same settings as in the experiments. The most
important result was that 99.5 percent of the time was spent to training classifiers and
the other 0.5 percent was due to scoring the features. This corresponds to about 7510
and 35 seconds, respectively, so, an average of about 4.5 seconds per scorer. As can be
seen GridSearchCV takes the most time. This is implemented by the scikit-learn package,
which contains state of the art code. Therefore we can be pretty sure GridSearchCV is
implemented efficiently. So it can be concluded that our implementation works efficiently.
The entire log of the line profiler can be found in Appendix H.
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6 Discussion

Although the results are valid and can be used for comparing feature scorers there are a
few limitations to the way the experiments were executed. First of all the experiments
are not very scalable. Using the scorers, datasets and classifiers mentioned in this thesis
it took about 24 hours to run the experiments. Adding a new dataset will increase the
execution time significantly because it has to be evaluated with each combination of
classifiers and scorers. The same holds for adding scorers or classifiers. As shown in the
previous section the most time is spend on training the models. So the best solution is
to limit the number of models which have to be trained or to make the training phase of
models more efficient.

Right now we use cross-validation in combination with classifier selection. So the
classifier is trained using all the data [10]. The classifier is scored by averaging the ROC-
AUC score over all folds. The problem with this is that it does generalize well because
the score for the classifier is calculated with data it has already seen. For example take
a random scorer with as parameter a seed, there is a seed for which the classifier has
a perfect score on the training data. It may take a long time but it sure is possible.
This would lead to the false conclusion that it is a good classifier. A better way for
evaluating the classifier is to seperate the data into a test and training set. The training
set is used to train the classifier, possibly using cross-validation. The resulting classifier
is evaluated with the test set, which contains data it has not seen before. This way the
results generalize better. This approach can be extended by making using of double k-fold
cross-validation. This works by splitting up the data into test and training sets k times.
The resulting k& scores are then averaged to get the final score. Note that this kind of
cross-validation does not influence the classifier parameters.

So a better type of experiment using this approach would have been:

1. Split data up into training and testing sets.
2. Obtain the best parameters of the classifier using the training set and cross-validation.

3. Train the classifier with the trainings set using the parameters obtained in the
previous step.

4. Evaluate the classifier using the test set.
5. Repeat steps 1 to 4 multiple times and use the average score as final score.

More information about model assessment can be found in chapter seven of the book
by Hastie et al [22]. The addition of a validation step is also explained in the book by
Alpaydin [I0].
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7 Conclusions

The goal of this thesis was to compare several feature seclection techniques with each
other. Some feature selection techniques make use of a classifier to select features. Other
methods are completely independent of a classifier. Two of these feature selection tech-
niques were experimental.

The main research questions were:

e Can experimental methods be used for feature selection?

What is the difference between filters and wrappers in terms of accuracy and ro-
bustness?

e How many features can be removed without influencing the accuracy?
e Which method has the best performance?

Our research shows that the experimental methods are not well suited for feature selection,
although there are datasets for which they obtain reasonable results. It also shows that
the difference in accuracy between filters and wrappers is minimal in our data. Only if
a wrapper is carefully choosen it outperforms the filter methods significantly. This can
be seen in the RFE scorer in combination with the Melanoma dataset. Filters tend also
te be more robust, posssibly because they are not dependent on a classifier. Wrappers
on the other hand are in some cases less robust because it is dependent of a classifier. A
fine example of this is the result obtained with the RFE scorer in combination with the
Madelon dataset. Wrappers which make use of randomization are also more robust than
other methods. Especially randomized decision trees perform well. It is in general among
the top scorers and never has really bad results. The number of features usually can be
reduced by a factor larger than 10 using a good feature selection technique.

There are feature selection techniques which perform really well. However each tech-
nique makes assumptions so there are cases where a feature selection technique does not
work because it makes the wrong assumptions about the data. Because of this it is a
good idea that people can select good feature selection technique and classifier according
to their dataset. A solution for this problem is described by Li [15].

Extensions of this project could be: Generate metrics for measuring the differences
between scorers. For example how many features are both in the top ten of scorer A
and scorer B, and how many of them are in the correct place. It could be extended to
even more datasets, for this an automatic inspector has to be written because for a lot
of datasets it is hard to inspect them all manually. Another direction of research is to
combine several scorers to get a ranking to possibly increase model efficacy.
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C Additional results for the Corel dataset
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Figure 25: Plot per classifier for the Rome dataset
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Figure 28: Plots for each scorer for the Rome dataset
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Figure 29: Plot per classifier for the Madelon dataset
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Figure 32: Plots for each scorer for the Madelon dataset
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Figure 33: Plot per classifier for the Parasites dataset
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(f) Top 10 scores for One way anova
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(f) Top 10 scores for variance



10

0.9

best roc-auc score
=) o
~ [as]

o
o

0.5

0.4

10

0.9

best roc-auc score
o o
~ [s:]

o
o

0.5

0.4

Randomized Log

@ o
o A
— ~

number of features

1111

]
[

Random Forest
Knn

Rbf Svm
Linear Svm
Dummy

(a) Results for the randomized log scorer

Random

@ o
o A
— o~

number of features

*—e
*—e
*—e
*—e

]

@

Random Forest
Knn

Rbf Svm
Linear Svm
Dummy

(c) Results for the random scorer

Name ‘ Score
171 1.0
2 1.0
5 0.815
4 0.685
41 0.605
165 0.56
72 0.54
135 0.525
134 0.49
7 0.485

(b) Top 10 scores for randomized log
Name ‘ Score
171 0.9936896345
154 0.993298824308
99 0.988808850919
61 0.98687016443
223 0.983048066936
33 0.980428988186
141 0.974389473964
103 0.974048980261
41 0.973403247005
219 0.958794452823

(d) Top 10 scores for random

Figure 36: Plots for each scorer for the Parasites dataset
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Figure 37: Plot per classifier for the Sksynth dataset
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(f) Top 10 scores for One way anova
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(f) Top 10 scores for variance
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Figure 40: Plots for each scorer for the Sksynth dataset
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H Performance results

Timer unit: 1le-06 s

Total time: 7547.29 s
File: classification.py
Function: evaluate at line 33

Line # Hits Time Per Hit % Time Line Contents
33 @profile
34 def evaluate(X, y, settings, feature_names):
35 # determine the indices of X belonging to class 1 and 2 repectively
36 1 21 21.0 0.0 class_1 = np.nonzero(y == 0) [0]
37 1 12 12.0 0.0 class_2 = np.nonzero(y == 1) [0]
38 1 10 10.0 0.0 scaler = preprocessing.MinMaxScaler ()
39 1 2161 2161.0 0.0 X = scaler.fit_transform(X)
40 # select all features
41 1 5 5.0 0.0 feats = range(X.shape[1])
44 1 1342 1342.0 0.0 cv = StratifiedKFold(y, n_folds = 10)
46 # get all scorers and classifiers with corresponding labels and parameters
47 1 13191 13191.0 0.0 scoring_techniques = settings.getScoringTechniques(X, class_1, class_2, feats)
48 1 38 38.0 0.0 nr_features = settings.getNrFeatures()
49 1 206 206.0 0.0 classifiers, classifier_labels = settings.getClassifiers()
50 # calculate lengths
51 1 2 2.0 0.0 scoring_techniques_length = len(scoring_techniques)
52 1 2 2.0 0.0 nr_features_length = len(nr_features)
53 1 2 2.0 0.0 classifiers_length = len(classifiers)

55 # initialize dataObject

56 1 84 84.0 0.0 data = do.DataObject(...)

60 9 52 5.8 0.0 for i in range(0, scoring_techniques_length):

61 8 53 6.6 0.0 scoring_technique = scoring_techniques[i]

63 8 35685842 4460730.2 0.5 score = scoring_technique.score()

64 8 208 26.0 0.0 sorted_indices = score.argsort() [::-1]

66 8 368 46.0 0.0 features = zip(feature_names, score)

68 8 1027 128.4 0.0 data.addFeatures (map(lambda i: features[i], sorted_indices))
69 64 615 9.6 0.0 for j in range(0, nr_features_length):

70 56 368 6.6 0.0 nr_feature = nr_features[j]

71 # select i best features

72 56 753 13.4 0.0 columns = sorted_indices[0 : nr_feature]

73 56 35521 634.3 0.0 X2 = X[ : , columns]

74 336 3341 9.9 0.0 for k in range(0, classifiers_length):

75 # deep copy data so the classifiers array is not changed
76 280 391442  1398.0 0.0 (model, params) = copy.deepcopy(classifiers([k])

77 280 78568 280.6 0.0 clf = GridSearchCV(model, params, ...)

78 280 7511058901 26825210.4 99.5 clf.fit(X2, y)

79 # add data to data object

80 280 12312 44.0 0.0 data.addData(clf.best_score_, i, j, k)

81

82 # add labels to the datastructure

83 1 128 128.0 0 map (lambda x: data.addFstLabel(x.getLabel()), scoring_techniques)
84 1 57 57.0 0.0 map(lambda x: data.addNrFeaturesLabel(x), nr_features)

85 1 45 45.0 0 map(lambda x: data.addClassifierLabel(x), classifier_labels)

86 1 5 5.0 0 return data
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