Generalizing, Optimizing, and Decoding
Support Vector Machine Classification?
Mario Michael Krell1 , Sirko Straube1 , Hendrik Wöhrle2 , and Frank Kirchner1,2
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Abstract. A major challenge in the classification of complex data, that
requires the combination of several processing steps, is the selection of the
optimal algorithms for preprocessing and classification. Here, we present
three steps to face this problem. First, we introduce a generalized model
for Support Vector Machine (SVM) variants which generates both unary
and online classifiers. This model improves the understanding of relationships between the variants which facilitates the choice and implementation of the classifier. Second, we propose the signal processing and
classification environment pySPACE which enables the systematic evaluation and comparison of algorithms. Third, we introduce an approach
called backtransformation which enables a visualization of the complete
processing chain in the the input data space and thereby allows for a
joint interpretation of preprocessing and classification to decode the decision process. Finally, the benefit of combining all three approaches is
shown in an application on handwritten digit classification.
Keywords: pySPACE, support vector machine, relative margin, zero
separation approach, online learning, backtransformation
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Introduction

Dealing with classification tasks of complex spatiotemporal data like the electroencephalogram (EEG) one major issue lies in the generation of meaningful
features. This is due to the fact that the data often consists of a superposition of
a multitude of signals, together with dynamic, and observational noise. Hence,
the data processing usually requires the combination of different preprocessing
steps additionally to a classifier. In fact, the generation of good features is often
more important than the actual classification algorithm [1]. Consequently, in
many cases expert knowledge is required in order to specify the data processing.
Furthermore, there is a very large number of processing algorithms and the interplay between them is often hard to grasp. Altogether, this makes it difficult
?
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to automize the process of optimizing the data processing chain to get the best
preprocessing and classification. In this paper, we present three related tools to
make this process easier.
Due to the ever-growing number of classification algorithms, it is difficult to
decide which ones to consider. Knowledge about the relations between the classifiers facilitates the choice and implementation of classifiers. As such, instead
of further specializing existing classifiers we take a unifying view. Considering
only the variants of the SVM [2–5] we developed the following general concepts
building connections between these classifiers. The first concept, called relative
margin [6, 7], enables a connection of SVM and regularized Fisher’s linear discriminant (RFLD) [8]. The second concept, the zero separation approach, allows
to define unary classifiers with the help of binary classifiers by taking the origin
as a second class. Third, the single iteration approach transfers batch learning
classifiers to online classifiers. If the batch algorithm is repeatedly iterating over
the training samples to update a linear classification function, an online learning
algorithm can be generated by performing this update only once with each incoming sample. Knowing these connections simplifies the implementation of the
algorithms and makes it possible to transfer extensions or modifications from
one algorithm to the other connected ones. Thus, it enables to build a classifier
that fits into the individual research aims.
Nevertheless, it still required to optimize the hyperparameters and the preprocessing. Hence, it is necessary to have “an infrastructure that makes experimenting with many different learners, data sources, and learning problems easy
and efficient” [1]. To solve this problem, we developed the signal processing and
classification environment pySPACE [9]. It provides functionality for a systematic and automated comparison of numerous algorithms and parameterizations
in a signal processing chain. Additionally, pySPACE enables the visualization of
data, algorithms, and evaluation results in a common framework.
Optimizing the processing and knowing the relations between classifiers is
not sufficient. It is also important to understand the final processing model to
find out what lies behind the data. A first step is to visualize the data and
the single processing steps, but this might not be sufficient for a complete picture, especially when dimensionality reduction algorithms are used in the preprocessing. This is quite often the case for high-dimensional and noisy data.
Hence, a representation of the entire processing chain including both classification and preprocessing is required. Our approach to calculate this representation
is called backtransformation. It iteratively transforms the classification function
back through the signal processing chain to generate a representation in the
same format as the input data. This representation provides weights for each
part of the data to tell which components are relevant for the complete processing and which parts are ignored. It can be directly visualized using classical
data visualization approaches as they are used for visualizations of images, EEG
and functional magnetic resonance imaging (fMRI) data. This visualization can
then be used to support the “close collaboration between machine learning experts and application domain ones” [1]. This can help to improve the processing

and to generate new knowledge about the data. In some cases even new expert
knowledge might be generated.
In the following sections, we present our steps to improve and automatize the
process of designing a good processing chain for a classification problem (classifier
connections, pySPACE, backtransformation) including the related work in the
respective area. We conclude by giving an application example which combines
the three approaches in a unified approach.

2

Generalization: Classifier Connections

The classical SVM (C-SVM ) is motivated by the concept of maximizing the
distance between two hyperplanes, which separate positive from negative samples. This type of regularization is extended with a loss term, which allows for
samples on the opposite side of these hyperplanes. Furthermore, lifting the data
into a higher-dimensional space to make it linearly separable can be replaced
with kernels. Only the scalar product of two samples is substituted by a kernel
function. These powerful ideas and good performance results make the SVM
attractive for numerous variants. Some examples are: support vector regression
(SVR) [10], relative margin machines (RMMs) [6, 7], least squares SVM (LSSVM) [11], ν-SVM [12], one-class SVM (νoc-SVM) [13], support vector data
description (SVDD) [14], and passive-aggressive perceptrons (PAPs) [15]. Furthermore, RFLD can be seen as an SVM variant, too [7, 8]. Some connections
between these classifiers are known. In the following sections, general concepts
for a unifying view are proposed to connect these classifiers and ease the process of choosing a fitting classifier: relative margin, zero separation approach,
and single iteration approach. They can generate a large number of additional
variants (see Fig. 1).
2.1

Relative Margin

The relative margin concept [6] adds two additional (outer) parallel hyperplanes
to the C-SVM model with a relative distance (range R) to the decision hyper1
, when w is
plane. Relative distance means that the real distance is R times kwk
2
the classification vector. Note, kwk is the distance between the aforementioned
maximum margin hyperplanes. If outliers at the new outer margin are treated in
the same way as in the inner margin, the model is called balanced relative margin machine (BRMM) [7]. This model is equivalent to SVR (with the dependent
variables Y = {−1, 1}) and connects SVM (R = ∞) and RFLD classification
(R = 1) [7]. A squared loss function, kernels, and implementation techniques can
be directly transferred from C-SVM to BRMM. BRMM has two hyperparameters: the range R and the C-SVM complexity parameter C. For optimization it
is efficient to start with high values and iteratively decrease the values with a
pattern search algorithm [16]. To save resources, the warm start principle can
be used, to adapt the batch learning algorithms to the changed parameters [17].
With this parameter optimization, it is no longer necessary to choose between
SVM and RFLD.

single
iteration

SVMs
zero
separation

zero
separation

unary single
SVMs iteration

unary
PAPs

zero
separation

relative
margin

relative
margin

relative
margin

relative
margin

unary single
BRMM iteration

BRMMs

PAPs

unary
BRMM
PAPs
zero
separation

single
iteration

BRMM
PAPs

Fig. 1: Combining the approaches, introduced in Sec. 2: relative margin (vertical
arrows) to generate the balanced relative margin machine (BRMM) which is the
connection to the regularized Fisher’s linear discriminant (RFLD), single iteration (horizontal arrows) to generate online classifiers like the passive-aggressive
perceptron (PAP), and the zero separation (perpendicular arrows) to generate
unary classifiers from binary ones.

2.2

Zero Separation Approach

In some applications, a second class is not of interest [18] or not enough examples
of this class can be given as in outlier and novelty detection [19]. Hence, unary
classifiers are required. In the zero separation approach a binary classifier is
transferred to an unary classifier. The origin (zero) is added as a sample of the
opposite (negative) class to the training data and the respective binary classifier
is applied [13, 20]. The application of this concept to ν-SVM results in νocSVM, but it can be also applied to other classifiers like BRMM. Implementation
techniques of the original model can be directly used.
2.3

Single Iteration Approach

The C-SVM is traditionally solved with sequential minimal optimization [21]
as implemented in the LibSVM [22]. In the linear case, there are simplifications where the offset b in the decision function is omitted [17] or integrated
in the data space using homogenous coordinates [23, 24] as implemented in the
LIBLINEAR library [25]. Here, the solution algorithms iterate over single samples and update the classification function parameters w and b of the decision
function f (x) = sgn(hw, xi + b) to the optimal values in relation to this sample. The single iteration approach creates a variant of a classification algorithm
by performing this update only once. This directly results in online learning

algorithms. PAPs can be derived from C-SVM with this approach [7]. Online
learning can be used to speed up the training procedure with low processing
resources or to improve algorithms in terms of run time. In some cases it can
deliver comparable performance to the original algorithm [18, 26, 27]. It is even
possible to combine batch and online learning. First, the classifier is trained on
a larger dataset with a batch learning. Then by using the single iteration approach, the connected online learning algorithm can be adapted and used in the
application.
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Optimization: pySPACE

There are several open source signal processing and machine learning libraries.
Some important libraries are NumPy [28], SciPy [29], Modular Toolkit for Data
Processing [30], Weka [31], LibSVM [22], and Scikit-learn [32]. pySPACE also
provides a plethora of algorithms as depicted in Fig. 2 and wraps several libraries.
For finding the best processing chain, access to numerous algorithms is helpful
but only to a certain extend. In contrast to other libraries, pySPACE can be seen
as a high-level framework which provides numerous methods for both classification and preprocessing. It automates the data processing, including loading and
storing of the data, parallel processing of numerous different processing flows,
and evaluation of the results. The interfacing to the data and algorithms is based
on configuration files and not on scripts. The folder which contains all datasets
which shall be processed, the parameters and algorithms which should be varied,
and the list of algorithms which should be applied sequentially on the data, are
the only user-defined specifications. Hence, our configuration files allow scientists
with little programming experience to use the software. The streamlined format
of a data processing configuration can be easily shared and compared even in
publications. The present approach simplifies communication between scientists
and would not be possible in the same way with scripts or graphical user interfaces (GUIs). The evaluation can be performed on a cluster for fast processing
and provides a result tabular with numerous metrics [33] to analyze the differences between the compared algorithms and parameterizations. pySPACE was
originally developed to allow for automatic benchmarking and tuning of EEG
data processing chains [34–36]. A summary on respective evaluations is given
in [9] as well as more details on pySPACE.
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Decoding: Backtransformation

To understand classifiers, it is not only important to know the relations between them, but also to interpret them when they are applied on data. This
understanding might lead to an improved processing chain or even to additional
information about the data or the process which generated the data. Hence, new
expert knowledge could be generated. A straightforward approach is to visualize
the weights of the linear classification function [37, 38]. An extension to nonlinear
classifiers has been suggested in [39] based on the derivative of the classification
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Fig. 2: Overview of the more than 100 processing nodes in pySPACE [9]. They are
arranged according to processing categories (package names) and subcategories.
The size of the boxes indicates the respective number of currently available
algorithms.

function. Unfortunately, a derivative has to be calculated for every input sample
which complicates the application and interpretation. The here proposed backtransformation concept is the extension of these methods to a complete signal
processing chain, which ends with a (linear) classification function [40]. Therefore, the respective weights are calculated iteratively beginning with the classifier
and going back through the processing chain. The final weights have the same
format as the input data and could be visualized in the same way. Backtransformation is especially attractive when a dimensionality reduction algorithm is
applied in the signal processing chain. In this case, an interpretation of the pure
classifier weights is not informative without the weights of the dimensionality
reduction algorithm. For nonlinear algorithms, a general transformation cannot
be given anymore but it is possible to apply the chain rule and calculate the
derivative of the signal processing function in the sample of interest. So for each
input sample, a weight vector is obtained describing the local importance of each
data component. Additionally to the visualization of the processing chain, backtransformation can be used to select features, to adapt a classifier to changing
preprocessing (co-adaptation), and to enable sparse classification related to the
input data (e.g., relevant time of the observed signal [35] or number of used
sensors [34]).

5

Application Example

As a proof of concept, a classification on handwritten digit data was conducted
(MNIST [41]). The classification of the digits 0, 1, and 2 is compared. First,
the data was reduced in dimensionality with a principal component analysis
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Fig. 3: Contour plots of backtransformation weights for handwritten digit classification with different classifiers: The white and black silhouettes display an
average contour of the original data (digits 0, 1, and 2). The colored contour
plots show the respective weights in the classification process. Negative weights
(blue) are important for the classification of the first class (black silhouette) and
positive weights (red) for the second class (white silhouette). Green weights are
close to zero and do not contribute to the classification process. For the unary
classification, the second class (white) was used.

(PCA) [42] from 784 to 40 and then normalized with a standardization (zero
mean and variance of one on the given training data). For classification, a
squared loss penalization of misclassifications was used to obtain a Gaussian
loss in RFLD. RFLD, SVM, the respective SVM perceptron, and νoc-SVM were
compared. Backtransformation can summarize all three processing steps and
provides the respective weights belonging to the input data. This is visualized in
Fig. 3. The classifiers itself do only determine the 40 weights of the normalized
principal components. These weights would be difficult to interpret, but with the
given backtransformation the weighting and its correspondence to the average

shapes can be observed. As expected due to the model similarities (single iteration approach) similar weight distributions were obtained for SVM and its online
learning variant (PAP). The visualizations of SVM and RFLD look similar due
to the connection with BRMM. However, for the distinction between the two
digits 0 and 2 some larger differences can be observed. The one class classifier
is different to the other classifiers as expected because it has been trained on a
single digit only. Hence, characteristics of the other class can be only marginally
observed due to the use of PCA which has been trained on both classes. This
can be seen in the second and third row: although trained on the digit 2 in both
cases, the classification results look different.

6

Conclusion

Optimizing the classification of spatiotemporal data is a difficult task which often requires expert knowledge. To ease this process especially for non-experts,
three approaches are shown in this paper to improve the design and understanding of signal processing and classification with SVM variants. The pySPACE
framework was presented, to process the data, tune algorithms and their parameters, and to enable the communication between scientists. Several connections
between existing SVM variants have been shown and resulted in additional new
SVM variants for unary classification and online learning. Due to the connections, it is easier to understand differences and similarities between the classifier
variants and save time when implementing the classifiers. To finally interpret the
complete signal processing chain which ends with a classifier, the backtransformation approach was presented. In case of solely affine transformations, it results
in a representation of the processing chain, giving weights for each component
in the input domain, which can be directly visualized. All three approaches were
combined in an application on handwritten digit classification.
In future, the backtransformation concept should be implemented and tested
on nonlinear signal processing chains. All three introduced concepts should be
analyzed in further applications to prove their usefulness. The longterm goal is
to make pySPACE a tool for autonomous learning.
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