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Abstract

Large catalogues of classified galaxy images have been useful in many studies of the universe in
astronomy. There are too many objects to classify manually in the Sloan Digital Sky Survey, one of
the premier data sources in astronomy. Therefore, efficient machine learning and classification
algorithms are required to automate the classifying process. We propose to apply the Support
Vector Machine (SVM) algorithm to classify galaxy morphologies and Krylov iterative methods to
improve runtime of the classification. The accuracy of the classification is measured on various
categories of galaxies from the survey. A three-class algorithm is presented that makes use of mul-
tiple SVMs. This algorithm is used to assign the categories of spiral, elliptical, and irregular galax-
ies. A selection of Krylov iterative solvers are compared based on their efficiency and accuracy of
the resulting classification. The experimental results demonstrate that runtime can be signifi-
cantly improved by utilizing Krylov iterative methods without impacting classification accuracy.
The generalized minimal residual method (GMRES) is shown to be the most efficient solver to
classify galaxy morphologies.
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1. Introduction

A common problem facing many of the physical sciences today is an ever increasing amount of information.
Data is being collected at a faster rate than can be analyzed manually. As a result, computers must be used to
extract useful information. This requires the development of data mining and machine learning algorithms. One
area where this is especially true is in the field of astronomy. Recently, the invention of the charge-coupled de-
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vice (CCD) camera and the increasing size of telescopes have allowed extremely large datasets to be produced
[1]. One of the most prominent examples of this is the Sloan Digital Sky Survey (SDSS). Over the course of
several years, the Apache Point Observatory in New Mexico has taken images of a large portion of the night sky.
The survey contains a catalogue of approximately 500 million objects. In addition to providing the raw images
of these objects, the data pipeline of the survey also measures photometric and spectral data, which describe
properties of the light emitted by the object [2].

A major subset of the survey is its catalogue of galaxy images. This has the potential to be a valuable source
of data to astronomers. However, the dataset does not have classification information for each of the galaxy im-
ages [2]. In the past, galaxies were placed into categories based on their structures by a small group of astrono-
mers. In modern sky surveys containing millions of galaxies there is too much data to feasibly analyze by hand.
There is currently much interest in applying classification algorithms to this problem. The goal of such an algo-
rithm is to learn the characteristics of each of the categories and build a model on this data. This model can then
be used to predict the category of future objects without known classification information [3]. This would allow
the production of large catalogues of classified galaxies that would have many practical applications to astrono-
mers.

The support vector machine (SVM) represents a potential solution to the problem of producing classified ca-
talogues. As one of the most popular classification algorithms today, it has been successfully applied to many
real world applications [4]-[6]. In [7], the SVM algorithm is applied to the classification of galaxy images from
the SDSS. In this paper, the efficiency of the algorithm is improved by utilizing Krylov iterative methods. These
methods solve the quadratic programming problem arising from the SVM by converging on a solution through
many iterations within the stopping criteria.

An introduction to galaxy morphologies is given in Section 2. Section 3 provides a description of Support
Vector Machines, followed by Krylov iterative methods in Section 4. Section 5 contains the methodology of the
experiments, and the numerical results are presented in Section 6. Concluding remarks are made in Section 7.

2. Galaxy Morphological Classification

In the field of astronomy, classification is an important part in understanding observed phenomena. As astrono-
mers have observed galaxies, they have noticed certain patterns in their morphologies or physical structure.
They have found that it is possible to categorize galaxies as belonging to a certain group. One of the most widely
used classification schemes today divides galaxies into three primary categories known as spiral, elliptical, and
irregular (see Figure 1). Spiral galaxies are characterized by their flattened disk with the presence of spiral arms.
Elliptical galaxies have a much smoother appearance, and are primarily in the shape of an ellipse. The irregular
category contains galaxies that cannot be placed easily in either of the two categories [8]. These galaxies may
contain distortions or have no definite structure. In many cases, such a galaxy is the result of a merging or colli-
sion of two or more galaxies. It is possible to break each of these categories down into further detailed catego-
ries. For example, the presence of a barred center or the ellipticity of a galaxy can be used to create further cat-
egories [9]. Three primary categories will be considered in this paper.

Classifying these galaxies into categories has great value to astronomers. By studying how structures of ga-
laxies in the same category are similar, a better understanding of the processes that created these structures can
be gained. In the past, large catalogues of classified galaxies have had many practical applications. Astronomers
have used such catalogues to test theories about the universe. For instance, this has been useful in one such study
that examined the relationship between spin direction and type of galaxies [10]. Other studies have required
large numbers of classified galaxies to analyze the properties of dust in elliptical galaxies [10].

There have been several attempts to produce such large catalogues required for this research by automating
the classification process. This work has focused on applying classification algorithms to the SDSS data. How-
ever, the raw data from the SDSS is in the form of images that are taken by the CCD cameras. Classification al-
gorithms require the use of numerical data to build a model. Therefore, a critical part of developing a useful
classifier is the process of feature extraction [11]. This is the application of image analysis techniques in order to
produce numerical information that in some way represents the raw data. In the case of galaxy images, this is in
the form of photometric data. A feature may be a measurement of the shape or color of the object. Examples of
this include the relative ellipticity of the galaxy, the radial change in brightness from the center to the rim of the
galaxy, and the dominant wavelength of light [12].
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Figure 1. Sample galaxy images from the SDSS [1

The SDSS provides hundreds of such features for each object that are automatically measured as part of its
data pipeline [2]. In selecting a subset of these features to use for classification, it is important that the features
chosen characterize the categories desired. In other words, a feature must tend to have particular values for each
of the categories [13]. The more diagnostic the chosen features are, the higher the resulting classification accu-
racy will be. Having more features though increases the computational time of the learning. Therefore, it is de-
sirable to use a small set of features that characterizes each of the categories well. Certain subsets have been
published as being useful for galaxy classifications [12]. Such published feature sets have been successfully
used in many studies dealing with the classification of galaxy morphologies [8].

Several different machine learning algorithms have been applied to this photometric data in order to automate
classification. One of the most prominent examples of this is the use of neural networks. This has been one of
the most successful attempts at automatic classification to date [13]. Other algorithms that have been applied to
galaxy morphologies include the use of regression [14]. There has been less research with Support Vector Ma-
chines in this area [7]. This paper applies the Krylov iterative methods for the SVM algorithm to solve this clas-
sification problem.

3. Support Vector Machines

Support Vector Machines (SVMs) represent another potential method to classify galaxy morphologies. First in-
troduced by Vapnik in 1992, the algorithm has been applied to many real world applications [15]. For example,
the SVM has been utilized in bioinformatics to predict disease susceptibility [4]. It reads in sequences of genetic
information, which are assigned the categories of sick and healthy, and uses it to predict an individual’s disease
susceptibility. Another example where the SVM has been applied is in text classification [6]. Samples of text are
analyzed and attempted to be placed into certain categories. This has several applications, such as email filtering,
web searches, and product recommendations. The SVM has also been applied to astronomical data before. It has
been used to distinguish between images of stars and galaxies in other sky surveys [5].

An essential part of the SVM algorithm is how it treats its data. Each individual object must be represented in
the form of a single data point. This data point consists of two pieces of information: a feature vector and a label
[16]. The label indicates which category the object belongs to. A positive value indicates the first category and a
negative one indicates the second category [3]. The feature vector is a numerical representation of the object. It
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consists of a set of values, or features, and each one of these features characterizes a certain aspect of the object.
In the case of galaxy morphologies, this feature set will be the photometric parameters that describe the physical
structure of the galaxy.

The SVM treats each of these data points as a point in multidimensional space. During the training phase of
the algorithm, the SVM reads in a set of data points whose categories are known. The goal of the algorithm is to
be able to separate the data into two groups when the dataset is plotted in space. To do this, it attempts to draw a
hyperplane between the two clusters of points. In order to separate the entire feature space, the dimensionality of
the hyperplane is always one less than the dimensionality of the feature vectors. For example, in a simple two
dimensional problem the hyperplane is a line. In an ideal case, this hyperplane will be able to cleanly separate
the two groups, with no points falling on the wrong side of the hyperplane. This is known as a linearly separable
problem [15]. Each data point on one side of the hyperplane will belong to the first category, and the ones on the
other side will belong to the second category.

There are infinitely many possible hyperplanes that can be drawn in order to separate the two categories. It is
desirable to find the optimal hyperplane, or the one that can provide the best possible classification. This hyper-
plane will have the maximum possible distance between itself and the points that are closest to it. These closest
points are known as the support vectors [16]. To find this hyperplane, it is necessary to solve a quadratic pro-
gramming problem that maximizes the distance from the hyperplane to the support vectors. This ends up being a
minimization problem that can be solved using standard mathematical techniques [5]. This can be solved using
direct solvers that achieve the exact solution, or an iterative solver that approximates the solution over many ite-
rations [3]. Direct solution methods are very expensive in both memory space and CPU time for large size prob-
lems. Once the solution is achieved, the result will provide the specifications for the optimal hyperplane. This
hyperplane can then be used for prediction. Data points whose categories are not known are read in to the SVM.
The category is predicted based on which side of the hyperplane the feature vector falls on.

There are many generalizations that can be made to this basic version of the SVM algorithm. One of these is
to generalize the unrealistic assumption that the data is linearly separable. In most real world situations, the two
categories will overlap. It will not be possible to cleanly draw a hyperplane between them [15]. To work around
this problem, a slack variable is introduced that represents the amount that each data point is on the wrong side
of the hyperplane [3]. This results in a slightly different quadratic programming problem that attempts to get as
many points as possible on the correct side of the plane. Another generalization of the SVM is the use of sepa-
rating surfaces other than the hyperplane. This is known as the kernel trick. The kernel trick maps the feature
vectors from the original dataset into even higher dimensional space [5]. This is useful when the data cannot be
separated easily by a linear separating surface such as the hyperplane, but can be separated in higher dimensions.
This allows the use of a non-linear separating surface in the lower dimensional space. Examples of kernel func-
tions include power functions and polynomials [3]. These series of generalizations enable the SVM algorithm to
be very robust and provide high classification accuracies. A gaussian radial basis kernel was used in this paper
to increase the dimensionality of the dataset and to improve classification accuracy.

4. Iterative Methods

The quadratic programming problem is the most computationally intensive part of the SVM algorithm. Any qu-
adratic programming problem can be formulated as the solution to a system of linear equations. This be solved
by using direct solvers such as Gaussian elimination in order to achieve an exact solution to the problem. How-
ever, they are often prohibitively expensive on large datasets [17]. For the Gaussian elimination method, the
floating point operation count is on the order of O(N®), where N is the number of unknowns (columns) of the
coefficient matrix A of the matrix equation. In contrary, the complexity of the Krylov iterative methods such as
the biconjugate gradient (BiCG) type iterative methods is on the order of O(N™'N?) if the convergence is
achieved in N™" iterations. Therefore, Krylov iterative methods can be applied to this problem with a much fast-
er runtime. Such methods converge on the optimal solution over many iterations. Though these methods only
provide an approximation, in most cases this approximation is close enough for classification purposes.

Krylov iterative methods are considered to be the most effective iterative solution methods currently available
[18]-[20]. Krylov iterative methods are some of the most commonly used non-stationary examples of these
solvers. This class of solvers relies on sets of orthonormal vectors within a Krylov subspace [20]. A basis is
formed by successively multiplying the objective matrix by the residual or error of the approximation [19]. This
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matrix vector product accounts for the major computational cost of these algorithms. The approximation at each
iteration can then be determined by minimizing the residual over this subspace. The Krylov iterative methods
such as BiCG require the computation of some matrix-vector product operations at each iteration, which account
for the major computational cost of this class of methods.

We conduct an experimental study on the behavior of four Krylov iterative methods, BiCG, BiCGSTAB,
QMR, and GMRES. These four are some of the well-known Krylov iterative methods which are applicable to
non-Hermitian matrices. The BiCG method is a generalized form of the conjugate gradient method [21]. The
algorithm involves two matrix vector products, one involving the objective matrix and the conjugate transpose
of the matrix. BiCG often exhibits irregular convergence behavior, and very little is known theoretically about
its behavior. The biconjugate gradient stabilized (BiCGSTAB) method was developed in order to smooth the
convergence by introducing a stabilizer [22]. A residual vector is minimized in this process. Similarly, the quasi
minimal residual (QMR) also seeks to stabilize convergence [23]. It solves the reduced tridiagonal system in a
least squares sense, and utilizes look-ahead techniques in order to avoid breakdowns. Another modern method is
the generalized minimal residual method (GMRES) [24]. This method utilizes a least-squares solve and update
process on the sequence of orthogonal vectors.

For symmetric positive definite systems the BiCG method delivers the same results as the conjugate gradient
(CG) method, but at twice the cost per iteration. For nonsymmetric matrices it has been shown that in phases of
the process where there is significant reduction of the norm of the residual, the method is often more or less
comparable to full GMRES (in terms of the numbers of iterations) [23]. Finally, for comparison purposes the
successive over-relaxation (SOR) method is included. The SOR is not a Krylov method; it is basic in that it is an
extrapolation of the Gauss-Seidel method [25]. Hence, a total of five methods are examined in this paper.

5. Methodology

The SVM implemented for this research is a variation known as the Mangasarian-Musicant [3]. This was se-
lected due to its brevity. A gaussian radial basis kernel was used to increase the dimensionality of the dataset
and to improve classification accuracy. The resulting kernel is a completely dense matrix. The iterative methods
implemented were based on the algorithms presented in [26].

The SVM algorithm is traditionally a binary classifier, meaning that it can place objects into one of two cate-
gories. To classify galaxy morphologies in a realistic way though, it must be able to classify into the three cate-
gories of spiral, elliptical, and irregular galaxies. Though multiclass variations of the SVM exist, they are consi-
dered unreliable and do not work well with all datasets [14]. This paper implements multi-classification by using
multiple classifiers in a tier structure. In this structure, a three category sample is first split using a standard bi-
nary SVM classifier. One of the three categories is chosen to be separated in this first tier. This is known as a
one against all classification, in which the SVM is trained to place objects into either the chosen category or
everything else. A second binary classifier is then used to separate the remaining two classes. The SVM is
trained on the two classes, and a prediction is assigned to any object that was previously placed in the everything
else category.

The data for this research was taken from two sources. First, the photometric data was taken from the SDSS
dataset. This photometric data is automatically created by the SDSS pipeline, and is accessible via a structured
query language (SQL) interface. A total of 23 different features listed in Figure 2 were chosen for use with the
SVM. This feature set includes measurements of structure such as ellipticity, Petrosion flux, and the de Vacou-
leurs fit axis ratio as well as spectral measurements. These measurements tend to describe structural characteris-
tics and colors of the images, as these metrics do not vary with the distance of the galaxy. These features were
included several times for the i and r bandwidths of the survey, which indicate the wavelength of light in which
they were captured. Previous work has found that multiple bandwidths often provide different values for the
same feature, and thus can provide more information to the classifier [12]. This feature set has been found to be
diagnostic for the three categories of galaxies, and was chosen due to its success in being used with previous
machine learning algorithms [8].

The second set of data required is the training data for each of the objects. The category of each object is
needed to train the SVM and then determine classification accuracy. This information was taken from the Ga-
laxy Zoo project [10]. This project was a citizen science effort, where over the course of several years volunteers
could go to a website and manually classify images of galaxies. For each object, if users differ, the category
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Feature Name

Description

dered_g, dered_r
deVAB_i, deVAB_r
expAB_i, expAB_r
InLExp_i, InLExp_r
InLDeV_i, InLDeV _r
InLStar_i, InLStar_r
petroR90_i, petroR90_r

Color magnitude

De Vaucouleurs fit axis ratio
Exponential fit axis ratio
Exponential disk fit likelihood
De Vaucouleurs fit likelihood
Star likelihood

Petrosian radius

mRrCc_i, mRrCc_r Adaptive shape
texture_i, texture_r Texture

mEL1_i, mE1_r Ellipticity

mE2_i, mE2_r Ellipticity E2

mCré_i Adaptive fourth moment

Figure 2. Photometric data feature set [5].

receiving the most votes is the one assigned to that object. The resulting dataset was released to the public.
These classifications have been found to be similar those done by professional astronomers [12]. Though biases
from human classification have been shown to exist, these have been studied in detail and have been corrected
[9]. The resulting dataset can therefore be used for training purposes, and has been successfully used in the past.
Each object in the Galaxy Zoo dataset corresponds to an object in the SDSS, and so the two datasets can be cor-
related to create a master set with classification information.

The Galaxy Zoo dataset provides the percent of votes that each category received. For training the SVM, only
objects receiving more than 80% in one category were chosen to reduce noise in the dataset [10]. Objects as-
signed to the spiral category for training contained the categories of clockwise spiral, anti-clockwise spiral, and
edge-spiral from the Galaxy Zoo dataset. Objects assigned to the irregular category were taken from the catego-
ry of merge from the Galaxy Zoo dataset.

6. Numerical Results

A total of eleven experiments were run. Five data samples were used for each one of these. Each training sample
contained 3000 galaxies, with 1000 objects from each category. A separate testing sample for each of the train-
ing samples was used to determine the classification accuracy. These testing samples also contained 3000 ob-
jects.

Experiments 1 through 6 utilized the basic SOR solver to measure a baseline performance of the SVM with
differing galaxy categories. The first three experiments measured the ability of the SVM to distinguish between
each pair of categories. The accuracy of the SVM was measured on the categories of spiral and elliptical, spiral
and irregular, and elliptical and irregular in Experiments 1, 2, and 3, respectively (see Table 1). The second set
of three experiments measured the accuracy of the three class SVM (see Table 2). A separate run was carried
out for each of the three categories as the first tier, or the category that was split first. Experiment 4 separated the
spiral category first, Experiment 5 separated ellipticals first, and Experiment 6 separated irregulars first (see
Tables 3-5). The accuracy was measured for each of the experiments. The metrics include the accuracy, which
is a simple measure of the number of the objects correctly classified divided by the total number of objects. The
sensitivity is the proportion of objects in the positive category that are correctly classified as such. The specific-
ity is the proportion of objects in the negative category that are correctly classified. The number of iterations
each solver took to converge and the solving time are also included. For Experiments 7 through 11, each of the
iterative solvers was used to solve the quadratic programming problem within the SVM, and the resulting solu-
tion used for classification (see Table 7). Five data samples were used for each solver. For these experiments,
only the spiral and elliptical categories were chosen in order to compare the efficiencies of the solvers.

The results of Experiments 1-3 are presented in Table 1. The table summarizes the average accuracies and
runtimes of the five samples in each two class separation. The accuracy between each of the two categories was
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Table 1. Averages of two class SVM: Experiments 1-3.

Classes Accuracy (%) Sensitivity (%) Specificity (%) Time (s) Iterations
Spiral, elliptical 96.8 97.8 95.6 4.0 123
Spiral, irregular 71.6 71.4 71.8 10.6 118

Elliptical, irregular 88.5 84.5 93.6 6.9 134

Table 2. Averages of three class SVM: Experiments 4-6.

First tier Accuracy (%) Spiral (%) Elliptical (%) Irregular (%) Time () Iterations
Spiral 73.1 66.7 92.8 61.8 455 435

Elliptical 74.3 69.9 91.0 62.1 231 272

Irregular 67.2 81.0 82.8 37.7 26.8 236

Table 3. Experiment 4: Confusion matrix, spiral first tier.

S Pred (%) E Pred (%) | Pred (%)
S actual 66.7 13 321
E actual 2.2 92.8 5.1
I actual 241 14.2 61.8

Table 4. Experiment 5: Confusion matrix, elliptical first tier.

S Pred (%) E Pred (%) | Pred (%)
S actual 69.9 25 27.5
E actual 2.0 91.0 7.0
I actual 232 14.7 62.1

Table 5. Experiment 6: Confusion matrix, irregular first tier.

S Pred (%) E Pred (%) | Pred (%)
S actual 81.0 3.8 15.2
E actual 2.0 82.8 15.1
I actual 42.6 19.7 37.7

comparable to those achieved by other classification methods, such as the use of neural networks [5]. Out of the
three combinations, the SVM was able to distinguish between spirals and ellipticals at the highest accuracy of
96.8%. This was followed by ellipticals and irregulars with an accuracy of 88.5%. The SVM was the least accu-
rate in classifying spirals and irregulars, having an accuracy of 71.6%. The SVM was more easily able to dis-
tinguish ellipticals than the other categories. This suggests that elliptical galaxies, with their featureless disks,
are much easier to characterize in the feature set. The sensitivity and specificity did not differ significantly in the
first two experiments. This signifies that the classification did not tend to classify one category more aggres-
sively than the other. When classifying elliptical and irregular galaxies, however, the specificity was slightly
higher than the sensitivity. This signifies that the classification tended to lean in the direction of irregular galax-
ies.

Also of note is the run time for these experiments. The spiral and elliptical classification required the least av-
erage runtime of 4.0 seconds with an average of 123 iterations. However, the longest runtime of 10.6 seconds
for the spiral and irregular classification required the least number of iterations at 118. There is no clear correla-
tion between runtime and iteration count. This is due to the differing time per iteration for each of the conver-
gences. There was a correlation though between the run times and the accuracy of the classification. Lower clas-
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sification accuracy corresponded with a higher runtime. The least accurate classification between spiral and ir-
regular had the highest runtime.

The summary results from the three different implementations of the three class SVM in Experiments 4-6 are
presented in Table 2. The overall accuracy is presented as well as the percentage correctly classified for each of
the three categories. Separating the spiral category and elliptical category first both resulted in comparable per-
formance in terms of accuracy. The total percent of objects correctly classified for the spiral and elliptical first
tier was 73.1% and 74.3% respectively. Separating the irregular galaxies first resulted in a noticeable decrease in
accuracy to 67.2%, though it still provided a useful accuracy. The primary reason for this can be seen in the no-
ticeable drop in percent of irregulars correctly classified to 37.7%. This demonstrates that the SVM has difficul-
ty in performing a one against all classification with irregulars. This suggests the broad range of feature values
of the irregular galaxy are difficult to distinguish between the two other categories.

All three multi-classifications implementations resulted in very high accuracies for the elliptical category.
This further shows the ability of the SVM to distinguish this category from the others. The spiral category also
achieved percentages as high as 81.0%, though this is noticeable lower than the elliptical category. The irregular
category contained the lowest percentages out of the three. In terms of time, the elliptical first tiers resulted in
the most efficient solving with a time of 23.1 seconds. The spiral first tier took the most time at 45.5 seconds.

Confusion matrices are also presented for the three class SVM’s in Tables 3-5. Each row corresponds to the
actual category of galaxy and each column corresponds to the predicted category, or the category that the object
was classified into. This shows for each of the actual categories what objects tended to be classified as and
where the error in classification is occurring. In each of the three tables, it is clear that spiral galaxies tend to be
confused most with irregular galaxies. As much as 32.1% of spiral galaxies are classified as irregular. It is rare
that a spiral galaxy is classified as elliptical, as this percentage tended to be low. Irregular galaxies, however, are
classified as elliptical frequently, with rates as high as 19%. Overall, the most spread in classification can be
seen in the irregulars, reflecting the greater amount of error in classification for this category.

Receiver Operating Characteristic (ROC) graphs are presented in Figures 3-6. The ROC curve plots the tra-
deoff between the true positive (TP) and false positive (FP) classification rate. ROC curves are traditionally used
with probabilistic classifiers. The SVM is a deterministic classifier, meaning it assigns a definite category to its
prediction. However, it is possible to apply ROC graphs to the SVM by comparing the threshold values to inter-
nally computed scores. Figure 3 displays three separate curves for the two class experiments. In this case,
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Figure 3. Experiments 1-3 ROC curve.
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Figure 5. Experiment 5: ROC curve, elliptical first tier.

the positive category is arbitrarily chosen between the two. The higher accuracy of the classification spiral and
elliptical categories can be seen as the curve approaches perfect classification at the point (0, 1), corresponding
to classifying all true positives with no false positives. The area under the curve (AUC) for each of the three
curves is presented in Table 6. These numbers provide an overall summary of its performance across all thre-
shold values. It also represents statistically the probability that the classifier will rank a given positive instance
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Figure 6. Experiment 6: ROC curve, irregular first tier.

higher than a given negative instance [27].

Figures 4-6 demonstrate the performance of the three class classifier. A true ROC curve for three classes
would mark the tradeoff between true positive and false positive for each of the three categories resulting in a
six dimensional curve. To simplify understanding, the class reference formulation of a three class ROC is pre-
sented [27]. The class reference formulation plots a curve for each of the classes. Each of the classes is treated as
the positive instance and the others as negative for the single curve. These curves also show the performance of
the classifier over a varying threshold value. However, the behavior differs slightly due to the tiered classifica-
tion and the use of two classifiers. Each of the SVMs will have a threshold value applied. As a result, the true
positive and false positive rate may not reach a value of one.

The results for Experiments 7 through 11 are presented in Table 7. These are the average results for each of
the Krylov iterative solvers in addition to SOR as a comparison. All solvers were able to successfully converge
on a solution. Of note is the difference in the sensitivity and specificity in these results. In each of the solvers,
the sensitivity was much higher (approximately 98%) than the specificity (approximately 42%). This demon-
strates that the SVM was much more aggressive in classifying spirals than ellipticals. As a result, the spiral was
classified at a higher rate. When comparing the solvers, all five achieved similar accuracies. In fact, the four
Krylov methods, BiCG, BiCGSTAB, QMR, and GMRES, all achieved the same solution with each of the data
samples. This is to be expected, as the methods should converge on the same solution.

The runtimes and iteration counts, however, did differ significantly. Out of the four Krylov iterative methods,
GMRES was clearly the most efficient, achieving the lowest runtime of 2.0 seconds. It also had the least number
of iterations at 53. Following GMRES, BiCGSTAB and QMR had similar runtimes of 4.7 seconds and 4.8
seconds respectively. Their iteration counts were also similar in these methods. The slowest of the Krylov itera-
tive methods was the BiCG with a runtime of 6.1 seconds and an iteration count of 93. With these methods,
there is a clear correlation between runtime and the number of iterations. Higher runtimes corresponded to high-
er numbers of iterations. This suggests that the time per iteration was relatively similar for these four methods.
All these methods outperformed the SOR by a large margin. The time was significantly higher at 16.1 seconds.

Convergence histories are presented in Figures 7-10. These histories show the change in the residual norm as
the iterations converge to the solution. In all the methods, the residual dropped rapidly from its initial position,
and spent the majority of its iterations slowly approaching its solution at 0. Most noteworthy in these histories is
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Table 6. ROC AUC Experiments 1-3.

Sp/El Sp/Ir El/Ir
AUC 0.995 0.775 0.931

Table 7. Experiments 7-11: Averages of iterative solvers.

Solver Accuracy (%) Sensitivity (%) Specificity (%) Time (s) Iterations
SOR 69.8 98.0 41.6 16.1 83
BiCGSTAB 69.9 98.1 41.7 47 70
BiCG 69.9 98.1 41.7 6.1 93
QMR 69.9 98.1 41.7 48 71
GMRES 69.9 98.1 41.7 2.0 53
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Figure 7. Convergence history of BICGSTAB solver.
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Figure 8. Convergence history of BiCG solver.
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Figure 9. Convergence history of QMR solver.
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Figure 10. Convergence history of GMRES solver.

the BiCG. The erratic behavior of the iterative method is displayed in the many times that the residual norm ris-
es before it drops again. Few theoretical results are known about the convergence of BiCG [17] [19] [26]. In
practice, it is observed that the convergence behavior may be quite irregular, and the method may even break
down. The breakdown situation due to the possible event by the so-called a look-ahead strategy [28]. The other
breakdown situation occurs when the lower upper (LU) decomposition fails, and can be repaired by using
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another decomposition. Sometimes, the breakdown or near-breakdown situations can be satisfactorily avoided
by a restart at the iteration step immediately before the (near-)breakdown step. The stabilizing effect of the
BiCGSTAB can be seen in its smoother convergence. This resulted in BICGSTAB having a lower runtime than
the BiCG. Another possibility is to switch to a more robust method, like GMRES [20] [26].

7. Conclusions

Support Vector Machines (SVMs) can be applied confidently to the problem of classifying galaxy morphologies.
As modern sky surveys continue to produce more and more data, machine learning algorithms such as the SVM
will be required to analyze the data. The presented algorithm can be feasibly used to classify the entire SDSS
dataset. The automation of the galaxy classification process will save countless hours that are required to ma-
nually classify objects. Astronomers will be able to make use of the addition of this information to these cata-
logues of galaxies to test many theories about the universe and gain a better understanding about the evolution
of galaxies.

The numerical results demonstrate the high accuracy of classification by the SVM. The results of two-class
separation between the spiral and elliptical categories are particularly noteworthy. The SVM also provides use-
ful accuracies on a three-class sample. In a real world application, this would be the most likely use of the SVM,
as sky surveys would contain all three classes. The implementation of the multi-classification SVM can have an
effect on the accuracy of the classification. The results may assist researchers in selecting a first tier for separa-
tion. Both the spiral and elliptical categories provide comparable accuracy as the first tier. However, the runtime
for the elliptical tier is significantly smaller. This suggests that the elliptical first tier would be the most useful
implementation of a three-class SVM.

The results also demonstrate the challenge of using classification algorithms on the irregular category of ga-
laxies. In the two-class separation, it was much harder for the SVM to distinguish between the irregular and the
other two categories. This is also demonstrated in the low accuracy of the one against all classification in the ir-
regular first tier. This is a challenge related to the definition of irregular galaxies. As the category contains ga-
laxies with no definite structure that do not meet the requirements of either of the other categories, it is difficult
to characterize the category within the feature set, and it is less diagnostic. The values of the feature measure-
ments tend to vary greatly from object to object. It is therefore frequently confused with other objects. The fea-
tureless disk of elliptical galaxies, by contrast, is relatively easy to characterize in a feature set. It is therefore
easier to separate in classification. Spiral galaxies also have a definite structure in the form of spiral arms that
can be used for classification. One of the challenges with this category is ensuring that it is not confused with ir-
regular galaxies.

The comparison of the iterative solvers may assist researchers in selecting an efficient method to solve the
quadratic programming problem within the SVM algorithm. In all cases, Krylov iterative methods performed
more efficiently than the basic SOR method while achieving almost identical classification accuracies. Their
robust algorithms allow them to solve many real world applications with a fast runtime. The results suggest that
the GMRES iterative method is the most useful method to use for classifying galaxy morphologies. It has the
fastest runtime of all the methods.

Future work in this area can attempt to increase the classification accuracy of the SVM. One of the greatest
sources of error in classification is the irregular category. Improving this accuracy would greatly improve the
overall accuracy. A potential way to do this might involve finding a feature set that better characterizes the cat-
egory. Further research could focus on further improving the runtime of the algorithm. Techniques such as pre-
conditioning can be used to decrease the number of iterations of the solvers.
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