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Abstract: Attempts to determine characters of astronomical objects have been
one of major and vibrant activities in both astronomy and data science fields.
Instead of a manual inspection, various automated systems are invented to
satisfy the need, including the classification of light curve profiles. A specific
Kaggle competition, namely Photometric LSST Astronomical Time-Series
Classification Challenge (PLAsTiCC), is launched to gather new ideas of
tackling the abovementioned task using the data set collected from the Large
Synoptic Survey Telescope (LSST) project. Almost all proposed methods fall
into the supervised family with a common aim to categorize each object into
one of pre-defined types. As this challenge focuses on developing a predictive
model that is robust to classifying unseen data, those previous attempts
similarly encounter the lack of discriminate features, since distribution of
training and actual test datasets are largely different. As a result, well-known
classification algorithms prove to be sub-optimal, while more complicated
feature extraction techniques may help to slightly boost the predictive performance. Given such a burden, this research is set to explore an unsupervised
alternative to the difficult quest, where common classifiers fail to reach the
50% accuracy mark. A clustering technique is exploited to transform the
space of training data, from which a more accurate classifier can be built. In
addition to a single clustering framework that provides a comparable accuracy
to the front runners of supervised learning, a multiple-clustering alternative
is also introduced with improved performance. In fact, it is able to yield a
higher accuracy rate of 58.32% from 51.36% that is obtained using a simple
clustering. For this difficult problem, it is rather good considering for those
achieved by well-known models like support vector machine (SVM) with
51.80% and Naïve Bayes (NB) with only 2.92%.
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1 Introduction

Nowadays, big data streams seen in various fields have become an important and very challenge issue for data collection and analysis technology to catch up with large volume and mostly
unstructured data, from which new and useful insights may be disclosed [1–3]. Astronomy is one of
these domains where the practice of artificial intelligence, machine learning in particular, helps to
automate as well as improve the quality of a knowledge discovery process. In general, the community
of astronomers and data scientists strive to characterize objects observed in a wide-area sky survey like
LSST such that their behaviors and impacts toward the earth can be accurately predicted [4]. Of course,
it has proven to be an effective alternative to a human manual process to confirm a huge collection
of new sources daily, e.g., the identification of extragalactic objects in the optical-infrared survey [5].
Also, the application of the state-of-the-art method like deep learning has been reported in the recent
literature [6].
Given applications of machine learning techniques to different domain problems [7–9], some
of these have also been exploited to determine insights from raw astronomical data. And specific
to the case of light curve data analysis, they have exhibited a potential of classifying transients [10]
and variable stars [11]. These methods are based on different feature extraction approaches such as
template fitting [12], parametric model fitting [13], wavelet fitting [10], and statistical analysis of time
series [11]. Having obtained target features extracted from light curves, a machine learning model
can be developed. Along this line of research, Lochner et al. [10] compare a set of classification
techniques for supernova classification, including SVM, NB, KNN (k-nearest neighbors), ANN
(artificial neural networks), and RF (random forest), with the latter providing the best result.
Khan et al. [4] also introduce a classification approach to categorize objects into pre-defined classes
based on features generated from light curve profiles collected over time. The final model proposed in
this work is a combination of RF [14] and SMOTE (Synthetic Minority Over-Sampling Technique)
[15], to overcome the problem of class imbalance. Similarly, Chuntama et al. [16] develop the highperformance classification model to determine the type of astronomical objects using RF and ANN.
In addition, these models have also been investigated by D’lsanto et al. [17] for the classification of
transient objects, which are extracted from the CRTS (Catalina Real Time Transient Survey).
Another significant attempt to boost the magnitude and quality of machine learning techniques
to the analysis of light curves is the PLAsTiCC. It is an open challenge hosted on Kaggle platform
(www.kaggle.com) with the task of classifying simulated photometric light curves for the range of
astronomical objects [18]. This data collection is generated as a preparation for actual observations
that will be received from LSST surveys, based on detection of photon flux measurements specific to
each object by time series. This component has become the light curve such that each object possesses
different photons in six passbands that are in the length of infrared, optical and ultraviolet. For the
challenge, many models have been proposed with good performance, with the best being reported by
Boone [19]. However, almost all these belong to the family of supervised learning and are greatly
subjected to a repetitive trial-and-error cycle of feature extraction, data augmentation and model
modification [20]. In fact, domain knowledge proves to be crucial here as characteristics of training set
that is published to all competitors is largely dissimilar to that of the unseen test set. This is recently
discussed by Sangjan et al. [21], in which many classification methods perform well for only a few
object classes. Yet, it might be possible to gain a robust alternative using an unsupervised approach
that has been missing from the literature at large.
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Provided progresses mentioned above, it is the goal of this research to investigate and propose the
application of unsupervised learning framework to identify types of objects in the PLAsTiCC collection. Several past studies have moved to this direction, including the exploitation of cluster analysis to
surrogate radio-frequency based scene descriptors that are achieved from DRAO (Dominion Radio
Astrophysical Observatory) into normal and novel events [22]. Besides, Astorga et al. [23] make use
of VADE (Deep Variational Embedding) to cluster astronomical transient candidates. A similar work
introduced by Reis et al. [24] confirms the benefit of data clustering for the next generation of sky
survey with which a huge amount of data will be witnessed. In that, only a tiny bit would correspond
to rare cases or interesting incidents. As such, candidates are initially clustered into groups of similar
profiles before an anomaly detection algorithm is deployed to spot uncommon or unusual objects. At
last, a combination of supervised and unsupervised learning methods is also brought forward such
that classifiers can be built to accommodate cluster-specific predictions [25–27]. In addition to the
improved quality of prediction, both time and space complexity to train a model may well be reduced.
The current study follows the path of unsupervised learning approach to analyze the PLAsTiCC
data set, with two different variations a cluster-assisted prediction model: single and multiple clustering, respectively. The contributions presented within this paper can be summarized below in three
folds.
1) Two new unsupervised methods to classify astronomical objects based on the PLAsTiCC data
are proposed. Both strive to find a collection of cluster centers or centroids that well represent
their neighboring contexts and the class or object type commonly seen in each cluster. An initial
model of single clustering is developed using classical techniques of k-means and agglomerative
hierarchical clustering, with the optimal number of clusters being identified by internal validity
indices. Note that, the resulting classification model is rather like KNN (k = 1), where a large
training space is decreased to a small set of centroids. The second variation is actually an
extension to the former, where the reference set of cluster centers is acquired from multiple
clustertings, each with a number of clusters randomly selected from a pre-specified range. These
are novel and have not been covered in the current literature, especially for the study related to
the PLAsTiCC challenge.
2) In addition to the multiple-clustering model, the use of ensemble clustering [28] is examined
here to ensure the quality of cluster centroids, in terms of both clustering accuracy and the
diversity between data clusters [29]. This discussion provides a unique empirical study that not
only leads to a higher accuracy, but also a bridge to advancement made in a related subject.
3) This paper also includes predictive performance of both basic supervised and unsupervised
methods on the PLAsTiCC data, which provides insights and background for researchers who
which to investigate and develop novel concepts in the future.
The rest of this paper is organized as follows. Section 2 presents details of background as well
as materials exploited in this work, followed by the proposed method in Section 3. The experimental
design and results are reported in Section 4, with further investigation and discussion being included
in Section 5. Lastly, the paper is concluded in Section 6 with the identification of possible future works.
2 Background and Material

This section explains the methodology of current research, including data source and collection,
data preprocessing, model development and evaluation, respectively. It is to set the scene for proposed
methods, experimental results and discussion given in the following sections. To begin with, the original
data is obtained from the Kaggle platform, which organizes the PLAsTiCC competition. At first, the
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training dataset has been simulated to model light curves of a variety of transients and periodic objects
[30]. Details of classes and their distributions in both training and unseen test sets are illustrated in
Tab. 1. These two sets consist of 7,848 and 3,479,801 samples, where only the former will be employed
to create a model, which predict classes of those in the latter.
Table 1: Details of PLAsTiCC datasets
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Class Ref: Class name

90: SN Ia
67: SN Ia-91bg
52: SN Iax
42: SN II
62: SN Ibc
95: SLSN-I
15: TDE
64: KN
88: AGN
92: RRL
65: M-dwarf
16: EB
53: Mira
6: μLens-Single

Number of samples
Training set

Test set

2,313
208
183
1,193
484
175
495
100
370
239
981
924
30
151

1,659,831
40,193
63,664
1,000,150
175,094
35,782
13,555
131
101,424
197,155
93,494
96,572
1,453
1,303

Description

WD detonation, SN Ia
Peculiar type Ia: 91bg
Peculiar SNIax
Core collapse, SN II
Core collapse, SN Ibc
Super-lum. SN (magnetar)
Tidal disruption event
Kilonova (NS-NS merger)
Active galactic nuclei
RR Lyrae
M-dwarf stellar flare
Eclipsing binary stars
Pulsating variable stars
μ-lens from single lens

One of the obvious properties seen with these sets with 14 different object classes is the imbalance
problem among class-specific samples, which is about 30 to 2,313 between classes 53 and 90. This
exhibits the worst case found in training data. Of course, it may consequently degrade the effectiveness
of a supervised learning model, but not the focus of this study. Also, data augmentation and manual
selection of informative features that are usually employed in previous works are not exercised herein.
Instead, a generalized and simple data preprocessing is pursued to exhibit the baseline of model
evaluation. The following steps are performed to prepare data for next phases of model development
and assessment.
1. Initially, the SALT2 (Spectral Adaptive Light-curve Template 2) package [31] that has been a
common choice of feature extractor [4,10,20] is particularly used to deliver an initial collection
of features. Note that the sncosmo implementation (https://sncosmo.readthedocs.io/en/stable/
index.html) of SALT2 is used in this work. Based on the study of [19], time series of data
specific to 4 signal bands are fit to the default SALT2 models. Each band fitting produces five
parameters of z, t0 , x0 , x1 and c; where z denotes the supernova redshift, t0 is-time of peak flux,
x0 corresponds to amplitude of the supernova, x1 represents the stretch of the supernova, and
c exhibits the colour of the supernova, respectively. This provides a basic set of 20 features,
which may contain some not appropriate for training a model.
2. As such, based on the training set alone, top fifteen of these are selected for the model
development given their correlation scores with class information. To be exact, five features
with low correlation scores between −0.05 to 0.05 are excluded. Note that, this step is not
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conducted with the test set as not to bias the trained model with information regarding unseen
test cases.
3. Specific to the test set, step 1 is repeated to extract an initial feature set, in which only those
specified in step 2 is actually included in the target test set. This is to set samples in both training
and test sets to be represented by the same feature space.
4. It is noteworthy that feature values in both training and test sets might not well be in the
unified domain, thus requiring normalization. In this study, the simple max-min scaler is used
to transform an original feature value xij of sample xi with respect to feature fj , to that xij in
the standard range of [0,1].
xij =

xij − fj,min
fj,max − fj,min

(1)

where fj,max and fj,min denote the maximum and the minimum of feature fj .
After the process of data preprocessing, a classification model can be developed using any common
supervised learning techniques. Fig. 1 depicts the whole framework of model development on the left,
class prediction of unseen test data in the middle, and the model evaluation on the right. Note that
the Test and Evaluation sets shown here stand for test samples with only feature information in the
former, and their corresponding classes in the latter. The accuracy rate used to reflect model quality
is defined in Eq. (2).
No. of test smaples being correctedly classified
(2)
Accuracy rate (%) =
No. of all test samples

Figure 1: General framework of model development and evaluation
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3 Proposed Method

The proposed clustering based prediction model follows most of the stages exhibited in Fig. 1,
but there are additional steps asserted in the part of model development. In particular to Fig. 2, the
optimal number of clusters or K of the training set is examined such that the following clustering phase
will generate these K clusters, using k-means and agglomerative hierarchical clustering algorithms. As
a result, the collection of K centroids z1 , z2 , . . . , zK will be built, where each of them zp is simply the
feature-wise average of members in a particular cluster Cp , p = 1 . . . K. For each centroid zp , there
will be a class label assigned to it clp ∈ {90, 67, 52, 42, 62, 95, 15, 64, 88, 92, 65, 16, 53, 6}, where its
value is drawn from the most frequent label observed with samples in the cluster Cp . Then, during
the prediction phase, Euclidean distances d(xq , zp ), p = 1 . . . K between each test sample xq and all
K centroids are estimated. With these, xq will be matched to a centroid z∗ with the smallest distance.
As a result, this sample is assigned the class cl ∗ that is specific to that centroid z∗ . As k-means is nondeterministic, the experiment result is to be summarized from multiple trials, while there are three
widely used distance metrics for the agglomerative hierarchical model. The settings and empirical study
will be provided in the next section.

Figure 2: A framework for clustering-based model development and evaluation
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As an extension to the basic single clustering approach, the next model makes a good use of
bigger centroid set, which is built from repeatedly clustering the training set using different algorithm
variables. Specific to the present work, clusterings are allocated with different numbers of clusters that
are arbitrarily chosen from a pre-defined range. This is motivated by the progress in ensemble clustering
[28,29] where the utilization of multiple clustering results is able to deliver a more accurate analysis.
Hence, the reference set of centroids is expanded to z1 , z2 , . . . , zM , where is the number of clusterings
and M > K. To end this section, Fig. 3 summarizes the model development framework of the second
proposed method.

Figure 3: A framework for multiple-clustering based model development and evaluation
4 Experiment and Result

Having elaborated the material and proposed methods in previous sections, it is to continue with
actual experiments and the evaluation on an unseen test set. This section is divided into two parts, with
the first reporting results achieved by different supervised models and the proposed single-clustering
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counterpart. After that, the second part illustrates findings with the multiple-clustering method, with
various parameter settings. Further investigation will be emphasized in the discussion section.
4.1 Experiment with Supervised Models and Single-Clustering Prediction

To obtain a rigorous set of results, the following design has been laid out for this initial part,
which aims to compare the predictive performance of common supervised algorithms and the singleclustering model. In particular, the following five classifiers are exploited here. Note that these models
are selected for the experiment based on the recent studies [4,10,14,19], in which they are common
choices to analyze light curve data. Besides, this also allows a link between the current work and the
literature to be established. Also, their Python implementations provided in the scikit-learn package
(https://scikit-learn.org) is employed to set up this experiment and the next.
•
•
•
•
•

KNN with the number of nearest neighbors being set to 1, 3 and 5,
C4.5 (decision tree) with the maximum depth of 3,
NB with the Gaussian kernel function,
SVM with the Radial kernel function, and
RF with C4.5 as base classifiers and the ensemble size of 40. This can be regarded as the
representative of an ensemble classifier, while others are basic classification models.

As for the clustering counterpart, two techniques are largely employed, k-means and agglomerative hierarchical clustering. The latter is investigated with three inter-cluster distance measures, single
linkage, complete linkage and average linkage, respectively. Note that these model choices are picked
up here to initially demonstrate the potential of proposed methods, while a more complex alternative
like ensemble clustering [26,28] can be a good area to explore further in the future work. Similar to the
case of Random Forest, the result of k-means is achieved as an average across multiple trials, which is
set to 30 in this paper. Also, for these clustering models, they are generated using the optimal number
of clusters or K that can be found by the following procedure.
To get a stable evaluation outcome, the agglomerative hierarchical clustering with the singlelinkage metric is exploited to cluster the training set multiple times, each of which is with a specific
number of clusters from the range {2, 30}. Having got the results, they are assessed against two internal
validity indices of SSE (Sum of Squared Error) and Silhouette. Fig. 4 provides the corresponding
illustrations of these measures along the aforementioned range. As lower SSE and higher and
Silhouette scores are preferred, the optimal K of 15 seems to be appropriate as it presents the highest
Silhouette between the range of 12 to 18, which is in the close proximity of the actual class number
of 14. Besides, there is no significant decline of SSE after this point, thus the result would not miss a
major cluster structure appearing as clusters get smaller.
Provided these parameter settings, all investigated models are created using the training set and
then evaluated against the unseen test set, with their accuracy rates being reported in Tab. 2. Based
in the accuracies of KNN variations that reach the maximum of 28.61%, it can be initially point out
that the problem at hand is a difficult one. In other words, there are only a handful of training samples
that are reliable to predict test cases. Yet, all the features included in this study might not be equally
informative since the classifier that takes all features into account like NB fails to perform altogether.
As such, a method that exploits features selectively like a decision tree acquires the highest accuracy
rate of 52.63%, which is in par with a more complex competitor of SVM. Despite the rise of diversity
within RF, random subsets of the original feature space usually leads to less accurate models. Based on
30 trials, this ensemble classifier achieves only around 40.75%, with the corresponding SD (standard
deviation) of 3.11.
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Figure 4: Identification of the optimal K value by comparing validity scores across possible values
Table 2: Results of supervised techniques and single-clustering models
Predictive model

Accuracy (%)

KNN (K = 1)
KNN (K = 3)
KNN (K = 5)
C4.5
RF
NB
SVM
k-means
Agglomerative (Single linkage)
Agglomerative (Complete linkage)
Agglomerative (Average linkage)

18.58
24.37
28.61
52.63
40.75 (SD = 3.11)
2.92
51.80
51.72 (SD = 2.87)
50.83
50.04
48.96

According to this table, four single-clustering alternatives exhibit a potential for the prediction
task, with k-means having the highest accuracy rate of 51.72% and SD of 2.87. This is in par with the
two best classifiers, i.e., SVM and C4.5. In addition, agglomerative hierarchical clustering techniques
are also competitive, with the single-linkage metric leading the group. These observations suggest that
the proposed clustering based prediction is able to provide a robust solution for classifying largely
unseen light curves. Nonetheless, the underlying cluster reference is subjected to only a single data
partition whose quality can be uncertain at times. As a result, it may be better to explore the use of
multiple clusterings, which will be discussed next.
4.2 Experiment with Multiple-Clustering Model

This section continues the experimentation with another new framework proposed in this paper.
It is to investigate the predictive performance of multiple-clustering based prediction models, each of
which uses one of those four single clustering techniques reported in the last section. Specific to the
clustering process, the number of clusters is randomly selected from the range {α, β}, where α, β ∈
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√
{2, N}, α < β, and N is the number of training samples. Moreover, another variable is the number
of clustering results M to be generated. Tab. 3 shows accuracy rates of the four models using α = 2,
β = 25, M ∈ {10, 20}. These are averages from 30 trails with their corresponding SD values given
therein.
Table 3: Results of multiple-clustering models
Model

k-means
Agglomerative (Single linkage)
Agglomerative (Complete linkage)
Agglomerative (Average linkage)

Accuracy (%)
M = 10

M = 20

53.26 (SD = 2.61)
51.77 (SD = 2.27)
50.86 (SD = 3.02)
50.64 (SD = 2.95)

54.92 (SD = 2.80)
51.86 (SD = 2.33)
50.80 (SD = 2.53)
50.66 (SD = 3.01)

In accordance with this table, these methods consistently perform better than their singleclustering baselines, across parameter settings. Specifically, the multiple-clustering model that makes
use of k-means as a base clustering technique reaches a higher accuracy rate of 54.92%, which is
now better than the best supervised classifier reported in Tab. 3. Comparing to this improvement
with M = 20, a lower rate of 53.26% is acquired with a smaller set of clusterings, i.e., M = 10.
However, increasing M does not lead to much improvement in cases of the three agglomerative models.
Fig. 5 summarizes the best results from Tab. 3 in comparison with baseline models from in Tab. 2. As a
reference, the accuracy rate of decision tree (52.63%) is displayed as a line in this figure. The potential
of multiple-clustering approach is clearly depicted herein.

Figure 5: Comparison of accuracy rates obtained by multiple-and single-clustering based models
In addition to the comparison of averaged accuracy rates among methods, it is recommended to
make use of the significant interval and better-worse statistics to draw a confident conclusion [28,29].
Specific to this assessment, four models are included, C4.5 or decision tree, SVM, single-clustering
(with k-means) and multiple-clusterings (with k-means and M = 20). Based on the original work [28],
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the confidence level is set to 95%, while other technical details are not elaborated here due to the
space limit. Fig. 6 reports the better-worse statistics, which is summarized across 30 trials of proposed
models. It is shown that the new multiple-clustering model performs significantly better than its singleclustering alternative and the other two best classification techniques. From this achievement, there are
a few issues to be discussed, such as parameter analysis and another way to further boost the predictive
performance.

Figure 6: Better-worse statistics evaluated between the proposed models and two best classifiers

5 Discussion

From the previous section, the proposed prediction model based on multiple clusterings appears
to be effective for the classification task. This section will further explore issues that influence the
predictive quality, especially for the case of k-means. The decision not to pursue additional analyses
with those agglomerative methods is pretty much on the marginal improvement presented in Tab. 3 and
Fig. 5. One of the core variables to be examined is the size of multiple clusterings or M. Fig. 7 shows
accuracy rates obtained by the multiple-clustering model with k-means across different M values.
It can be seen in this figure that a bigger set of multiple k-means clusterings often leads to a better
accuracy measure, with the highest rate of 55.61% being seen with M = 40. However, a larger set than
this may not yield any higher rate but tends to be more computationally expensive. Furthermore, the
next parameter to be investigated is the upper bound β of the range from which the number of clusters
is randomly chosen. For the previous experiment, this is set to 25, with the lower bound being set to
2. To observe the implication of β on predictive performance, another experiment is conducted with
β  {25, 35, 45, 55, 65}. Note that α is still set to 2, with M being set to 40 based on the performance
shown in Fig. 7. With this design, Fig. 8 illustrates the corresponding accuracy rates obtained by
different β values. It is observed that the accuracy rate gradually inclines as β gets bigger, and the
highest accuracy measure of 57.91% is acquired using β = 65. However, this comes with a longer time
needed for training a model, which might not be suitable for a real-time application or alike.
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Figure 7: Comparison of accuracy rates with different values of M

Figure 8: Comparison of accuracy rates with different values of β
One final issue to be discussed is the diversity of clusterings in the model, which has not been
determined thus far. More and more clustering results obtained from k-means are simple stacked up
to form the final pool of referencing clusters. It is common that some of these may be overlapping thus
lacking one good character of an ensemble or multiple clusterings, differences among partitions. This
particular topic is the focus of the diversity-driven framework for cluster ensemble generation [29]. As
such, this concept is included in the current research to ensure the diversity between results of k-means
clustering. The previous experiment is repeated with the target size M = 40 and the range of cluster
numbers is drawn from {2, β} where β  {25, 35, 45, 55, 65}. Specific to the diversity-driven approach of
[29], the initial pool of 200 clustering results is created. Members of this collection are selected to form
the target set of 40 clusterings, where the selection criteria is based equally on quality and diversity.
See more algorithmic details in [29]. Fig. 9 depicts the effectiveness of the diversity-driven technique,
with accuracy rates are higher than those of a simple multiple-clustering counterpart. Note that the
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best rate of 58.32% is obtained using the smaller upper bound of 45, instead of 65 that is shown in
Fig. 8. Henceforth, the resulting model development becomes less expensive than before. This finding
motivates the use of other concepts built in the domain of ensemble clustering.

Figure 9: Comparison of accuracies using the diversity-driven generation of multiple clusterings

6 Conclusion

This paper has presented a novel approach to classifying astronomical objects based on their light
curve profiles, which is the part of PLAsTiCC competition. It is observed that data distribution in
training set is only partially overlaps that of the test set, hence making many well-known classification
techniques like SVM and NB sub-optimal. In addition, this is considered to be a difficult task since
the sample-based learning method of KNN fails to achieve an accuracy rate above 30%. To obtain a
more robust prediction, an unsupervised approach appears to be a realistic candidate. With this, the
current study proposed two classification models based on single clustering and multiple clusterings,
respectively. It is novel for this sort of task and has been missing from the literature. Two clustering
algorithms are exploited, k-means and agglomerative hierarchical clustering, with the former proves
to be more accurate. In particular, the performance of single-clustering variation is in par with
the best supervised classifiers, while the multiple-clustering alternative lift the accuracy rate up by
2%–3%. In addition, parameter analysis has also been included to visualize relations between predictive performance and hyper parameters of number of multiple clusterings (M) and the upper bound of
cluster-number range (β). Moreover, the use of diversity-driven generation of multiple clusterings [29]
is able to even further the rate to 58.32%, which is rather impressive as a classical supervised algorithms
like Naïve Bayes is accurate only at 2.92%.
Despite this achievement, there are several issues leading to a worthwhile future work. At first,
it is to assess the proposed techniques with more datasets in order to draw a timely conclusion for
practical uses. With respect to modeling of ensemble clustering, other choices of generation strategies
and ensemble summarization schemes can be another good research to conduct. In addition, other
aspects of the underlying feature space may well be addressed, for instance, the treatment of missing
values [32] and discretization of a feature domain [33]. Finally, an introduction of fuzzy sets and
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vocabularies is able to support the explainability of reasoning process [34]. This final remark draws
a great deal of attention provided the emerging trend of explainable artificial intelligence (AI) for
modern applications.
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