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ABSTRACT

This research was conducted to perform an in-depth analysis of the coupling metrics of 10 open source
software (OSS) projects obtained from the Comets dataset. More precisely, the authors analyze the
dataset of object-oriented OSS projects (having 17 code-related metrics such as coupling, complexity,
and size metrics) to (1) examine the relationships among the coupling and other metrics (size,
complexity), (2) analyze the pattern in the growth of software metrics, and (3) propose a model for
prediction of coupling. To generalize the model of coupling prediction, they have applied different
machine learning algorithms and validated their performance on similar datasets. The results indicated
that the random forests algorithm outperforms all other models. The relation analysis specifies the
existence of strong positive relationships between the coupling, size, and complexity metrics while the
pattern analysis pinpointed the increasing growth trend for coupling. The obtained outcomes will help
the developers, project managers, and stakeholders in better understating the state of software health.
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1. INTRODUCTION

The measurement of software metrics (Fenton et al., 2002) helps in analyzing and evaluating the
Open Source Software (OSS) projects. The development paradigm (Feller & Fitzgerald, 2000) of OSS
projects raises many questions when compared with that of proprietary software projects (Tapscott &
Caston, 1993). Moreover, in recent times the shift is observed in the software development paradigm
from proprietary software to the OSS development paradigm (Tapscott & Caston, 1993). The software
quality is one of the major concerns, while the developer proposes or use the OSS development model.
Many researchers have performed the fine-grained (Pascarella et al., 2019) as well as coarse-grained
(Zendler et al., 2001) analysis to tackle the quality issue of the OSS development. The quality of
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software determines the strength of software in terms of low defect density (Slaughter et al., 1998) and
ultimately it will decide the success or the failure of the OSS project (Lee et al., 2009). The software
metrics obtained from the source code measures the different aspects of software development. These
metrics help in evaluating the strength and the weakness of the code such as it is observed that as the
software evolves the complexity of the software project increases (Daniel et al., 2009).

Quah & Thwin (2003) predicted the software metrics (number of defects and the number of
lines changes) for object-oriented software projects. In the present study, we aim to extend the
work of Quah & Thwin (2003) by performing the prediction of coupling metrics of object-oriented
OSS projects. The coupling is the measure of the inter-module dependency or association (Allen
et al., 2001). For quality software development, we expect to have low coupling between the
modules. The coupling helps in quantifying internal software quality (Offutt et al., 1993). Sousa
et al. (2019) analyzed the evolution behavior of coupling and evaluated the effect of coupling on
software reusability and complexity. They observed an increase in the complexity of the system with
coupling evolution. In this similar context of working, we extended the work of Sousa et al. (2019) to
propose the general model for the prediction of software coupling metrics. We have investigated the
Comets dataset* using multiple machine learning prediction algorithms and provided a comparison
for all these models. The prediction of the coupling allows the developers, project managers, and
other stakeholders to better understating the state of software health. Moreover, it will provide
information to understand the software evolution behavior. The coupling prediction for the other
object-oriented metrics of the Comets dataset intimates the project manager to perform perfective
or preventive maintenance activities. This prediction will provide the measure of one dimension
of internal software quality. Further, the composite analysis is performed to analyze the pattern
existing in the evolution of different object-oriented metrics of OSS projects. The pattern analysis
using advanced machine learning algorithms helps in nudging the mute existence of relationship
patterns among the software metrics. It will allow analyzing the effect of the coupling metric on
other software metrics (size and complexity metrics).

In general, we aim to achieve the following objectives:

1. Examine the relationships among the coupling metrics and other metrics (size and complexity
metrics).

2. Analyze the pattern in the growth of different software metrics.

3. Propose a model for the prediction of software coupling metrics (fan-in and fan-out).

The rest of the paper is organized as follows. Section 2 presents related work. Section 3 explains
the analysis methodology. Section 4 presents the results and discussion on the outcomes. The last
section concludes the paper and provides future directions.

2. RELATED WORK

The quality of the software is extensively dependent on many factors. Modifiability, testability,
flexibility, and maintainability are at the forefront of these factors (Guveyi et al., 2020). The user
expectations and satisfaction which are key criteria in software productions strongly depend on
software quality (Yadav, S., & Kishan, 2020). Most users have their key expectations on the quality
of the software than other components (Yue, 2019). Usage of deficient predictors is unceasing
research in the software community (Yucalar et al., 2020) and employment of software quality
prediction models at the initial stage of the software development lifecycle (SDLC) can help in
risk minimization as well as reducing manpower and cost (Jayanthi & Florence, 2019). Broadly,
it is considered that the quality can be measured by classifying the metrics into two categories: a)
internal quality metrics and b) external quality metrics (Azuma, 1996). The researchers have used
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these measures to evaluate software quality from different perspectives. The work of Chidamber
et al., (1994) was the pioneer in the field of measuring the object-oriented software metrics. They
proposed the suite of six design metrics for object-oriented software projects that will provide
insightful information about the internal quality behavior of the software. Later many other
researchers (Li & Henry, 1993; Lorenz & Kidd, 1994; Briand et al., 1999, and so on.) have extended
the work of Chidamber et al., (1994).

Sousa et al., (2019) investigated the internal quality of the software in facets of the coupling
metric. They analyzed the coupling evolution behavior and also measured the effect of coupling
metrics on other sets of metrics such as reusability and complexity of the software. They pinpointed
the fact that the coupling has a direct impact on the other considered factors. Besides this, we found
a gap in the existing study as it is mentioned by Sousa et al., (2019) in their specified future work.
They indicated that in the future they would like to propose the global model for the prediction of
the coupling metric. More specifically, the prediction of coupling evolution by proposing the general
model of prediction. In this present study, we aim to explore this future objective as mentioned in
their study. We propose to provide the general model of coupling prediction by using a similar dataset.
Furthermore, we looking forward to examining the pattern in the coupling, size, and complexity
metrics to uncover the minute relation if it exists between them.

Arisholm et al., (2004) investigated the object-oriented software projects to measure the dynamic
coupling and proposed the different dynamic coupling metrics. Further, they analyzed the relationship
between the coupling measures and the change proneness of the classes. They specified in the results
the presence of relationships among them. In the present study, we aim to study the static coupling
measure of 10 object-oriented software projects having 17 software metrics including size, complexity,
and coupling metrics.

Quah & Thwin (2003) used the neural networks for estimating the software quality using the
object-oriented software metrics. They predicted the number of defects in a class and the number of
lines changed per class. Moreover, they specified that the performance of the general regression neural
model is better and more accurate than the contrasting ward network model. In this present study,
our objectives are some not only in examining the performance of different prediction algorithms but
we have the concern to provide a general model for the coupling prediction. Besides this, we aim to
find the existing pattern among the considered object-oriented metrics.

Juneja (2019) employed a fuzzy-filtered neuro-fuzzy framework for software fault prediction and
was able to generate a framework with high accuracy. Other researchers have also used a different
approach to fault prediction analysis. For example, Ha, et al. (2019) used a machine learning model
while Al Qasem et al., (2020) used Deep Learning Algorithms. Kanmani et al., (2004) predicted the
fault ratio by using the General regression neural network. They performed the specified study on the
software developed by the students of their institute. Further, Kanmani et al., (2007) extended their
previous work for fault prediction by using a different set of neural networks (Probabilistic and Back
prorogation neural networks). They specified that neural networks outperform the statistical models.
They also mentioned that the Probabilistic Neural Networks outperforms the back prorogation neural
network for the prediction of faults.

The present status of related work in the way to evaluate the object-oriented metrics is more
towards finding the applications of machine learning algorithms or to validate the one model with
others on different metrics. In this present study, we start the work with the prediction of the coupling
metrics of the object-oriented software and further looking in-depth for examining the pattern in
the relation of the coupling metric with other size and complexity metrics. The proposed study will
provide insight information about the internal quality behaviour that will be determined with the
detailed analysis of the coupling metric. It allows the project managers and other stakeholders to
better understand and execute timely, the maintenance activities that are required in the smooth run
of any software.
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3. ANALYSIS METHODOLOGY

3.1 Data Collection

The proposed study is an extension of the work done by Sousa et al., (2019) to measure the quality
of software. Sousa et al., (2019) have examined the coupling evolution behaviour and also analyzed
the effect of coupling on other sets of metrics (such as reusability and complexity, etc.). For this
evaluation, they have used the COMETS (CODE METRIC TIME SERIES) a public dataset. The
COMETS dataset consists of a total of 17 source code evolution metrics that will provide insight
information about the software internal quality issue in terms of providing size related, complexity
related, and coupling related information of 10 Java-based projects (Couto et al., 2013). To perform
the present study, we have used a similar dataset but for gaining the different objectives that are
to propose the general model of prediction of coupling and to look for the pattern of evolution or
relation between different source code metrics (see Table 1). For further analyzes, we have taken
the monthly average of all the metrics. Since the processed data is less for applying the prediction
algorithms. We have used the bootstrap method for the resampling of the data (Efron & Tibshirani,
1997). The monthly data of software metrics is bootstrapped to 1500 samples by considering the
sampling without replacement for the instances of OSS project respectively.

3.2 Software Code Metrics

The COMETS dataset consists of 17 source code metrics that are measured at the level of source code
classes. It broadly includes 9 size metrics (Number of attributes (NOA), Number of public attributes
(NOPA), Number of private attributes (NOPRA), Number of attributes inherited (NOAI), Number
of lines of code (LOC), Number of methods (NOM), Number of public methods (NOPM), Number
of private methods (NOPRM), Number of methods inherited (NOMI)), 2 coupling metrics (Fan-in,
Fan-out), and 6 CK metrics (Weighted Methods per Class (WMC), Depth of Inheritance Tree (DIT),
Number Of Children (NOC), Coupling Between Classes (CBC), Response For a Class (RFC), Lack
of Cohesion in Methods (LCOM)) (see Table 2). These sets of metrics provide the information for
the evolution of the considered projects (shown in Table 1).

3.3 Random Forests Algorithm

The random forest is an ensemble learning method consists of a combination of tree predictors
whereby every tree depends on the values of a random vector sampled independently and with the same

Table 1. Description of COMETS dataset (Couto et al., 2013)

OSS project Time frame Versions
Eclipse JDT Core 07/01/2001 - 06/14/2008 183
Eclipse PDE UI 06/01/2001 - 09/06/2008 191
Equinox Framework 01/01/2005 - 06/14/2008 91
Hibernate Core 06/13/2007 - 03/02/2011 98
JabRef 10/14/2003 - 11/11/2011 212
Lucene 01/01/2005 - 10/04/2008 99
Pentaho Console 04/01/2008 - 12/07/2010 72
PMD 06/22/2002 - 12/11/2011 248
Spring Framework 12/17/2003 - 11/25/2009 156
TV-Browser 04/23/2003 - 08/27/2011 221
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Table 2. Description of source code metrics

Software Metric Description
NOA It includes the total number of attributes in the class.
NOPA It includes the total number of public attributes in the class.
NOPRA It specifies the total number of attributes that are private in the class.
NOAI It indicates the count of the total number of attributes that are inherited in the class.
LOC It represents the count of the number of lines in the source code.
NOM It indicates the total number of methods in the class.
NOPM It indicates the total number of methods that are declared as public in the class.
NOPRM It indicates the total number of private methods in the class.
NOMI It specifies the count of the total number of attributes that are inherited in the class.
Fan-in It indicates the number of modules called this module.
Fan-out It specifies the count for the number of modules calling the module under examination.
WMC It represents the measure of complexity in the class.
DIT It specifies the maximum length from the class to the root class or hierarchy nesting level.
NOC It represents the number of sub-classes of a class.
CBC It indicates the number of classes to which the class is coupled.
RFC Set of methods that are executed in the response of the object of the class under consideration.
LCOM It specifies the lack of cohesion count for a method in the class.

distribution for all trees in the forest (Breiman, 2001). A brief application of the random forest method
is given below. We considered, a dataset D with each metric as a feature and each row representing
the corresponding metric value at a period of 2-weeks. A sample is bootstrapped from the dataset and
further a subset of features is drawn randomly from the previously obtained sample. Then a decision
tree is trained using the random subset from the previous step. This process is repeated B number of
times to generate a large number of random decision trees. This randomness of features keeps the
variance and the bias to the minimum resulting in an effective model for the task.

Random forest regressor

Input D: Training Data
Output: Prediction of Coupling
1: procedure RANDOMFORESTCLASSIFIER (D) »D is the labelled
training data
2: forest = new Array ()
3: for = 0 to B
: D = Bagging (D) »RBootstrap Aggregation

4

5: T = new DecisionTree ()
6: featuresj= RandomFeatureSelection (Dj)
7: T .train(D, featuresi )
8: forest .add( T)
9: end for

10: return forest
11: end procedure
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4. RESULTS AND DISCUSSION

4.1 Analyzing the Relation Among Different Metrics

Figure 1 (i-xvi) summarizes the results of exploratory data analysis on the dataset. Each graph
represents a relationship between the two metrics on the axes of it. Every plotted point is the total
aggregation of the respective metrics obtained at a regular period (2-weeks). Figure 1-i shows a
positive linear relationship between Fan-in and Fan-out. An increase or decrease in Fan-in will cause
a proportional increase or decrease in the Fan-out.

Figure 1. Fan-in Metric Correlation against Other Metrics
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Similarly, Figure (ii-xvi) presents the relationship of Fan-in metric with other metrics, namely
Number of attributes (NOA), Number of attributes inherited (NOAI), Number of lines of code (LOC),
Number of methods (NOM), Number of methods inherited (NOMI), Number of private attributes
(NOPRA), Number of private methods (NOPRM), Number of public attributes (NOPA), Number of
public methods (NOPM), Weighted Methods per Class (WMC), Depth of Inheritance Tree (DIT),
Number Of Children (NOC), Lack of Cohesion in Methods (LCOM), Coupling Between Classes
(CBC), and Response For a Class (RFC) respectively. It should be noted the combination of all these
metrics with Fan-in exhibit similar trends. They increase as the value of Fan-in increases i.e. it depicts
the linear relationship of Fan-in with other sets of metrics. The analogous trend was observed after
plotting each of these metrics with Fan-out. Having carefully analyzed ten different open source
software, we selected three of these systems for our prediction purposes because of their enormous
amount of data set. This three software includes; JabRef, PMD, and TV-Browser.

To further establish the aforementioned observations, the Person correlation method was used to
calculate the correlation coefficients (Mudelsee, 2003). The Pearson correlation coefficient between
two attributes can be calculated using the following equation 1:

LY,
e (5 e - (2,

T =
zy

)

r., = Pearson r correlation coefficient between x and y
n = number of observations

-t .
T, = value of m(for i observatzon)

y, = value of y(for i observation)

While performing the correlation analysis, it was observed that the correlation coefficients for
software metrics of the considered software projects are very high (more than 0.95) which indicates
a strong positive correlation between all these metrics.

4.2 Prediction of Fan-in and Fan-out

Coupling metrics were predicted with four selected models; AdaBoost, Random Forests, XGBoost,
and KNN Regressor. AdaBoost pools weak algorithms to form a stronger one (Chourey et al., 2019),
Random forests are efficient in dealing with lesser sample size and provides a distinctive combination
of prediction accuracy (Qi, 2012), XGBoost can be used for both classification and regression (Chen
& Guestrin, 2016) while KNN Regressor utilizes local information (Zhou et al., 2005). The models
were accessed based on three (3) evaluation metrics; Mean Square Error (MSE), Mean Absolute
Error (MAE), and Root Mean Square Error (RMSE).

MSE calculates the sum of the square of the difference between actual and predicted values
(refer to Eq. 2). Its value ranges between 0 and 1, where 1 depicts the worst model while 0 value
represents the best model:

N = number of observations

y, = actual output

y, = model predicted value
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1
MSE = — —5 ) 2
SE=—2>"-0) )

MAE evaluates the absolute difference between actual and predicted values (refer to Eq. 3).
Moreover, it is not as sensitive to outliers as MSE (Brassington, 2017):

1 .
MAFE = sz( — yl| 3

1=1

RMSE is the measure of error rate, it is calculated by taking the square root of MSE (see Eq. 4).
Both the Root Mean Square Error (RMSE) and the Mean Absolute Error (MAE) are often employed
in model evaluation research (Chai & Draxler, 2014):

“

Table 3 presents the values of the mentioned statistical measures for every model. Upon evaluation
and thorough comparison of performances of the above given state-of-the-art repressors, it was
established that Random Forests outperforms other algorithms, thereby making it an appropriate
choice for our research.

Figure 2, presents a chart of relative importance with fifteen (15) different metrics. The total
relative feature importance of the four (4) metrics with the highest relative importance; Response For
Class, Number of Public Methods, Number of Methods inherited, and Coupling Between Classes
is more than 0.85. Beyond the 4th metric, the relative importance drastically decreases to 0.03 and
continues to decrease further with the rest of the metrics. We ignore the metrics with the relative
importance of less than 0.03 and retrain Random Forests again with the remaining features. The new
model was again evaluated based on the four metrics with relative importance greater than 0.03.
MSE= 731.23, MAE=22.06 and RMSE=27.041, which gives a negligible difference in the results.

Finally, we predicted values for datasets with the longest time frames, namely; PMD, TV-Browser,
JabRef. Each of these 3 datasets covers more than 8 years. The predictions were made for three years
with six-month intervals for each dataset. Figure 3-4, presents the actual and predicted values of
Fan-in and Fan-out for JabRef software respectively. The predicted and actual values for the second
and third months for the Fan-in chart has a difference of 0 each, the third having 1 while others also
have very close values. Also, the Fan-out values exhibit a very similar trend of having close values.

Figures 5 and 6 present the actual and predicted values of Fan-in and Fan-out for PWD software
respectively. The values for Fan-out has lesser differences than that of Fan-in for the PWD software.

Table 3. Selected Predicting Models

Algorithm MSE MAE RMSE
AdaBoost 4732.05 49.28 68.78
Random Forests 739.68 2223 27.197
XGBoost 1945.76 33.46 44.11
KNN Regressor 2669.79 34.59 51.67
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Figure 2. Relative Importance Chart
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Figure 3. JabRef Fan-in
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Furthermore, Figures 7 and 8 depict the actual and predicted values of Fan-in and Fan-out for
TVBrowser software respectively. The values for Fan-out and Fan-out also exhibit similar trends
like JabRef software.

Table 4 specifies the combined Fan-in and Fan-out values for the three software and the
accuracies of the model for each dataset are given in Figure 9. From all this analysis, we conclude
that random forests predict the values of coupling metrics with higher accuracy in comparison to all
other considered methods.
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Figure 4. JabRef Fan-out
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Figure 5. PWD Fan-in
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Figure 6. PWD Fan-out
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Figure 7. TVBrowser Fan-in
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Figure 8. TVBrowser Fan-out
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Table 4. Combined Fan-in and Fan-out values
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5. CONCLUSION

The quality of the software is the indicator of its reliability, efficiency, maintainability, and security.
Most of the time, OSS project development faces the issue of maintaining the good quality of software.
The project managers and developers use a different set of methods, techniques, and algorithms to
evaluate the quality of the OSS project using an assorted set of metrics. For any quality software
development, it is recommended to have low coupling and high cohesion among the modules of the
software. In this study, we proceeded to intend to find the relation among the set of code metrics
(coupling, size, and complexity metrics) of OSS projects. Furthermore, we applied several machine
learning algorithms to predict the coupling metrics (Fan-in and Fan-out). It was observed that
random forests outperform in comparison to all other prediction models. The proposed method of
analyzing and predicting the coupling metrics from OSS source code will act as an asset for the project
managers, software developers, and other stakeholders to predict the quality of software and to look
for the pattern of software growth. Moreover, it will provide information to understand the software
evolution behavior. In the future, we look forward to repeating and validating a similar experiment
on the larger dataset. Furthermore, to better understand and to get a generalized growth pattern of
OSS projects, cluster analysis can be performed.
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