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ABSTRACT Over the past decade, a large number of software defect prediction approaches have been
proposed to identify the defect-prone modules by mining software repositories. Recently, a novel scenario
called Cross Version Defect Prediction (CVDP) begins to draw increasing research interests, as it is more
reasonable and applicable in practice to adopt the labeled defect data of previous versions to predict defects in
the current version of the same project. As a software project often has multiple previous versions, CVDP on
this kind of projects will face the following two critical but seldom reported issues, namely, data distribution
difference and class overlapping. In this paper, we address these two issues by solving a version selection
problem via a Cross version model with Data Selection (CDS). The proposed CDS is a novel framework
which treats the defect prediction of existing and new les in different ways. For the existing les, we propose
anovel Clustering based Multi Version Classi er (CMVC), which can automatically select the training data
from the most relevant and noise-free versions by assigning them higher weights than the others. We proposed
a Weighted Sampling Model (WSM) for the new les which have never appeared in previous version by
incorporating the outputs of CMVC. We evaluate the proposed CDS model on 28 versions across 8 software
projects, and the experimental results demonstrate that CDS outperforms three baseline methods and a state-

of-the-art approach in terms of three prevalent performance indicators.

INDEX TERMS Software defect prediction, data selection, cross version defect prediction.

I. INTRODUCTION
Defects in a software system may cause improper behaviors
and even lead to great nancial loss and critical safety
accidents. Traditionally, techniques such as testing and code
reviews are adopted to identify and correct defects in software
systems. However, it can be excessively time-consuming and
infeasible to test all of the components in the increasingly
large scale and complex software system in modern days.
Considering the limited resource available, defect prediction,
which aims to automatically identify the most defect-prone
modules, has attracted profound attentions in the area of
software engineering.

Defect prediction is often formulated as a supervised
binary classi cation problem. The prediction models are
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trained with labeled defect data extracted from software
repositories. Based on the source of training and testing
datasets, defect prediction models proposed in previous
work [1] [7] can be categorized into two main categories:
Within Project Defect Prediction (WPDP) and Cross Project
Defect Prediction (CPDP). In WPDP models, both the
training and test sets are collected from the same software
project. While for CPDP models, training data from several
different software projects are utilized for defect prediction
task in a particular project.

Compared with WPDP, CPDP approaches can overcome
the problem of data insuf ciency but often yields rela-
tively worse prediction performance due to the difference
between the data distributions of the source and the
target projects. On the other hand, most WPDP models
proposed in existing literature are evaluated based on
cross-validation [2], [3], [8] [10]. In experiments of these
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studies, labeled data from a speci ¢ version of a software
project are randomly divided into training and test sets, and
thus this kind of models are referred to as Inner Version
Defect Prediction (IVDP). In practice, however, a particular
software is usually developed in successive versions, and
it is impractical to use the data from the current or future
versions to predict the defects in the upcoming version.
To this end, recent studies [11] [15] proposed to train
the classi cation model by utilizing the labeled modules
of previous versions of a project, and then predict defect
modules in its subsequent version, i.e., Cross Version Defect
Prediction (CVVDP).

Though several methods have been proposed for CVDP,
most of them consider only one prior version for model
training. However, it’s common for a software project to have
multiple previous versions and CVDP on this kind of projects
faces the following two critical but seldom reported issues,
namely, data distribution difference and class overlapping,
which will be discussed in the next section. To address
the two issues, in this paper, we propose a Cross-version
defect prediction model with Data Selection (CDS), which
treats the defect prediction of existing and new les in
distinct ways. Experiments on 28 versions across 8 software
projects demonstrate the superiority of CDS compared over
baseline methods. The main contributions of the paper can be
summarized as followsV

1) We put forward and validate two critical but seldom
mentioned issues in CVDP, i.e., the variation of data
distribution difference and the class overlapping prob-
lem caused by same name les’ repeated appearances
in more than one versions. We conducted extensive
statistical studies to demonstrate the existence of these
two issues and whether they affect the prediction
performance of CVDP models.

2) We proposed a novel cross version defect prediction
model called CDS to solve the above-mentioned issues
by using two different prediction strategies for existing
and new les. In particular, the CDS predicts the
labels of existing les by minimizing the proposed
objective function, while the defect labels of new les
are predicted in an weighted sampling based manner.

3) We evaluated the proposed CDS on 28 versions across
8 software projects with three prevalent performance
indicators, namely, F-measure, g-mean and Balance.
Experimental results demonstrate that CDS achieves
signi cant performance improvement compared with
three traditional baseline methods and a state-of-the-art
CVDP method.

1. BACKGROUND AND MOTIVATION

Defect prediction in software engineering is often formulated
as a supervised binary classi cation problem. Based on
the source of training and test data, defect prediction
techniques can be classi ed into two main categories:
within-project defect prediction (WPDP) and cross-project
defect prediction (CPDP).
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A. CROSS PROJECT DEFECT PREDICTION

The scenario of CPDP has been proposed to address
the problem of data insuf ciency, which WPDP often
suffers from, by utilizing training data from other projects.
Various CPDP approaches have been proposed in previous
work. Zimmermann et al. investigated the feasibility of
cross-project defect prediction in [5]. Nam et al. [1] adopted
the transfer learning approach to make data distribution of
project similar. Later in [16], Peters et al. considered the
privacy problem in CPDP. Zhang et al. [6] proposed an
unsupervised model to handle the homogeneity between
software projects. While in [17], Wu et al. applying an uni ed
semi-supervised approach to deal with the insuf ciency of
historical data for both cross project and within project
scenarios.

Compared with WPDP, the performance of CPDP is worse
due to the difference between the data distributions of the
source and the target projects. Although several approaches
based on transfer learning [1], [18] have been adopted to
tackle this problem, the prediction accuracy of the CPDP
models is still relatively low because of some other factors,
such as dissimilar project contexts, different development
settings and heterogeneous set of metrics, etc. [19].

B. INNER VERSION DEFECT PREDICTION

In previous studies, the issue of WPDP has been extensively
investigated. Early studies extract software metrics from the
perspective of complexity [20], [21], Object-Oriented [22],
software dependency network [2], software process [23] and
soon [8],[24] [26]. Inrecent years, various machine learning
techniques have been employed to enhance the prediction
performance. In [3], Xiao et al. proposed a dictionary-based
prediction method. Lu et al. combined semi-supervised learn-
ing with dimension reduction to achieve better prediction
performance [27]. Yang el al. applying a ranking model
to optimize the ef ciency [28]. Besides, some methods are
designed to address problems such as data noise [29] and
class imbalance [4], [30] [32].

Under the WPDP scenario, most prediction models are
designed and tested based on the method of cross-validation,
which divides the data collected from one particular version
of a software project randomly into training and test sets,
i.e., Inner Version Defect Prediction (IVDP). In IVDP, data
in the training and test sets have identical or similar data
distributions and share the same bug pattern. In this way,
IVDP can usually achieve decent prediction results.

However, the disadvantage of IVDP being often ignored
is its inapplicability for industry use. The rationale behind
the IVDP models is the assumption that the training and
test sets are randomly selected from all collected data
and should share the identical data distribution. Yet many
practical cases deviate from this assumption, in that the
defect prediction models can only be trained using the labeled
data collected from previous versions, and then applied to
predict defect-prone modules in the current or upcoming
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versions. However, datasets collected from different versions
do not necessarily share the same data distribution, which is
contradictory to the assumption of cross-validation.

C. CROSS VERSION DEFECT PREDICTION

As discussed above, IVDP may not be applicable for
practice use due to its dependency on cross-validation.
On the other hand, despite various approaches to assimilate
different distributions, the CPDP still cannot ensure solid
performance. Therefore, in this paper, we pay special
attention to the scenario of Cross Version Defect Prediction
(CVDP), in which only the data from previous versions
within a particular software project are used for training
and the trained model is tested on the current version of
this software project. In the CVDP scenario, factors like
project context, development settings, software architectures
are often similar or identical in different versions of the
same project, resulting in greater similarities among the data
distributions and bug patterns of different versions, compared
with those of different projects.

Shukla et al. formulated the CVDP problem as a
multi-objective optimization problem and proposed a
multi-object logistic regression model [13]. In [12],
the method of kernel PCA was adopted to improve the
prediction performance of CVDP. Yang et al. applied
ridge regression model to deal with the multicollinearity
problems [14]. Lu et al. noticed that the data distribution can
differ from version to version, and integrated the method of
active learning and dimensionality reduction to address this
issue [11]. However, they did not investigated whether the
distribution difference can signi cantly impact the prediction
performance.

However, although a software project commonly has
multiple previous versions, existing CVDP models usually
use the collected data from only one prior version for model
training and do not consider the issues of data distribution
difference variance and class overlapping in the CVDP
scenario with multiple previous versions:

1) DATA DISTRIBUTION DIFFERENCE

A software project usually has multiple versions, and the
correlation and similarity between the data from each prior
version and the current one can vary to a large extent. Besides,
existing research has demonstrated that the defects collected
by mining software repositories usually contain a certain
amount of noise due to mislabeling [29], [33], and multiple
previous versions may suffer from different extents of data
noise. Most machine learning classi ers are designed under
the assumption that the training and test data share the same
data distribution, and the distribution difference between the
training and test data can signi cantly affect the classi cation
performance. Previous studies on CVDP usually train the
prediction models using the data from one particular version
(commonly the latest one) or the merged data of all prior
versions. However, to improve the prediction performance
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of CVDRP, it is more reasonable to choose the prior version
whose data distribution is most similar to the current version.

2) CLASS OVERLAPPING
In software development, software projects update in a
dynamic process and the prior version evolves into the
subsequent versions by adding, deleting or modifying some
source code les. Two versions of the same software project
usually contain a large number of les with the same names.
In current defect prediction approaches, several features of
software modules are extracted from a variety of aspects such
as complexity, object-orientation, dependency relationships,
etc.. In most cases, there exists little difference between the
les with the same name and thus the extracted features
are mostly identical [34]. However, such les may be
labeled oppositely in different versions for the following
two reasons: (1) Although the corresponding changes for
les with the same name may be tiny, they can induce or
remove software defects. (2) Mislabeling may exist during
the collection of defect information because mistakes are
ubiquitous in human activities. Therefore, datasets collected
from different versions of the same software project may
contain instances with similar features but opposite labels,
which can further cause the issue of class overlapping for
the classi cation problem and result in degradation of the
predictive performance.

Motivated by these two critical but rarely discussed issues
for CVDP, we propose a novel cross-version defect prediction
model with data selection to address the following three
research questions:

RQ1 For the same software project, is there a signi cant
difference between the data distributions of various
versions? And does this difference affect the perfor-
mance of defect prediction models?

RQ2 Are there a large number of same name les which
are similar in terms of the extracted features but
labeled oppositely?

RQ3 If the above two problems exist, how can one
propose an effective method to improve the overall
prediction performance of CVDP?

IIl. PRELIMINARY STUDIES

To answer RQ1 and RQ2, we conducted empirical studies on
the MORPH dataset [35] collected by Jurecko and Madeyski,
which has been widely used in previous defect prediction
studies [4], [7], [12], [36], [37]- The MORPH dataset contains
28 versions of 8 software systems, each instance in the dataset
represents a source code le and consist of 20 object-oriented
features and the defect label. The features are extracted from
source code by using the CKJM tools [38]. The detailed
description of these features can be found in [35] and a brief
explanation of them is listed below.

WMC: weighted methods per class
DIT: depth of Inheritance Tree
NOC: number of children

110061



IEEE Access

J. Zhang et al.: CDS: Cross Version Software Defect Prediction Model With Data Selection

CBO: coupling between object classes
RFC: response for a class

LCOM: lack of cohesion in methods
LCOMS3: lack of cohesion in methods, different from
LCOM

NPM: number of public methods

DAM: data access metric

MOA: weighted methods per class
MFA: measure of functional abstraction
CAM: cohesion among methods of class
IC: inheritance coupling

CBM: coupling between methods
AMC: average method complexity

AC: afferent couplings

EC.: efferent couplings

Max(CC): max value of McCabe’s cyclomatic
complexity
Avg(CC): average value of McCabe’s cyclomatic
complexity

LOC: lines of code

A. STUDY ON RQ1

The empirical study on RQ1 consists of two parts. Firstly,
we investigate the data distribution difference between
different versions of the same software project by analyzing
the statistical properties. Secondly, we compare prediction
performance of classi cation models built on data of different
versions to validate the data distribution difference can
signi cantly affect the prediction performance.

In most software projects, a large number of source code

les in a later version are inherited from previous versions
with tiny changes, which may make the features of different
versions very similar. However, the defect labels of a source
code le can vary from version to version. Therefore, on the
task of investigating the data distribution difference, we focus
on comparing the ratio of defective source code les of
different software versions.

In Table 1, the total number of les and the ratio of
defective source code les in each version are compared.
We can observe that different versions of the same project are
obviously different in terms of both scale and defect ratio.
For example, in the rst project ‘camel’, only 3.8% les
are defective in version 1.0, while the defect ratio increases
dramatically to 35.5% in version 1.2 and then decreases to
16.6% in the next version. Thus, we can conclude that the
obvious difference of data distributions between versions of
the same software project does exist.

2 Precision Recall

F D 1
measure rPrecision C Recall 1)
TP TN

D ; 2
g mean (Tgc ) GNcre” @

0 f)2C (1 Recall)?
Balance D 1 © pf) g ecall) N )
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TABLE 1. File numbers and defect ratios of the MORPH dataset.

TABLE 2. Basic metrics for defect prediction.

Next, we conduct defect prediction experiments on these
software projects using three popular classi cation algo-
rithms, i.e., Random Forest [39], Logistic Regression [40]
and Naive Bayes [41].

The prediction performance is measured with three
indicators, namely, F-measure, g-mean and Balance, which
have been widely adopted in existing studies on defect
prediction [12], [42], [43]. These three indicators are de ned
in (1), (2) and (3) according to the basic metrics given in
TABLE 2, respectively.

In the experiments, the classi cation models are built using
the Weka tool [44] with default parameters. As shown in
TABLE 3, the performance of a particular defect prediction
model can vary a lot due to the difference of training data
from various versions. Again, taking the ‘camel’ project as
an example, all the three classi cation algorithms perform
poorly when the models are trained on version 1.0 which
contain only 3.8% defective les. However, when using
version 1.2 as the training set, the prediction performance
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TABLE 3. Prediction performance of three benchmark classification models on each cross version pair.

Software Version Pair Random Forest Logistic Regression Naive Bayes

Project Prior [ Current | F-measure | g-mean | Balance | F-measure [ g-mean [ Balance | F-measure | g-mean | Balance
1.0 1.6 0.071 0.193 0.319 0.106 0.240 0.334 0.248 0.402 0.412

1.2 1.6 0.417 0.638 0.634 0.296 0.487 0.479 0.338 0.522 0.506

camel 1.4 1.6 0.342 0.504 0.485 0.189 0.337 0.375 0.301 0.475 0.465
1.0+1.2+1.4 1.6 0.370 0.542 0.520 0.240 0.396 0.408 0.306 0.482 0.472

3.2 4.2 0.435 0.752 0.751 0.468 0.771 0.771 0.422 0.713 0.708

4.0 42 0.476 0.729 0.714 0.528 0.727 0.698 0.500 0.728 0.707

jedit 4.1 42 0.504 0.775 0.772 0.567 0.790 0.777 0.473 0.693 0.666
3.24+4.0+4.1 42 0.481 0.783 0.783 0.504 0.746 0.731 0.475 0.712 0.691

1.0 1.2 0.498 0.559 0.527 0.455 0.527 0.500 0.441 0.500 0.487

logd;j 1.1 1.2 0.470 0.504 0.496 0.478 0.527 0.509 0.453 0.509 0.495
1.0+1.1 1.2 0.506 0.529 0.518 0.410 0.493 0.474 0.453 0.509 0.495

L5 3.0 0.768 0.641 0.629 0.764 0.607 0.591 0.463 0.533 0.513

2.0 3.0 0.182 0.313 0.365 0.101 0.230 0.331 0.214 0.345 0.378

poi 2.5 3.0 0.713 0.617 0.615 0.745 0.585 0.573 0.462 0.538 0.511
1.5+2.0+2.5 3.0 0.654 0.649 0.642 0.635 0.622 0.618 0.294 0.410 0.417

1.0 1.2 0.280 0.410 0.416 0.372 0.485 0.465 0.504 0.600 0.568

synapse 1.1 1.2 0.444 0.557 0.533 0.430 0.545 0.524 0.538 0.639 0.620
1.0+1.1 1.2 0.362 0.489 0.477 0.439 0.544 0.513 0.510 0.614 0.592

1.4 1.6 0.488 0.233 0.332 0.486 0.256 0.340 0.448 0.243 0.330

velocity 1.5 1.6 0.596 0.617 0.586 0.554 0.554 0.535 0.493 0.601 0.583
1.4+1.5 1.6 0.562 0.564 0.541 0.531 0.350 0.382 0.526 0.548 0.538

24 2.6 0.428 0.523 0.493 0.372 0.479 0.458 0.534 0.605 0.565

xalan 2.5 2.6 0.680 0.684 0.683 0.483 0.543 0.540 0.425 0.520 0.502
24425 2.6 0.643 0.676 0.672 0.284 0.408 0.414 0.428 0.523 0.498

init 1.4 0.456 0.274 0.283 0.553 0.274 0.302 0.268 0.380 0.402

1.2 1.4 0.149 0.258 0.334 0.045 0.151 0.309 0.214 0.342 0.378

xerces 1.3 1.4 0.241 0.371 0.390 0.209 0.342 0.375 0.301 0.418 0.419
init+1.2+1.3 1.4 0.234 0.352 0.386 0.070 0.191 0.319 0.225 0.352 0.383

improves signi cantly for all three algorithms under all the number and percentage of oppositely labeled les in the

indicators. Therefore, data distribution difference does affect
the performance of defect prediction models on a large
scale.

To select the training data under the scenario of CVDP,
some previous studies prefer the latest version, or simply
merge data from all prior versions as the training set.
According to TABLES 1 and 3, using the latest version or the
merged data as training data cannot ensure the best prediction
performance. Therefore, a more reasonable and dedicated
method is required to select the training data in CVDP.

Based on the experimental results discussed above,
we conclude the answer to RQ1 as follows. There does
exist a signi cant difference between the data distributions
of various versions for the same software project, and such
a difference has a considerable in uence on the prediction
performance of CVDP models. Therefore, choosing training
data with less noise and similar data distribution to the test set
is of great importance for building CVDP models.

B. STUDY ON RQ2
In CVDP, changes of a source code le between two different
versions may induce or Xx defects, but it can hardly be
re ected in the extracted features. Therefore, for different
versions, there may exist some instances with similar features
but opposite defect labels.

In TABLE 4, we count and record the number of les
with the same le names between every pair of versions
in the column ‘Same File’, and then calculate and record
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column “Con ict Label’.

Results listed in TABLE 4 indicate that almost every ver-
sion pair contains a large number of same name les, and a
considerable percentage of these les are labeled oppositely.
Moreover, to investigate whether the cross version changes
of these les can be re ected in the features, we calculate the
average similarity of the corresponding instances using the
cosine similarity [45]. Surprisingly, we nd that the average
cosine similarities of these same name lesall equal 1, which
indicates that the cross-version changes of a le can hardly be
re ected by the features.

Thus for RQ2, we can conclude that there are a great
number of same name source code les from different
versions of a software project. Cross-version changes of
these les can hardly be detected by currently used features.
However, these les may be labeled differently due to the
defectinducingand xing nature of these changes. Therefore,
CVDP dataset does contain a large humber of instances that
have similar features but opposite labels. Such a phenomenon
can lead to the issue of class overlapping, which will largely
degrade the performance of defect prediction models.

IV. METHOD

With the rst two research questions answered, it is critical
to propose a CVDP approach to solve the two issues listed in
Section 11-C, namely, data distribution difference and class
overlapping. In this work, we address these two issues by
solving a version selection problem because the rst issue
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TABLE 4. Class overlapping of each cross version pair.

Software Version Pair Same Conflict Average
Project Prior | Current File Label Similarity
1.0 1.2 262 78 (29.8%) 1.0
1.0 1.4 260 54 (20.8%) 1.0
1.0 1.6 257 65 (25.3%) 1.0
camel 1.2 1.4 569 133 (23.4%) 1.0
1.2 1.6 565 158 (28.0%) 1.0
1.4 1.6 857 I51 (17.6%) 1.0
3.2 4.0 265 58 (21.9%) 1.0
3.2 4.1 253 50 (19.8%) 1.0
32 42 238 55 (23.1%) 1.0
jedit 4.0 4.1 291 52 (17.9%) 1.0
4.0 42 272 54 (19.9%) 1.0
4.1 42 291 61 (21.0%) 1.0
1.0 1.1 98 20 (20.4%) 1.0
logdj 1.0 1.2 107 66 (61.7%) 1.0
1.1 1.2 103 64 (62.1%) 1.0
1.5 2.0 224 126 (56.2%) 1.0
1.5 2.5 224 41 (18.3%) 1.0
1.5 3.0 222 76 (34.2%) 1.0
poi 2.0 2.5 314 202 (64.3%) 1.0
2.0 3.0 311 178 (57.2%) 1.0
2.5 3.0 382 122 (31.9%) 1.0
1.0 1.1 152 43 (28.3%) 1.0
synapse 1.0 1.2 149 42 (28.2%) 1.0
1.1 1.2 219 71 (32.4%) 1.0
1.4 1.5 155 72 (46.5%) 1.0
velocity 1.4 1.6 153 102 (66.7%) 1.0
1.5 1.6 209 89 (42.6%) 1.0
2.4 2.5 689 296 (43.0%) 1.0
xalan 2.4 2.6 655 225 (34.4%) 1.0
2.5 2.6 766 292 (38.1%) 1.0
init 1.2 116 38 (32.8%) 1.0
init 1.3 114 67 (58.8%) 1.0
init 1.4 70 51 (72.9%) 1.0
xerces 1.2 1.3 433 96 (22.2%) 1.0
1.2 1.4 323 217 (67.2%) 1.0
1.3 1.4 328 176 (53.7%) 1.0

ask for selecting the prior version with the minimum data
distribution difference as the training set, while the second
one can be solved by deciding which version to trust when
facing the problem that the same-name les from different
versions are labeled contradictorily.

Here we address the version selection problem by giving
each version a proper weight in the learning process.
We propose a Cross version defect prediction model with
Data Selection (CDS) to address the version selection
problem by learning a proper weight for each version and
predict the labels of the current version in the same learning
process.

A. METHOD OVERVIEW

Suppose we have m labeled datasets of previous versions
X1 X2, X™ and the current version dataset X. The
ith version contains n; instances X' D fx;;Xx5; 115 Xh0
labeled with f' D (f];f);:::;f.) where f! takes 1 if the

. . . i e .

corresponding le is defective, and 1 if it is non-defective.
The target of CVDP is to predict the labels of the current

Fig. 1 provides an overview of the proposed CDS which
consists of three main parts: Data Processor, Clustering-based
Multi Version Classi er (CMVC) and Weighted Sampling
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Model (WSM). The Data Processor splits X into existing les
X&ist and new les X", with X®Ist referring to the les
that have appeared in any previous version and X" denoting
the les that have never appeared in any previous version.
Further, to facilitate later calculation, Data Processor extends

zeros, and calculates the indicator matrix I for each previous
version, which is a diagonal matrix with I}, D 1ifthe le
with index k appears in both the i-th and the current versions,
and Iy, D 0 otherwise. _

When predicting the labels, X®t and X" are treated
differently. The reason why we design this novel strategy is
that most machine learning or statistical algorithms are based
on a fundamental assumption that the instances of a dataset
should be independently sampled from the same distribution.
This assumption may hold true for the new les. Yet for the
instances from Xt as discussed in Section 11, they are
usually dependent on the same name les in the training
dataset.

Here, CMVC is the core module of CDS, and is designed
to solve the version weighting problem and to predict the
labels of X®st by solving an optimization problem (the
rationale and a detailed description of CMVC will be given
in Section IV-B). Further, with the version weight problem
solved, WSM is designed to predict the labels of X" using a
classic classi cation model trained on the data sampled from
previous versions according to the outcome version weights
of CMVC.

B. CLUSTERING BASED MULTI VERSION CLASSIFIER
In this work, we propose a novel Clustering based Multi
Version Classi er (CMVC) to assign each prior version a
proper weight and obtain the predicted labels of the existing
les by minimizing an objective function.
The intuitive ideas of our designed objective function can
be summarized as followV

11 Files with similar features should be labeled similarly,
which is a basic assumption of machine learning methods.

12 Files in the current version may inherit defect patterns
from previous versions. When predicting the labels of

les in the current version, labels of the same-name

les in the previous versions should be considered. More
speci cally, the label of a le in the current version is
more likely to be similar to its labels in the previous
versions with higher weights ( higher data relevance and
less noise).

13 Previous versions with higher data relevance should
be given higher weights. As discussed in 1I-C, the data
distribution of different versions can vary a lot, giving
higher weights to more relevant versions can improve the
prediction performance.

14 Previous versions with less data noise should be given
higher weights. As discussed in 11-C, defect prediction
datasets may contain mislabeling noises. Therefore,
we should assign larger weights to the versions with less
noises.
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FIGURE 1. Overview of proposed CDS model.

1) OBJECTIVE FUNCTION
Based on the intuitive ideas above, we design the objective
function of CMVC as fellows:

Firstly, to implement the rstidea 11, we propose to use
a clustering method to identify the instances with similar
features and then assign these instances with identical or
similar labels. Among various clustering techniques, here we
employ spectral clustering [46] because it does not require
an explicit model of data distribution and its effectiveness
for handling data with a complex and unknown space shape.
Spectral clustering is based on the graph Laplacian matrix
of the data, which isde nedasL D D A, where A is the
adjacency matrix of the similarity graph with Aj; representing
the similarity betwqg,n two instances, and D is a diagonal
matrix with Dj; D 1A., (n is the number of instances).
As an unsupervised Iearnlng algorithm, spectral clustering
aims to minimize the following objective functionV

1
minJk DfTLf D > Aij(fi - f)? 4)
i;jD1

where f is the label vector of the instances. Apparently,
to minimize this objective function, similar instances should
be given the same or similar labels.

Secondly, we consider the implementation of I2.
To facilitate understanding, we rst assume that the weight of
each version wj has been determined, which will be discussed
later. The second idea can be implemented asV

>x 1 . L2
wi— I'(f ") (5)

min J D
Cj 2

iD1

where f' and w; are the label vector and weight of the i-th
version, respectively, c; refers to the number of same-name

les between current versions and the i-th version, and I;
refers to the indicator matrix of the i-th version.
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In(5), I'(f f9) ; represents the label vector difference
between the current version and the i-th previous version.
We use ci. to eliminate the in uence of the number of
same-name les on the results, and |j to exclude the les that
do not exist in both versions. By minimizing this function,
the label of a le in the current version will be more similar
to its labels in previous versions with higher weights.

After implementing these two ideas about label prediction,
we next consider the implements of the third idea 13 and
the fourth idea 14 about version weights. Again, to facilitate
understanding, we can also assume that the labels of the
currentversionare xed when discussing the version weights.

We also use the label vector difference to measure
the data relevance and implement 13. As investigated in
Section I11-B, the same-name les from different versions
usually have similar features, while their labels can distinct
a lot. Thus, the label difference of these les can be used to
re ect the data relevance from different versions. Therefore,
the third idea is implemented asV

. > L2 )
min JyD wi— I'(f f') C kwk;
ipr  Ci 2
st: wiD1; w O (6)
where, w D (w1;Wy;:::;Wp) iS the version weights vector

and isanon-negative parameter. This formula looks similar
to (5), but the variable of it is changed to w. The rst
term in (6) represents the label vector difference between
the current version and the i-th previous version, which
can re ect the data relevance. The second term is used for
the regularization of version weights. By minimizing this
function, previous versions that are less different from the
current version in terms of label vectors are considered to
have higher data relevance and will be given higher weights.

Finally, we consider data noise in each previous
version to decide the version weights, which refers to
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the fourth idea 14. Since the labels of previous versions
are known, we can measure the degree of data noise in
each previous version based on the principle of (4). The
prior version with a larger f1' Lifi is more likely to have
the instances with similar features but distinctive labels,
indicating that this version may contain more noise and
should be given a lower weight. Thus, considering the factor
of noise, we can estimate the weights of previous versions by
minimizing the following functionV

>x 1 .
min JwD  wfLFIC kwid
ipr i
st: w'iD1; w 0 7)

where nj, 1 and L' denote the number of instances, the label
vector and graph Laplacian matrix of the i-th version,
respectively. w is the vector of weights for each previous
version. 1=n? is multiplied to avoid the effect of instances
size and the second term is used for regularization of version
weights. Clearly, by minimizing (7), the versions with less
noise (a lower value of ni_zf iTLif P value) will be given a higher
weight. '

Taking all the aforementioned ideas into consideration,
the complete objective function is designed as:

X g o
min  Jus DETLEC 1 wifi Lif
né

ip1 i
>x 1 . L2
C 2 w= I'(f ) C skwk?
ip1 U 2
st: w'1D1L;w; 0O (8)

where 1; 2; 3 arenon-negative parameters to control each
term.

The rst term of this objective function is based on the
spectral clustering of the current version. By minimizing this
term, similar instances in the current version will be classi ed
with the same label. i Lif1 in the second term estimates the
degree of noise in the i-th version, and the versions with less
noise will be assigned with larger weights in the learning
process. The third term considers the relevance between
previous versions and the current version, the irrelevant data
can be removed by lowering the weights of corresponding
versions. Besides, it makes the label vector of the current
version similar to version with higher data relevance. Finally,
the fourth term is a regularization of version weights.

For better understanding of (8), we can analyze the two
variable, the label vector of current version f and the
version weights w, individuallg/. Fixing f, versions with lower
n—i%fiTLifi C 2 I'(f f") 5 values will be given higher
weights, in which the rst term estimates the data noise and
the second term measure the data relevance. While if we

x w, the label vectors of the current version is determined
by minimizing fTLf C 2 1'(f  fT) j in which the rst
term ensure les with similar features have similar labels,
and the second term makes the label of a le in the current
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version similar to its labels in the previous versions with
higher weights.

Overall, by minimizing (8), data with high relevance
and low noise are chosen from all previous versions by
assigning higher weights to the corresponding versions, and
the labels of the current version are predicted by considering
feature similarity and defect patterns inherited from previous
versions with large weights. In this way, the two issues
discussed in Section 111 can be addressed during the learning
process.

2) PROBLEM SOLVING
The optimization of the objective function can be
decomposed into two sub-problems, a version-weighting
sub-problem for version weight vector w and a label
prediction sub-problem for instance label vector f. That is to
say, we can minimize the objective function by alternatively
xing one of the vectors, and solving the other.

Fixing w, J(f) is a non-negative convex function and can

be solved asV

X
l_wn'f' ©)

1.
—_Wi|l) 1y c
iDo !

iDo !

fD(LC

Incase L C » P?,‘DO Cliwili is not an invertible matrix,
we calcqllate the pseudo-inverse of matrix, instead denoted as
(LC , i”,‘DO éWil "), which can be obtained using the Least
Square Method [471.

On the other hand, by xing f, the version-weighting
sub-problem is equivalently reduced to the following opti-
mization problemV

min  VIwC gkwk3
st: wiD1L;w; O (10)

where v. D (vi;Vv2;:::;Vm), with v; being given by
1ni_2f'TL'f'C 2z I(E 1) ;.Thisproblemcanbesolved
usirig the method propoged in [48] as followsV

< \ -
— 1 K
wiD _ 23 (11)
-0 i>K;
where
2,C K v
p =2~ b7 (12)
K
and
K Dargmax(  v;>0): (13)
1

Due to the limited space, the detailed proof procedure is
not given here. Interested readers can refer to [48] for more
details about the derivation.

The algorithm of minimizing the objective function
of CMVC is summarized in Algorithm 1. As the two
sub-problems have closed-form solutions, and the objective
function decreases in each iteration. Therefore, it is guaran-
teed to converge to an optimal solution.
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Algorithm 1 Algorithm for the Problem of Minimizing the
Objective Function

1 2, 3
Output: the binary label prediction vector f’ and
version-weight vector w

1: Initialize w and f

2
3: repeat

4:  Optimize f according to (9)

5. Optimize w according to (11)

6: until convergence

7: Convert f to the binary label vector !

C. WEIGHTED SAMPLING MODEL

To predict the labels of the les that have never appeared in
previous versions, namely X"V we propose the Weighted
Sampling Model (WSM) to build the training set and then
train the classi cation model via classic algorithms.

Since CMVC already addressed the two critical issues
by giving each version a proper weight, we can directly
utilize the outcome weight vector w to build the training set.
WSM samples data from each previous version according
to the version’s corresponding weight. Since versions with
a higher data relevance and less noise are assigned with
higher weights, a larger amount of instances will be sampled
from these versions. In such a manner, we can build a more
reasonable training set than simply using the data of all
previous versions or choosing only one version.

Speci cally, we set the size of training set as the total
numb@; of instances in all previous versions, which is
N D ﬂ},l nj. For the i-th version, N w; instances will
be randomly sampled with replacement. In this way, when
building the training set, WSM relies more on previous
versions with higher weights, which are more relevant to the
current version and contain less noise according to CMVC.

After that, the prediction model will be trained on the
sampled dataset with a prevalent classi cation algorithm,
such as Random Forest, Logistic Regression, Naive Bayes,
etc.. In this work, we choose Random Forest to train the
classi cation model.

V. EXPERIMENT
In this section, we present the experimental setup and
results. The experiments aim to investigate the following two
questionsV
Q1 How does the proposed method perform compared with
other CVDP approaches?
Q2 Whether both CMVC and WSM achieve performance
improvement by considering version weights?
To answer these two questions, the experiments are
designed and conducted as follow.
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A. EXPERIMENTAL DESIGN

1) BENCHMARK DATASET

In this work, we conducted experiments on 28 versions across
8 software projects from MORPH dataset [35]. We choose
this dataset for two main reasons: rstly, it has been widely
used in previous studies [4], [7], [12], [36], [37]. Secondly,
it is the only dataset we found that contains multiple previous
versions for each software project.

As mentioned in Section I11-A, referring to TABLE 1, both
the scale and distribution of data differ drastically between
different versions of the same software project. Moreover,
results in TABLE 4 indicates that the subsequent versions of a
software project contain a large number of les inherited from
previous versions, and these les across versions can be very
similar in feature but are assigned different labels between
versions. Detailed discussions can be found in Section I11-B.

2) PERFORMANCE INDICATOR

The performance of our proposed method is evaluated with
three indicators, namely F-measure, g-mean and Balance,
which are used in our preliminary studies and also widely
adopted in many previous defect prediction studies [12],
[42], [43]. Due to the limitation of space, only these three
indicators are reported in this manuscript, and results in terms
of precision and recall, along with source codes are provided
in additional materials [49].

To verify whether the prediction performances of two
models have a signi cant difference, we use two statistical
methods, i.e., the Wilcoxon signed-rank test [50] and Cliff’s
delta [51]. The Wilcoxon signed-rank test is a typical
non-parametric test which can be used to check whether
the performance difference between two compared methods
is statistically signi cant. In addition, in this work, we use
Cliff’s delta as the effect size to quantify the difference. In this
work, if the p value of the Wilcoxon test is lower than 0.05 and
the d value of the Cliff’s Delta is higher than 0.146, we reject
the null hypothesis that the performance of two compared
method have no signi cant difference with acon dence level
of 95% [52].

3) METHODS FOR COMPARISONS

For the purpose of comparisons, we consider three baseline
methods and a state-of-the-art CVDP approach. For the
baseline methods, we adopt three classic and commonly
adopted classi cation algorithms, namely Random Forest,
Logistic Regression and Naive Bayes, which are widely
used [11], [29], [43], [53] [55] and compared [1], [3], [6],
[27], [56] in the area of defect prediction.

For the state-of-the-art approach, Xu et al. proposed a
two-phase CVDP framework by combining Hybrid Active
Learning and Kernel PCA (HALKP) [12]. HALKP selects
the most informative and representative les from current
versions to query their labels, and then merges them into
the training dataset to enhance the prediction performance.
Experimental results in [12] demonstrated that HALKP
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TABLE 5. The detailed results of CDS and the baseline methods.

FIGURE 2. Box plots of baseline methods, HALKP and CDS on three indicators.

outperforms other CVDP approaches, and therefore we
compare our proposed method with HALKP to evaluate its
effectiveness.

In the experiments, both the proposed method and the
compared methods are trained on the merged data of all
previous versions to predict the defects in the last version. All
the compared methods do not take the two critical issues we
pointed out in 11-C into consideration. Thus, by comparison
with these methods, we can nd out whether the proposed
model can effectively overcome these issues.

B. EXPERIMENTAL RESULTS

1) ANSWERING Q1

We compare CDS with three baseline methods and one
state-of-the-art C\VDP approach on 8 software projects. The
detailed experimental results are presented in TABLE 5,
in which RF, LR and NB refer to the classi cation algorithm
Random Forest, Logistic Regression and Naive Bayes,
respectively, and AVER denotes the average value of each
column. For each software project, the training set is the data
in all previous versions, and the current version is taken as
the test set. The entries highlighted in bold face represents
the method that outperforms others.
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As we can see from TABLE 5, CDS achieves the best
performance both on average and almost on every single
software project in terms of all the three indicators. The box
plots given in FIGURE. 2 demonstrate the superiority of CDS
more clearly.

Compared with the baseline methods, CDS obtains signif-
icant performance improvement which can be re ected by
the fact that all the p values are below 0.05 and all the d
values are much higher than 0.146. More speci cally, interms
of F-measure, the improvement of CDS is between 36.9%
and 58.3% over the baseline methods; in terms of g-mean,
CDS is superior to baseline methods on all evaluated software
projects with the average improvement varying from 21.3%
to 43.2%; in terms of Balance, CDS also outperforms the
baseline methods by 22.6% to 38.6% on average.

On the other hand, compared with the state-of-the-art
method HALKP, CDS also achieves better performance
in most cases. Although the p value is below 0.05 only
on F-measure, the d values are all above the threshold.
In particular, the average improvements are 15.1%, 13.0%
and 15.0% in terms of F-measure, g-mean and Balance,
respectively. Besides, as discussed before, HALKP requires
defective information about the current version while our
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TABLE 6. Prediction performance of existing files.

Software F-measure G-mean Balance
Projects | RF | LR | NB [CMVC | RF | LR | NB [CMVC | RF | LR | NB | CMVC
camel 0.407 | 0.247 | 0.315 0.535 0.567 | 0.401 | 0.489 0.728 0.540 | 0.412 | 0.477 0.723
jedit 0.500 | 0.524 | 0.500 0.558 0.780 | 0.753 | 0.726 0.782 0.780 | 0.739 | 0.708 0.772
log4j 0.519 | 0.430 | 0.426 0.854 0.518 | 0.523 | 0.489 0.675 0.513 | 0.486 | 0.479 0.667
poi 0.659 | 0.671 | 0.303 0.792 0.637 | 0.670 | 0.414 0.698 0.632 | 0.655 | 0.421 0.694
synapse 0.370 | 0.467 | 0.550 0.559 0.496 | 0.567 | 0.647 0.659 0.482 | 0.533 | 0.626 0.658
velocity 0.528 | 0.498 | 0.475 0.567 0.563 | 0.331 | 0.531 0.675 0.543 | 0.371 | 0.525 0.666
xalan 0.600 | 0.325 | 0.459 0.676 0.646 | 0.442 | 0.548 0.655 0.640 | 0.436 | 0.519 0.645
Xerces 0.187 | 0.065 | 0.163 0.627 0.312 | 0.182 | 0.295 0.560 0.365 | 0.317 | 0.356 0.560
AVG 0.471 | 0.403 | 0.399 0.646 0.565 | 0.484 | 0.517 0.679 0.562 | 0.494 | 0.514 0.673
p-value 0.012 | 0.012 | 0.012 0.012 | 0.012 | 0.012 0.025 | 0.012 | 0.012
cliff’d 0.719 | 0.844 | 0.969 0.656 | 0.656 | 0.781 0.688 | 0.719 | 0.781
method does not. Therefore, we also nd the performance TABLE 7. Prediction performance of new files RF.
improvement of CDS over HALKP satisfactory.
Software F-measure G-mean Balance
Therefore, we can conclude that the proposed CDS Projects | RF | W-RF | RF | WRF | RF | WRF
method can achlevg better predlctl_on results thar_1 _the el 1005 10258 10219 0458 | 0322 [ 0453
compared methods in the cross-version defect prediction Jedit 0400 | 0.414 | 0.804 | 0.811 | 0799 | 0.807
scenario, meanwhile indicating that the CDS can effectively logdj [ 0492 | 0.516 | 0.537 | 0.554 | 0518 [ 0.533
address the issues mentioned in Section I1-C. poi | 0595 | 0432 | 0.684 | 0.557 | 0.665 | 0.547
synapse | 0.316 | 0.364 | 0.449 | 0.494 | 0.449 | 0.489
velocity | 0.800 | 0.828 | 0.514 | 0.629 | 0.492 | 0.592
2) ANSWERING Q2 xalan | 0.847 | 0.942 | 0.810 | 0.942 | 0.784 | 0.938
further i ‘ he off f th | xerces | 0.278 | 0.423 | 0.396 | 0.496 | 0.407 | 0.481
To further investigate the effects of the two core modules NG 0473 T 03522 103552 1 0618 [ 0555 | 0.603
of our model, namely CMVC and WSM, we compare the pvalue | 0.123 0.093 0.002
performance of CMVC and WSM with baseline methods clif’d [ 0.125 0.250 0.250
on the prediction task of the existing les and new les
respectively. For fa_lrness con5|derajuon, HALKP is not TABLE 8. Prediction performance of new files LR.
compared here. Speci cally, HALKP is based on the method
of active learning, which needs to query labels of instances Software F-measure G-mean Balance
in the test set. When the size of test set is small, this Projects [ LR [ WLR [ LR [ W-LR [ LR | W-IR
property of active learning may cause a certain degree of C.af(li{el 8%3 g-ggg 8332 g-ggg ggg g-ggg
. . - - _]C 1t R . . o . o
unfair comparison. Therefore, the predlctlop performancgs foedi 0390 T 0.504 0463 T 0546 0459 | 0.525
of CMVC and WSM are only compared with three classic poi 0340 | 0.440 | 0424 | 0537 | 0424 | 0.537
baseline methods. synapse | 0.250 | 0.353 | 0.384 | 0.470 | 0.401 | 0.455
TABLE 6 compares the performance of CMVC and velocity | 0.828 | 0.828 | 0.629 | 0.629 | 0.592 | 0.592
baseline methods on existing les, while the comparison of xalan | 0.000 | 0.225 | 0000 | 9.3% | 0.293 | 0.384
asell > g les, p C xerces | 0.076 | 0.131 | 0.199 | 0.261 | 0321 | 0.342
WSM and baseline methods on new les are presented in VG 10307 1 0405 1 0392 | 0508 | 0444 | 0513
TABLES 7, 9 and 8. Since WSM can build the classi er p-value | 0.018 0.018 0.018
on the sampled data using different classi cation algorithms, cliff'd | 0.297 0.297 0.266

we compare them with the original algorithms individually.
In TABLE 7, 9 and 8, W-RF, W-LR, and W-NB denotes the
WSM classi er built with Random Forest, Naive Bayes, and
Logistic Regression, respectively.

From the results in TABLE 6, we can see that CMVC
outperforms the baseline methods on existing les in terms
of all three indicators, and the p values and d values indicate
that the performance improvement is signi cant. Moreover,
it should be noted that CMVC achieves better performance
than the overall performance of CDS (Refer to results
in TABLE 5). As the existing les take up the majority
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proportion of the whole software le, the overall performance
improvement should be attributed mainly to CMVC.

For the new les, all the three tables show that WSM
can obtain better prediction performance. The average
performance of all the three indicators is higher than the
original classi cation algorithms, and the p values and d
values are all satisfactory only except the comparison with
RF in terms of F-measure. It indicates that the adoption
of a weighted sampling strategy using the weight vector
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TABLE 9. Prediction performance of new files NB.

Software F-measure G-mean Balance
Projects NB [ W-NB NB | W-NB NB [ W-NB
camel 0214 | 0.276 | 0.401 0463 | 0.414 | 0.456
jedit 0.333 | 0400 | 0.616 | 0.705 | 0.588 | 0.683
log4j 0480 | 0.527 | 0.528 | 0.563 | 0.511 0.540
poi 0.174 | 0.174 | 0.312 | 0.312 | 0.363 | 0.363
synapse | 0.222 | 0.545 | 0.367 | 0.635 | 0.395 | 0.609
velocity | 0.867 | 0.880 | 0.655 | 0.852 | 0.596 | 0.852
xalan 0.216 | 0.653 | 0.346 | 0.693 | 0.382 | 0.654
xerces 0.279 0.299 0.403 0.419 0.408 0.417
AVG 0.348 | 0.469 | 0.454 | 0.580 | 0.457 | 0.572
p-value 0.018 0.018 0.018
cliff’d 0.391 0.484 0.516

learned by CMVC can build a better training set for classical
classi cation algorithms. Thus, we can conclude that both
CMVC and WSM achieve performance improvement over
the baseline methods.

In summary, the experimental results give positive answers
to both questions listed at the beginning of this section.
CDS outperforms all three baseline methods and the state-of-
the-art approach in terms of all three indicators, signifying
the fact that it has indeed solved the two critical issues
discussed in Section 11-C. Therefore we conclude that CDS
can be superior and more applicable for cross-version defect
prediction.

VI. CONCLUSION

In this paper, we discussed the advantages of cross-version
defect prediction (CVDP) for practical use compared with
within-project defect prediction and cross-project defect
prediction. Then we pointed out two critical issues that may
pose signi cantly threat to the performance of CVDP models
but are seldom mentioned in previous studies, and conducted
preliminary studies to verify the existence of these two issues
and the way they affect the CVDP performance. To solve
these issues and improve the prediction performance of
CVDP, we proposed a novel cross-version defect prediction
model with data seletion (CDS), where the defect labels
of existing and new les are predicted in distinct ways.
In particular, we designed a novel clustering based multi
version classi er (CMVC) to predict the defect labels of
the existing les by automatically selecting the training data
from the most relevant and noisy-free versions, and employ
a Weighted Sampling Model (WSD) for defect prediction of
new les. We evaluated the new framework on 28 versions
across 8 projects acquired from a public defect dataset.
The experimental results demonstrated that CDS outperforms
three classic classi cation algorithms and a state-of-the-art
CVDP method.

Future extensions of our work include the application
of CDS on software projects with more previous versions,
improving its performance on class-imbalance data and
exploring how to extend CDS to CPDP scenarios to solve
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the problem of insuf cient data for newly-started software
projects.
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