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a  b  s  t  r  a  c  t

Bug  localization  is a  software  development  and  maintenance  activity  that aims  to  find  relevant  source
code  entities  to  be  modified  so  that  a  specific  bug  can be  fixed  on  the  basis  of  the  given bug  report.
Information  retrieval  (IR)  techniques  have  been  widely  used  to  locate  bugs  in  recent  decades.  These  tech-
niques mainly  use  the  IR similarity  between  the bug  report  and  source  code  entities.  In addition  to  IR
similarity,  features  that  are  extracted  from  version  history,  source  code  structure,  dynamic  analysis,  and
other resources  are found  to  be  beneficial  for  bug  localization.  The  approaches  utilizing  extra  features
in  IR-based  bug  localization  are called  hybrid  bug  localization.  We  conduct  a short  survey  of  the  hybrid
bug  localization  methods  that use additional  features  in  addition  to  IR similarity.  We  also  use  Learning  to
earn to rank
ault localization

Rank (LtR)  techniques  to combine  the beneficial  features  to improve  bug  localization.  Learning  to  Rank
is  the  application  of  machine  learning  in  the  ranking  models  for information  retrieval.  We  compared
eight  LtR  techniques  in  bug  localization,  and  the  experimental  results  show  that coordinate  ascent  algo-
rithms  without  normalization  is  a suitable  LtR  technique  in  bug  localization  for  selected  attributes,  and
it  outperforms  two  state-of-the-art  localization  approaches  for two  large  projects,  Eclipse  and  SWT.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

A software project in development or maintenance phases
ost likely contains bugs. Bug localization is the process of

sing automatic or semi-automatic techniques to find the buggy
ocations in a source code. Bug localization has elicited consid-
rable attention in recent decades. As developers usually name
he classes/methods/variables after their functionalities and write
omments with relevant terms, the submitted bug reports typically
nclude terms related to buggy functionalities. The bug reports are
herefore likely to have similar textual terms with relevant source-
ode entities. Information retrieval (IR), the main technique used
n bug localization, refers to the process of finding documents that
atisfy an information need from a large collection of documents
33]. Many IR-based bug localization techniques have been studied
n recent years [32,43,45,50,52,56,58].
In addition to mainly depending on IR similarities, many hybrid
pproaches that use additional features from source code struc-
ure [2,47,50], dynamic analysis [20,30,42], version history [51,58],

∗ Corresponding author at: Department of Computer Science and Technology,
i’an Jiaotong University, Xi’an, China.

E-mail addresses: zdshi0@stu.xjtu.edu.cn (Z. Shi), jacky.keung@cityu.edu.hk
J. Keung), kebennin2-c@my.cityu.edu.hk (K.E. Bennin), xjzhang@mail.xjtu.edu.cn
X. Zhang).

ttps://doi.org/10.1016/j.asoc.2017.10.048
568-4946/© 2017 Elsevier B.V. All rights reserved.
and others have been proposed in the literature. These hybrid
approaches use additional features in favor of bug localization, and
therefore perform significantly better than the approaches that
use only IR similarities. A survey of these hybrid methods and
their corresponding features is presented in this paper. However,
many features are linearly combined with preset weight values
[45,52,58,59,67], thereby indicating that the linear weight values
are not learned from the data.

Combining the found beneficial features in a suitable manner
may  improve the performance of bug localization. Learning to Rank
(LtR) is a set of machine learning-based ranking algorithms in
the information retrieval domain. It has been widely used in web
searching area in the past 10 years [31], provides an automated
framework for combining different features in ranking task [6]. Ye
et al. [62,63] have used LtR techniques in bug localization, but they
only used one LtR algorithm.

In this paper, we  compare the performance of eight LtR tech-
niques in bug localization; such an approach combines the features
that have been used in other studies. The features are selected from
previous hybrid bug localization studies, and the feature weight
values in LtR techniques are learned from historical bug data and
source code information. When more beneficial features are found

in future, they could be imported into this approach to increase the
localization precision. The results show that the coordinate ascent
algorithm [34], which learns weights in a linear combination of

https://doi.org/10.1016/j.asoc.2017.10.048
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Bug ID 120704 

Open date  2005-12-13  15:14:00 

Fix date 2006-08-09  13:05:00 

Summary [Wizards] Problems with the "New" wizard

Descriptio n 

1. There  is  a small  red square in  the  to p right. 
2. The filter does not line up on the right with the viewer and 
looks bad. 
3. The viewe r is  small  ver tical ly, and  yet ther e is a  lo t of  rea l 
estate that is being unused on the bottom. 
4. Why is there a help icon on the bottom right, and why is it 
never enabled? 
Screenshot to follow. 
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Fixed files org.eclipse.ui.internal.dialogs.NewWizardNewPage.java 

Fig. 1. Bug #120704 of Eclipse project.

eatures without normalization, is a suitable means for bug local-
zation in our selected features and projects, and it outperforms two
tate-of-art localization approaches for two large projects, namely,
clipse and SWT.

The rest of this paper is structured as follows. We  describe the
ackground of hybrid bug localization, LtR techniques, and our LtR-
ased hybrid approach in Section 2. The survey of hybrid methods

s presented in Section 3. We  introduce the features selected in
he LtR-based approach and show the results of applying LtR tech-
iques in bug localization in Section 4. The threats to validity are
iscussed in Section 5. The conclusion is presented in Section 6.

. Background

.1. Bug localization approaches

.1.1. Information retrieval based bug localization
To find the location of buggy parts in the source code, static

nd dynamic methods are used in bug localization. In static meth-
ds, a bug report is taken as input, and a ranked list of potential
uggy source entities (files/methods) are returned. A bug report

s written and submitted by software users, which describes the
ug they encounter. An example of a bug report in the Eclipse
roject is shown in Fig. 1, which can be downloaded from Eclipse’s
ugzilla.1 A bug report usually contains a Bug ID, open date (the
ate a bug was  submitted), fix date (the date a bug was fixed), sum-
ary, and description (detailed information of a bug). Fixed files are

xtracted from the version control system by searching text such as
Fixed 120704” or “bug #120704” in log messages [14]. Information
etrieval techniques use the summary and description text of a bug
eport as the query and then search for textual similar source code
les. Similar to web search engines [4], bug reports are considered

nput queries and source code files are considered candidate web
ages.

In conventional IR-based bug localization, the documents
source code files) and the queries (bug reports) are preprocessed
y Natural Language Processing (NLP), which includes splitting
ulti-word terms, removal of stop words and stemming [35]. For

xample, the camel case based term “NewWizardNewPage” is split
nto three words: “new”, “wizard”, and “page”. The stop words which
eed to be removed from document collection include a list of
eaningless words, such as “to”, “the”, “do”, and program language

eywords like “for”; “while”; etc. The stemmer like Porter [40] is to
erive the root words from terms in documents; which transforms
he words like “opening”; “opens”; and “opened” into their common
oot word “open”. Consequently; the same terms in different tenses
nd variants can be recognized as the same.
After the text preprocessing, the documents and queries are rep-
esented in suitable IR models such as VSM (Vector Space Model)
46], SUM (Smoothed Unigram Model) [65], LSI (Latent Semantic

1 https://bugs.eclipse.org/bugs/show bug.cgi?id=120704.
ting 62 (2018) 636–648 637

Indexing) [17] and LDA (Latent Dirichlet Allocation) [7]. A brief
description of these representation models are presented below:

VSM: A document or a query is represented as a term weighted
vector usually using tf-idf (term frequency, inverse document fre-
quency) scheme.

SUM: Unigram model is a probabilistic model in which the doc-
uments are ranked based on the probabilities to produce all terms
of the query for each document. The model is smoothed to avoid
zero probability, which is usually called Smoothed Unigram Model
(SUM).

LSI: LSI uses singular value decomposition (SVD) to pro-
duce a low-dimensional space to represent documents from
term-document matrixes. LSI is also called LSA (Latent Semantic
Analysis).

LDA: LDA is a probabilistic topic model which introduces a topic
layer between the document and words. Each topic is represented
as a vector of term features, and each document is represented as
a vector of the topic feature.

Apart from SUM which provides the ranking scheme in the
model, the other three models only provide a way to represent
documents. The ranked documents list is produced by applying
similarity measures such as the cosine similarity [33]. For exam-
ple, the fixed file name and the bug report summary in Fig. 1 share
the common root terms, “new” and “wizard”, so the text similarity
between the fixed file and the bug report will be high. Therefore,
the fixed file will be ranked highly in the final list.

Information retrieval is the main technique that is used in static
analyzing methods to localize the bug, whereas dynamic methods
[1,24], which are also called spectrum-based bug/fault localization,
mainly examine the pass-and-fail execution traces of programs to
provide suspiciousness scores to each line of source code. Dynamic
methods involve running test cases to obtain the necessary infor-
mation. In this paper, we  only focus on hybrid bug localization
approaches based on Information Retrieval and the approaches
combining IR-based and spectrum-based techniques.

2.1.2. Bug localization vs. fault localization vs. feature location
Feature location usually refers to the process of finding the loca-

tion in source code that corresponds to specific functionalities
(features) [19]. Some researchers treat bug localization as a sub-
area of feature location [16,19]; feature location can be called bug
localization when all features are bugs, and bugs are treated as
unwanted features of software systems. Some other researchers
[45,58] consider feature location as a different area from bug local-
ization and think that features do not contain bugs. In their view,
features only contain the feature or concept that developers want
to implement.

There are two types of bug/fault localization approaches: static
(IR-based) and dynamic (spectrum-based) approaches. Bug local-
ization usually indicates the IR-based approaches, while fault
localization usually indicates spectrum-based approaches, which
involves running test cases [1]. However, some researchers use the
phrase, fault localization, to indicate the IR-based bug localization
[59]. So we have to examine the abstract and context to under-
stand the phrase of “bug/fault localization” in the title of a paper
that indicates whether IR-based or spectrum-based approaches are
used.

2.1.3. Hybrid bug localization
Recent research on bug localization usually focuses on finding

additional features such as version history [51,58], source code
structure [2,47,50], dynamic analysis [20,30,42], and others, which

could be used in ranking the relevant source-code entities. These
approaches usually import one or more new features for IR-based
bug localization to increase the performance. An emerging trend
uses extra information in addition to textual similarity to help

https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
https://bugs.eclipse.org/bugs/show_bug.cgi?id=120704
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Fig. 2. Flowchart of LtR-

ocate bugs because these features have positive effects on the
fficiency of bug localization approaches [58]. Such approaches
tilizing more features than textual similarity in bug localization
re called hybrid bug localization. Conversely, the conventional
R-based bug localization only uses the textual similarity.

Mainly seven types of features are used by hybrid bug localiza-
ion approaches. A summary of these features is shown in Table 1.
or each feature in this table, a simple description is presented along
ith an explanation of why this feature can help locate bugs. Recent
ybrid bug localization methods and the types of features that they
se are shown in Table 2. These hybrid methods typically use two
r three features to enhance the locating procedure, and the main
eature is the textual similarity between source code entities and
ug reports. The task phrases (feature location, bug localization,
r fault localization) that researchers used are shown in the third
olumn of Table 2.

In some hybrid bug localization methods [52,58,59,64,67], fea-
ures are usually linearly combined with preset weight values, but
he linear weights are set to fixed values from 0 to 1 to show the
est performance without weight learning process. For example,
wo feature scores x and y are linearly combined to derive the final
core. The final score of file f associated with report r is calculated
s follows:

inalScore (f, r) = ˛x + (1 − ˛) y, (1)

here � is configured to vary from 0 to 1, with 0.1 increments. Then,

he authors show the bug localization performance with a different

 value. If there are three features with two linear weight � and ˇ,
 value is first optimized with  ̌ = 0 to avoid the impact of the third

eature. Then the  ̌ value will be optimized with the fixed optimized
 hybrid bug localization.

� value [58,64]. However, we use LtR algorithms to combine various
beneficial features. Additionally, the weight values of these features
are learned from historical bug data.

The flowchart of LtR based hybrid approach is shown in Fig. 2.
The left part of the flowchart contains selected feature components
that include the bug report, source code entities, and other use-
ful data for bug localization. Given a bug report, the first step is
to obtain the suspiciousness score for each component. The sus-
piciousness scores indicate the probability of a source code entity
being related to the bug. Each feature component usually outputs
one suspiciousness score, except for the text information and text
structure, which will be introduced in Section 2.2.1 & 2.2.5. The
combination component is used to combine all the suspiciousness
scores and to produce the ranked list of entities. When LtR is used as
the combining technique, the combination component is a trained
LtR learner. In this flowchart (Fig. 2), all features are related to the
source code entities, whereas version history scores and linking
scores are independent of the new bug report. In the experiment,
given that the dataset provides file-level data, we set the file as the
localization granularity.

2.2. Features

All the features used in the experiment are introduced in this
section. They are summarized in Table 3. In short, the source code

files and bug report repository, including the textual report, open
date, fixed date, and related source code entities, are needed for the
input part of this LtR approach. We  use component to indicate the
input data type and attribute to indicate the feature values (com-
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Table  1
Input features in hybrid bug localization approaches.

Input data Description Usage for bug localization

Text information Textual information of bug reports and source code
entities.

Source code entities that are textual similar to the query tend to be related to
the  bug [32].

Stack trace Some bug reports contain stack traces when the
software crashes.

Entities in the stack are likely to be buggy [48,59], especially the entity in the
first frame of a stack trace.

Version history This refers to the records of the revision history of
source code entities.

Revised entities in recent versions are likely to be buggy [51,58]. Bugs reoccur
easily in the same location.

Dependence This refers to the dependence graph of source code
methods and classes.

Buggy entities tend to have special ranges of web scores such as PageRank and
HITS [20].

Text  structure The terms in source code can be classified into
different fields such as class name, method name,
variable name, comment, and so on. Bug reports have
title and description fields.

Different fields have various degrees of importance. For example, class names
are  more likely to have a common vocabulary with the bug reports than other
code  locations [36].

Similar report This refers to previously fixed bug reports that are
textual similar to the current bug report and their
relevant source entities.

The buggy methods related to the previous similar bug reports tend to be
buggy for the current report [16,58], because similar errors often have the

Execution This refers to execution traces when testing or
debugging the software.
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to this file are considered as the relevant commits R. The fixed
Fig. 3. A stack trace example in the bug report #110354 in Eclipse.

onent scores) of our learner. The execution feature is not used in
ur experiment since it cannot be derived in the current dataset.

.2.1. Text information
The text information feature indicates the text similarity

etween source code files and bug reports. In this experiment, the
ext similarity between source code entities and bug reports are cal-
ulated in the same manner as BLUiR [45], which is a BM25-based
lgorithm. Two parameters are used in BM25 to control the scale
f both term frequencies and document lengths. Given that we  use
he same dataset as does BLUiR, we simply use the same values of
he best tuning parameters as BLUiR for simplicity. The text terms
n the source code are divided into four fields: class, method, vari-
ble, and comment. Class/method/variable fields contain text terms
rom class/method/variable names that exist in this source code file.
he comment field contains all terms from comments. To obtain all
erms in the source code, we also add another source code field that
s named content. The content field includes all text terms in a source
ode entity. This field can be considered as a weight balance because
t contains all terms that belong to the other four source code fields
class, method, variable, and comment) and the other terms that
o not belong to the four fields. Bug report text is divided into two
elds: summary and description.  After dividing the source code and
ug report fields, the influence of fields such as the summary in the
eport and the class in the source code, which has relatively fewer
erms, is enhanced to improve localization performance [45].

.2.2. Stack trace
Sometimes a bug report contains the stack trace of the failing

hread as shown in Fig. 3. A stack trace shows the sequence of
nstructions executed up to a crash [5]. It can also be considered
s a ranked list of source code files which are potentially relevant

o the bug. The intuition of using stack traces is that the file with
igher rank in the stack trace gets higher boost score, which means
his file is more suspicious to be buggy. We  use the boost score
same reason.
Entities in the execution traces, which trigger the bug but do not occur in the
non-bug execution traces, are likely to be related to the bug [30,42].

of stack traces in the experiment as Wong et al. [59], which is the
reciprocal of the file rank in the stack:

BoostScore (x) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
rank

x ∈ D∩ rank ≤ 10

0.1 x ∈ D∩ rank > 10

0.1 x ∈ C

0 otherwise

, (2)

where x indicates the source code file, D represents the files men-
tioned in the stack trace, and C is the closely related files of D. We
extract stack traces from bug report descriptions with Java regu-
lar expressions, which is similar to the method used by Bettenburg
et al. [5]. Each entity in the stack trace is recognized as follows:

2.2.3. Version history
The intuition of using version history component is: if a method

is just implemented or modified in recent versions, it has a high
probability of causing bugs, because bugs are usually created from
new functionalities or recent buggy partitions which were just
modified. The version history component of our work adopts the
same formula as AmaLgam [58]. The suspiciousness score is calcu-
lated with the following equation:

History Score(f, k, R) =
∑

c ∈ R ∧f ∈ c

1

1 + e12(1−( k−tc
k

))
(3)

In the preceding equation, c indicates a single commit, f is current
testing file, R refers to the set of relevant commits, k is a scale param-
eter that is set to 15 in the original approach, and tc is the number
of days that have elapsed between a commit c and the input bug
report. The output of this algorithm is a set of suspiciousness scores,
one for each file.

A certain degree of difference exists between the feature we
used and AmaLgam. AmaLgam collects commits logs from the ver-
sion control system of each project. For simplicity, our work only
considers the bug reports and their related source code files in the
BugLocator dataset as the source of version history component and
treats every previously fixed bug as commits. In other words, when
examining current testing file f, the old bug reports that are related
time of relevant bug reports is considered as the commit submit-
ting time. Thus, we  have less information on this component when
compared to the original work.
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Table 2
Summary of hybrid methods in bug localization.

Author and Year Approach name Feature/Bug/faUlt Input data Granularity Combining Method

Text infor-
mation

Stack trace Version
history

Dependence Text
structure

Similar
report

Execution Method/
Function

Class/File Linear
combina-
tion

Filter Other

Liu’07 [30] SITIR F • . . .  . . •* • .  . • .
Poshyvanyk’07 [42] PROMESIR F • . . .  . . •* • .  • . .
Nichols’10 [39] . B • . . .  . •* . • .  . . •1

Rao’11 [43] . B •*2 . . .  . . . . • • . .
Nguyen’11 [38] BugScout B • . . .  . •* . . • . . •3

Zhou’12 [67] BugLocator B • . . .  . •* . . • • . .
Sisman’12 [51] . B • . •* .  . . . . • . . •4

Davies’12 [16] . B • . . .  . •* . • .  . • .
Lal’12  [27] . U • . . .  •* . . . • • . .
Saha’13  [45] BLUiR B • . . .  •* . . . • • . .
Tantithamthavorn’13 [52] . B • . •* .  . • . . • . • .
Dit’13  [20] . F • . . •* . . • • .  . • .
Moreno’14 [37] Lobster B • • . •* . . . . • • . .
Wang’14 [58] AmaLgam B • . •* .  • • . . • • . .
Wong’14 [59] BRTracer U • •* . .  • • . . • • . .
Ye’14  [62] . B •* . • .  • • . . • •5 . .
Le’15  [28] AML B • . . .  . . •* • .  •6 . .
Dilshener’16 [18] . B • • . .  •* . . . • • . .
Wang’16 [57] AmaLgam+ B • • •* .  • • . . • •7 . .
Ye’16  [63] . B •* . • • • • . . • •5 . .
Youm’17 [64] BLIA B • • • .  • •* . • • • . .

*The star indicates the location of the paper summary in Section 3 according to Input data. For example, •* of Liu’07 [30] exists in the Execution column of Input data. Thus, a summary of this paper is introduced in the Execution
subsection  of Section 3.
1 Textual terms from old bug reports are added to related historical buggy methods.
2 This approach combined similarity scores from various IR techniques including UM,  VSM, LSA, LDA, and CBDM (Cluster Based Document Model).
3 The entire algorithm is an integrated topic model
4 The combining technique used the Bayesian probability, where the prior probability is from version history, the likelihood is from the IR technique, and the posterior probability is the final score.
5 The two  approaches use SVMRank [23] to learn linear weight values
6AML  uses a probabilistic learning approach to train the linear weights
7 AmaLgam+ uses the genetic algorithm (GA) to tune the weights of the linear combination by analyzing fixed bugs.
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Table  3
The summary of attributes used in the experiment.

Input data type Attribute Description/Formula

Text information with
structure: (2 report
fields × 5 entity fields)

Bug report summary × Class BM25 based
similarities used in
BLUiR [45]

Method
Bug report description Variable

Comment
Content

Stack trace Stack trace score Boost Score(x) =

⎧⎪⎨
⎪⎩

1
rank

x ∈ D∩ rank ≤ 10

0.1 x ∈ D∩ rank > 10
0.1 x ∈ C
0 otherwise

Version history Version history score History Score(f, k, R) =
∑

c ∈ R∧f ∈ c

1

1+e
12(1−( k−tc

k
))

Dependence graph PageRank score PageRank [9]
HITS: Hub score HITS [25]
HITS: Authority score ( ) ∑ ( )
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Similar report Similar report score 

.2.4. Dependence
Source code methods and files have call dependencies among

ach other. They are similar to the hyperlinks among web  pages.
ince the IR based bug localization is like web search engine, the
eb link based ranking algorithms can also be used in bug localiza-

ion. The dependence component in our approach uses PageRank
25] and HITS [9] (including the hub score and the authority score)
cores as three attributes in the LtR learner. Other attributes that
ndicate the dependence structure of source code can also be con-
idered.

The basis of PageRank and HITS are links between source code
les. The links in our experiment are defined as follows: the link

rom file A to file B exists, when at least one class/method/variable
efined in file B is instantiated/implemented/called in file A. The
ource elements with high Hub scores indicate that they are posi-
ioned in the important Hub position, which is called frequently
nd is connected to a large number of other modules; thus, these
ource elements with high Hub scores tend to be buggy easily.

.2.5. Text structure
This component should be considered together with the IR sim-

larity component. Given that the text information component also
ses the same approach as BLUiR [45], the similarity scores between
ach type pair are the same as those in BLUiR. A total of 10 com-
inations of field pair similarities are in our algorithm, as follows:
ve source code fields (class, method, variable, comment, and con-
ent) and two bug reports fields (summary and description). The
etails of each field have been introduced in Section 2.2.1. We  do
ot create a bug content field (including summary and description)
ecause the number of words in the description is usually much

arger than that in the summary, and the summary terms can be
asily drowned in a flood of descriptive terms when the two fields
re combined. The difference between this approach and BLUiR is
hat we use LtR techniques to combine these text similarity scores
nd other attributes instead of simply summing these scores. Unlike
ther non-textual attributes in the experiment, the essence of the
ext structure component is the similarity scores from different text
ype pairs.

.2.6. Similar report
For a new report, its similar bugs that have been fixed and their
elevant files are examined to adjust the order of the final list. Sim-
lar bug reports usually have the similar relevant buggy files [67].
herefore, the relevant files of similar reports are ranked higher in
his component. In BugLocator [67], when a new report B arrives,
SimiScore Fj =
AllSi that connected to Fj

Simialrity (B, Si) /ni

the textual similarities between B and all previously fixed reports S
are calculated. Then, the similar report component score of the file
Fj is derived as the following equation:

SimScore
(

Fj

)
=

∑
All Si connected to Fj

Similarity (B, Si)
ni

(4)

All Si that are connected to Fj means all the bugs that were previ-
ously fixed by modifying the source code file Fj , ni is the number of
files that are modified to fix the bug Si. Other similar report com-
ponents in previous approaches are not as popularly used as the
BugLocator. Thus, we opt to use BugLocator as our similar report
component.

To have a unified similarity measure, the similarity measure
used in this component uses the same measure in the text infor-
mation component, which is based on BLUiR [45]. The difference is
that we  consider the bug summary and description as the two fields
in the text similarity, and use the sum of each field pair similarity as
the report similarity between the new report B and previous report
S.

2.3. Learning to rank

In general, LtR algorithms are the methods that use machine
learning technologies to solve the problem of ranking [31]. Con-
ventional ranking models in IR include vector space model (VSM),
language model (LM) [33], BM25 [44], and others; these models
usually provide a similarity score between the query and the docu-
ment with given parameter values. LtR techniques train learning
models on these conventional IR similarities and other features
such as PageRank [9] from link structure of documents, user feed-
back, and so on, to predict the relevance between the documents
and the query in test data. Ye et al. [63] used the support vec-
tor machine (SVM) based ranking method to map bug reports to
relevant files. A total of 19 features are selected to learn the SVM
model. This SVM ranking method was also compared with two bug
localization methods, BLUiR and BugLocator, and showed better
performance. Zhao et al. [66] defined three effort-aware metrics,
which are all based on lines of code (LOC), to examine the actual per-
formance of LtR bug localization, and claimed that the LtR method

is similar or even worse than the standard VSM.

LtR algorithms are grouped into three approaches: pointwise,
pairwise, and listwise [31]. The three approaches model the process
of LtR in different ways, and they define various input and output
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Table  4
Three group approaches of LtR algorithms.

Approach Input space Output space Algorithms

Pointwise A feature vector of each single
document

The relevance degree of each single document Random Forests [8], MART [22]

Pairwise A feature vector for each pair of The pairwise preference, which takes values
een e

RankNet [11], RankBoost [21],  LambdaMART
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paces. The details of the three types of approaches are shown in
able 4.

The pointwise approach uses the feature vector of a document
o predict the relevance score of the document. This approach does
ot consider the interdependency between documents. If the num-
er of relevant documents for each query varies considerably, the
verall prediction will be dominated by queries that have a large
umber of relevant documents. Given that the ranking problem is
ore about predicting the relative order rather than the accurate

elevance score, the pointwise approach is thus limited.
The pairwise approach uses a pair of documents to predict the

elative order between them. This approach only considers the
elative order between a pair of documents. The position of the
ocuments in the final ranked list can hardly be derived when the
ocus is only on a pair of documents.

The listwise approach takes a set of documents and outputs the
anked list for each query. This approach is more in accordance
ith the ranking task than the pointwise and pairwise approaches.
owever, the training complexities of listwise approaches are usu-
lly high, and the use of the position information in some listwise
anking algorithms is insufficient [31].

. Survey of hybrid methods

We  introduce 21 hybrid bug location approaches in Table 2 and
iscuss 7 input feature types in detail. The hybrid methods and
ther related work are introduced in the subsections according to
he star (*) location in Table 2.

.1. Text information

Several information retrieval techniques have been used in
eport-oriented bug localization. BLUiR [45] and our previous work
49] showed that BM25 has good performance when used in bug
ocalization. BM25 [44] is a bag-of-words ranking function imple-

ented in Okapi information retrieval system. Each query term
as a score that depends on the occurrence of this term in all docu-
ents, regardless of the interrelationship between the query terms
ithin a document.

Rao et al. [43] compared five text models in feature location:
nigram model (UM), VSM [43], latent semantic analysis (LSA) [41],

atent Dirichlet allocation (LDA) [7], cluster based document model
CBDM), and combined similarity scores from these IR techniques.
he results indicate that sophisticated models such as LDA, LSA,
nd CBDM perform worse than the simple models such as UM and
SM. For example, in a linear combination model with LDA and
M,  worse performance was observed as the weight of the LDA
as increased. Thomas et al. [53] studied the effect of different

onfigurations of VSM, LSI, and LDA on bug localization and found
hat the configuration is important whether in the individual model
r in the proposed combination framework.

Ye et al. [62] used a LtR algorithm SVMRank [23] to find files that

re relevant to bug reports. The authors extracted a new dataset
y using the automatic method provided by iBugs [14]. The addi-
ional features, besides IR similarity, include API lexical similarity,
ug-fixing recency, collaborative filtering score, and others. All
ach pair of documents [60]
utation) of the ListNet [12], AdaRank [61], Coordinate Ascent

[34]

attributes are normalized using the feature scaling method. There
are more features used in the new version of this approach [63]
which outperforms the old one. Totally 19 features are used includ-
ing the structured text information in BLUiR [45], HITS [9] and
PageRank [25] scores which have not been used in the old approach.

3.2. Stack trace

When software crashes and throws a stack trace, the first activ-
ity used to locate the bug is to check the entities in the stack trace.
Schroter et al. [48] concluded that almost 60% of fixed bug reports
with stack traces could be fixed by modifying the methods in the
stack traces. The authors note that 40% of modified methods could
be found in the first frame of stack traces, and almost 90% of mod-
ified methods could be found in the top 10 frames of stack traces.

Wong et al. [59] added source code segmentation to filter noise
based on BugLocator [67]. This technique segments a file into sev-
eral parts, compares the similarity between the bug report and
each part, and uses the highest one as the file similarity score.
The authors also used a stack trace feature to increase the perfor-
mance of their technique. Thung et al. [54] proposed an integrated
tool BugLocalizer based on BugLocator algorithm, which uses the
previously fixed bugs.

3.3. Version history

The intuition of using version history component is as follows:
if a method is merely implemented or modified in recent versions,
it has a large probability of causing bugs because bugs are usually
created from new functionalities or recent buggy partitions that
were just modified.

Sisman et al. [51] used version history to estimate the prior
probability of a file to be the target of bug localization. If a file is
modified to fix a bug or has implemented a feature many times in
the version history, it has a large probability of being the source of
similar bugs or features. An important issue is how to weigh the
score from IR techniques and historical data. The author attempted
several normalization ways to obtain the best result.

Tantithamthavorn et al. [52] improved the BugLocator method
by considering co-change histories. They leverage the assumption
that if a buggy file is fixed, then the files changed together should be
fixed together. This approach creates a co-change matrix for files,
which records the number of two  files that are modified together in
the history. The values in the matrix are normalized using feature
scaling. The file is added to the Top N list if the co-change value is
higher than a threshold and the co-changed file is at the Top N list.

AmaLgam [58] put version history, similar report, and source
code structure together to improve bug localization. It provided
a modified function based on Google’s approach [29] for version
history component, which mainly depends on the period between
the previous modifying time of the file and the time of input bug
report. The function is introduced in Section 2.2.3 because we  adopt

it in our experiment. Apart from the version history component, the
similar report part of AmaLgam is from BugLocator [67], while the
source code structure of AmaLgam is from BLUiR [45]. AmaLgam+
[57] is an extended version of AmaLgam. In AmaLgam+, two com-
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onents (stack trace and reporter information) are added based on
maLgam. The stack trace score of a file is simply the reciprocal of

he file rank in the stack trace like Wong’s approach [59]. The intu-
tion of the reporter information component is: a bug reporter is
ikely to report issues from the same/similar software components.

.4. Dependence

Dit et al. [20] applied the idea of data fusion in feature loca-
ion. The approach combines information retrieval (LSI), execution
SITIR [30]), and link analysis (HITS [9] and PageRank [25]) to
mprove the performance of feature location. It constructed a
ependence graph of source code methods such as web pages, and
xamined the relationship between the PageRank and HITS scores
f methods and whether the methods are buggy. The researchers
oncluded that filtering methods with the bottom Hub scores per-
orm best when combined with other information because low
ub-score methods usually have few connections to others, so they
re more akin to getter and setter methods that are not suspicious
o be buggy.

Moreno et al. [37] proposed Lobster, which combines stack
races in bug reports into textual bug localization. The authors
ound that the nearer the distance between the currently checked
ource entity and the entities in the stack trace, the more suspi-
ious the current source entity is. The distance between two  source
ode entities is calculated based on the dependence graph [13]. The
tructure similarity is obtained based on the distance between the
urrent source entity and the stack trace in the bug report. The final
imilarity score is the linear combination of the textual similarity
nd structure similarity.

.5. Text structure

BLUiR [45] divides the source code files into four fields (class,
ethod, variable, and comment) and bug reports into two  fields

summary and description), and then calculates the textual simi-
arity for each pair of fields from source code files and bug reports.
inally, this technique uses the sum of various attributes as the
ext similarity suspicious score. For our approach, we  use eight
ttributes to indicate the eight different field-pair similarities from
LUiR, but leave the remaining learning procedure to the LtR algo-
ithm.

Lal and Sureka [27] presented a technique to use a character n-
ram IR method to enhance the similarity between bug reports and
elated source code entities, which have the same filename or path.
n this case, the file/path names in the bug report are considered
mportant fields, which should be enhanced to obtain improved
ocalization performance.

Dilshener et al. [18] proposed two novel ideas: increasing the
mportance of file names and treating bug reports and files indi-
idually without a “one size fits all” principle. These ideas build
pon researchers’ ideas, namely, stack traces [37], separating bug
ummary from description [45] but without requesting previously
xed bug reports.

.6. Similar report

Nichols [39] adds terms from old bug reports to the related
uggy methods. Thus, the text information of methods has an addi-
ional part that represents the relevant fixed bugs. BugScout [38]
s a topic model that uses the links between previous bug reports
nd their relevant buggy files to predict the location to be fixed for

ew bugs. The results show that BugScout outperforms the origi-
al LDA model as an LDA variant that incorporates historical bug
eports. Davies et al. [16] train a binary decision tree classifier for
very method in source code. Each transaction represents a source
ting 62 (2018) 636–648 643

code method. The features are terms, and the class labels indi-
cate whether the document is related to the method or not. The
classifiers use the term similarity between the bug reports to pre-
dict whether the new report is related to the method. BugLocator
[67] is a bug localization approach that uses similar report com-
ponents. Several studies [52,58,59] have used BugLocator as the
component of the similar reports to locate bugs more effectively.
The similar report component of BugLocator is introduced in detail
in Section 2.2.6 because we use it in our experiment. BLIA [64] inte-
grated structured text information (BugLocator [67]), code change
history (AmaLgam [58]), stack trace (BRTRacer [59]) and similar
report (BugLocator [67]) together, and show better performance
than every used approach. The granularity of BLIA is improved from
file level to method level by extending bug repository data. The lin-
ear weights are set to fixed values in the range [0.1] to show the
test performance.

3.7. Execution

Although some report-oriented bug localization approaches use
the execution traces to improve the performance, our goal is to
build an automatic framework for bug localization, thereby indi-
cating that after the bug report is input, the system will provide
the ranked entity list or the predicted buggy entities directly. Exe-
cution traces are usually derived from running past/fail test cases.
This dynamic approach requires more work rather than only pro-
viding the bug report and other attributes that can be calculated or
derived from the source code repository. Thus, we  do not consider
this attribute in this paper.

SITIR (SIngle Trace and Information Retrieval) [30] combined
IR technique LSI and dynamic method that is a single-scenario
execution trace. The main idea is to filter out executed methods
in predefined scenarios, which depends on the report description
from the ranked methods list that is derived from LSI algorithms.
PROMESIR [42] is a hybrid method that combines LSI and SPR
(scenario-based probabilistic ranking). SPR [3] is a dynamic method
that determines the relationship between features and entities
depending on the trace of execution. AML  (Adaptive Multi-modal
bug Localization) [28] integrates spectrum-based bug localization,
TF-IDF cosine similarity, and suspicious word score. The main idea
behind suspicious word component is that words that occur in
the failing execution traces are more suspicious than other words;
the methods with suspicious words tend to be the buggy meth-
ods. Dao et al. [15] studied the influence of execution information
(i.e. coverage, slicing, and spectrum) to IR based bug localization.
They concluded that both the coverage and slicing information can
improve IR-based techniques at both class and method levels, but
spectrum information can only improve localization at the method
level not the class level.

3.8. Discussion

Among those hybrid bug localization approaches introduced
above, there is a trend that the performance is increased by com-
bining suitable beneficial features. For example, the authors of
AmaLgam [58] added a version history component to the approach
based on BLUiR [45] and BugLocator [67], then AmaLgam outper-
forms the two based approaches. Two more components (stack
trace and reporter information) were added in AmaLgam+ [57] to
improve AmaLgam. Ye et al. [63] added structured textual simi-
larity in BLUiR and web  link scores to the old version approach
[62] to improve the localization performance. BLIA [64] integrated

four components from three other approaches and outperforms the
three approaches. Thus, finding and combining more suitable ben-
eficial features together is a manner to improve bug localization
performance. However, an approach combining more features does
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ot always perform better [15]. Thus, choosing the suitable features
nd suitable combining methods is most important.

Apart from the seven main feature types discussed above, there
re some other feature types used in bug localization such as
eporter information component in AmaLgam+ [57], the API docu-
ents of source code [62,63], and so on. These features are not so
idely used as the other features in the seven main types. Apart

rom the seven feature types concluded in this paper, there will be
ore beneficial features found and the taxonomy of feature types
ill also be extended in the future.

. Experimental evaluation

.1. Dataset

Several hybrid approaches [45,52,58,59,67] have used the
ugLocator [67] dataset.2 Thu, we can conveniently compare the
erformance of our approach to other hybrid approaches. Few com-
arisons have been made between other hybrid bug localization
pproaches, because those approaches usually use self-extracted
atasets. The BugLocator dataset is at the file level. The details are
hown in Table 5. Although the periods of the three projects are
ong, and many versions are found across these periods, we can
nly select the earliest version of each project for simplicity as the
ugLocator did originally.

.2. Tools

We  use the RankLib3 tool, which implements eight LtR algo-
ithms, including MART (Multiple Additive Regression Trees, a.k.a.
radient boosted regression tree) [22], RankNet [11], RankBoost

21], AdaRank [61], Coordinate Ascent [34], LambdaMART [60], List-
et [12], and Random Forests [8]. We  tested all these algorithms in

he experiment.
Although most of the features used in this study have been pro-

osed, we need to develop our own tool to derive the attributes. The
ttributes are intermediate results that cannot be derived from the
ools or results provided by the authors of hybrid methods.

JRipples [10] is an Eclipse plug-in that supports feature loca-
ion. We  modify the JRipples tool to extract data, including term
requency of different fields in source code and dependence graph,
hrough JDT (Eclipse Java development tools).4 We  also use the R-
roject5 to preprocess and produce each feature of the approach,

ncluding PageRank and HITS scores.

.3. Evaluation

Three main evaluation metrics used in bug localization are TopN,
AP, and MRR:
TopN refers to the number of bugs with their related source code

ntities ranked in the top N (N = 1, 5, 10) of the result list [67]. For
 bug report, if one of the entities that needs be modified to fix the
ug appears in the top N of the ranked list, the bug report is consid-
red as localized, and it is counted in the TopN result. The higher
he TopN value, the better is the performance of bug localization

ethods.
Mean Average Precision (MAP) provides a single-figure mea-

ure of information retrieval quality [33] when a query has multiple
2 The dataset website is at https://code.google.com/p/bug/.
3 http://sourceforge.net/p/lemur/wiki/RankLib/.
4 http://www.eclipse.org/jdt/.
5 http://www.r-project.org/.
ting 62 (2018) 636–648

related documents. Average precision (AvgP) is the average of the
precision value for a single-query qj ∈ Q, which is defined as follows:

AvgPj = 1
mj

mj∑
k=1

Precsion(Rjk) (5)

where the set of relevant documents for query qj is defined as
{d1,. . .,dmj}, mj is the number of relevant documents of query qj ,
Rjk is the set of ranked retrieval results from the top result until
document dk is obtained. The precision of Rjk is defined as follows,
where the symbol # indicates “the number of”:

Precision
(

Rjk

)
=

#
(

related documents in Rjk

)
#

(
documents in Rjk

) , (6)

MAP  is the mean of AvgP in all queries as follows:

MAP = 1
|Q |

|Q|∑
j=1

AvgPj , (7)

where |Q| is the number of queries. A higher MAP  value indicates
better performance.

Mean reciprocal rank (MRR) is a statistical measure that
depends on the first related document in the ranked list for a query
[55]. The reciprocal rank of a query in bug localization is the multi-
plicative inverse of the effective measure, where effective measure
(EM) is the highest rank of relevant source code entities of the bug
in the final ranked list [42]. MRR  is the mean of reciprocal rank for
all queries and is expressed as follows:

MRR = 1
|Q |

|Q |∑
i=1

1
EMi

(8)

The higher the MRR  value is, the better the method performs.

4.4. Comparison to reproduced work

The LtR approach uses the same features of related studies; thus,
we can reproduce the BLUiR [45] and AmaLgam [58] results based
on our extracted features. AmaLgam uses a linear combination of
text similarity, similar report, and version history as the final rank-
ing score of a source code entity. The parameters of our reproduced
AmaLgam have been tuned to obtain the best performance as intro-
duced in the original paper [58]. The BLUiR approach uses the sum
of eight features as the suspicious score of a source code file being
relevant to a bug report, and the eight features are eight combina-
tions of BM25-based similarities (two bug report fields combined
with four source-code fields). The AmaLgam approach uses the
same eight text similarity features as BLUiR, with an additional
two features including the version history and stack trace. Our  LtR
approaches use the same 10 features as AmaLgam with additional
6 features as shown in Table 6.

Although we  use some features that have been proposed in
BLUiR and AmaLgam, AmaLgam does not provide results or tools.
BLUiR only provides the final result without including the features
we needed in our LtR techniques. Thus, we developed our own  tool
to produce these features. However, some differences are observed
between our development and the original authors. For example,
in text preprocessing and extracting, a slight modification in some
steps will cause differences. The performance of our reproduced
BLUiR and AmaLgam are different from those claimed by the orig-
inal authors. Thus, we  did not use the original evaluation result of

BLUiR and AmaLgam. However, because our LtR approach is based
on the same features of reproduced techniques, comparing the per-
formance of our LtR approach and the reproduced techniques is
fair.

https://code.google.com/p/bug/
https://code.google.com/p/bug/
https://code.google.com/p/bug/
https://code.google.com/p/bug/
https://code.google.com/p/bug/
https://code.google.com/p/bug/
https://code.google.com/p/bug/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://sourceforge.net/p/lemur/wiki/RankLib/
http://www.eclipse.org/jdt/
http://www.eclipse.org/jdt/
http://www.eclipse.org/jdt/
http://www.eclipse.org/jdt/
http://www.eclipse.org/jdt/
http://www.eclipse.org/jdt/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
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Table  5
Details of BugLocator dataset.

Project Description Period #Bugs #Files

SWT-3.1 Widget toolkit for Java Oct 2004–Apr 2010 98 484
ZXing  Barcode image processing for Android Mar  2010–Sep 2010 20 391
Eclipse-3.1 Popular IDE for java Oct 2004–Mar 2011 3075 11854

Table 6
Features used in BLUiR, AmaLgam, and LtR approach.

Feature(s) BLUiR AmaLgam LtR

8-field combination of text similarity: source code (class, method,
variable, and comment) * bug report (summary and description)

Yes Yes Yes

Similar report No Yes Yes
Version history No Yes Yes
2-field combination of text similarity: source code (content) * bug
report (summary and description)

No No Yes

Stack  trace No No Yes
Dependence graph PageRank No No Yes

HITS:  Hub No No Yes
HITS:  Authority No No Yes
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set. We  use the coordinate ascent algorithm without normalization
ig. 4. Average MAP  of SWT  project on the test data in 5-fold cross validation.

.5. SWT  and ZXing result

In the RankLib parameter setting, we use 5-fold cross valida-
ion, and test on all normalizing setting including none normalizing,
inear (normalizing each feature by its min/max values), sum (nor-

alizing each feature by the sum of all its values), and Zscore
normalizing each feature by its mean/standard deviation). In the
ve chunks of data, three are considered as the train data, one chunk

s for validation to avoid overfitting in the train set, and the last
hunk is the test data. Recent bug localization approaches typically
se MAP, MRR, and TopN to evaluate the results. We  select the MAP
s the evaluation metric on test data and the metric to optimize on
he training data, given that the RankLib evaluation metric does not
upport MRR  and TopN. For the rest of the parameters, we use the
efault setting for each algorithm.

Tables 7 and 8 show the average MAP  result of two projects in
-fold cross validation. The coordinate ascent algorithm [34] with
one normalizing method has the highest MAP  values in the test
et for both projects, which are highlighted by the bold type in each
able. The train/test column indicates the performance value on
he train/test data. The average MAP  values on the test data in two

ables are also shown in Figs. 4 and 5. The coordinate ascent algo-
ithm and random forest have good performances in both projects
nd with all four normalizing methods. Compared with the high
Fig. 5. Average MAP  of ZXing project on the test data in 5-fold cross validation.

MAP  values on the train data, the random forests algorithm has
relatively low performance on the test data because of overfitting.
ListNet has worst performance on average.

The normalizing methods have different influences on the test
MAP  values in two projects. In SWT  project, the MAP  values of
four normalizing methods are closed to each other when using the
same LtR algorithm, except for none normalizing using RankNet. In
ZXing project, the MAP  values of four normalizing methods have a
larger difference than the ones in SWT  project, since ZXing project
only contains 20 bugs and only 4 bugs are used to test in each
fold. AdaRank, coordinate ascent, and random forests have simi-
lar MAP  values with different normalizing methods respectively,
that is, there is little influence of selecting different normalizing
methods in the three rankers.

4.6. Eclipse result

We considered the Eclipse project, which is large with 3075 bugs
and 11,854 source code files. To save running time, we  divide the
bugs into 30 folds in chronological order and use a sliding win-
dow setting: one fold as the train set and the next fold as the test
because it has shown good performance in SWT  and ZXing projects
in general. To get better performance, a parameter tuning process
is added in Eclipse testing, although default parameter values are
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Table  7
Average MAP  result of SWT  project in 5-fold cross validation. (The highest MAP  value on the test data is highlighted).

Normalization None Linear Sum Zscore

Ranker \Train or Test Train Test Train Test Train Test Train Test

1 MART 0.599 0.472 0.644 0.487 0.681 0.507 0.668 0.497
2  RankNet 0.180 0.182 0.552 0.564 0.422 0.455 0.499 0.518
3  RankBoost 0.509 0.504 0.547 0.544 0.500 0.439 0.528 0.512
4  AdaRank 0.520 0.498 0.558 0.531 0.535 0.513 0.545 0.514
5  Coordinate Ascent 0.621 0.602 0.634 0.590 0.614 0.554 0.633 0.594
6  LambdaMART 0.580 0.445 0.635 0.501 0.677 0.458 0.648 0.525
7  ListNet 0.392 0.383 0.224 0.237 0.129 0.148 0.296 0.274
8  Random Forests 0.981 0.527 0.982 0.579 0.980 0.572 0.983 0.542

Table 8
Average MAP  result of ZXing project in 5-fold cross validation. (The highest MAP  value on the test data is highlighted).

Normalization None Linear Sum Zscore

Ranker \Train or Test Train Test Train Test Train Test Train Test

1 MART 0.698 0.279 0.758 0.346 0.696 0.144 0.744 0.301
2  RankNet 0.253 0.298 0.389 0.381 0.182 0.146 0.371 0.347
3  RankBoost 0.477 0.331 0.379 0.230 0.319 0.192 0.413 0.294
4  AdaRank 0.348 0.274 0.370 0.290 0.377 0.343 0.366 0.312
5  Coordinate Ascent 0.521 0.389 0.506 0.339 0.517 0.331 0.535 0.386
6  LambdaMART 0.769 0.173 0.780 0.282 0.601 0.126 0.715 0.113
7  ListNet 0.200 0.301 0.109 0.084 0.168 0.046 0.245 0.241
8  Random Forests 0.977 0.379 0.975 0.351 0.981 0.330 0.978 0.349

Table 9
Performance comparison of LtR-based approach and reproduced state-of-art techniques. (The highest value of each eavaluation metric is highlighted).

Project Evaluation metric LtR (coordinate ascent without
normalization)

BLUiR AmaLgam

ZXing Top1 6 7 8
Top5  14 15 16
Top10  15 17 17
MAP  0.389 0.412 0.447
MRR  0.459 0.499 0.532

SWT Top1 55 44 46
Top5  93 92 91
Top10  120 117 120
MAP  0.602 0.505 0.526
MRR  0.671 0.576 0.598

Eclipse Top1 914 828 870
Top5  2043 1934 1975

2554 2616
0.278 0.289
0.374 0.389
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The xth fold used  to  trai n
Top10  2615 

MAP  0.306 

MRR  0.399 

sed in SWT  and ZXing projects. First, two parameters of coordi-
ate ascent algorithm are tuned using grid search: restarts = (3, 5,
0, 20) and iterations = (10, 25, 50, 100). The grid search values are
elected reasonably with the default parameter value in the mid-
le. We  trained the algorithm on the first fold, validated it on the
econd fold, and tested it on the third fold. The best model on the
alidation set is selected to test. We  found that the algorithm per-
ormed best on the third fold of Eclipse using the default parameter
restarts = 5, iterations = 25). Thus, the default parameters are used
n the following evaluation steps:

For the Eclipse project, there are numerous irrelevant files for
ach bug. Therefore, we first used the BLUiR method to rank all
les for each bug, and selected the top 200 irrelevant files and all
elevant files for each bug as the train set. The results of applying
he coordinate ascent algorithm on the Eclipse project is shown in
ig. 6. The train curve indicates the MAP  values evaluated on the
rain fold itself. The test curve represents the MAP  values tested on
he next fold of the training fold. We  also attempted to add 1 fold

s a validation set or split the train set for validation. However, one
r two folds perform poorly when the validation set is added, and
heir average MAP  values are closed to the ones in the current pre-
ented setting (one fold for train and next fold for test). The BLUiR
Fig. 6. MAP  of using Coordinate Accent in 30 folds of Eclipse project.

[45] and AmaLgam [58] curves show the performance of repro-
duced corresponding algorithms in each fold. The BLUiR method

does not need to be trained further, and the parameters of AmaL-
gam is tuned by maximizing the average MAP  values of all bugs.
We applied Wilcoxon signed-rank test on the MAP values of coor-
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inate ascent, BLUiR, and AmaLgam in each fold. The result shows
hat coordinate ascent is significantly better than BLUiR (p = 2.5e–6)
nd AmaLgam (p = 3.9e–6).

.7. Result comparison

Given that the coordinate ascent algorithm with no-normalizing
erforms best in our previous experiments as shown in
ables 7 and 8, we select it for comparison with reproduced BLUiR
nd AmaLgam approaches in the MAP, MRR, and TopN (N = 1, 5,
0) metrics, which is shown in Table 9. The evaluation results of
tR are derived from the entire project that combined each fold-
est set. Unlike SWT  and ZXing projects in which the test data are
rained and validated on the other four folds, the Eclipse test data
re trained on the previous fold in the bug-fixed time order, and the
rst fold is trained on the last fold. The results of BLUiR and AmaL-
am are directly from the entire project because no training parts
re present. The results show that the LtR outperforms BLUiR and
maLgam on the large projects, Eclipse and SWT, by using coor-
inate ascent without normalization. The performance of LtR is
o better than the other two techniques that consider the ZXing
roject. However, ZXing has only 20 bugs, with 16 bugs used for
raining and the remaining 4 bugs used for testing in the 5-fold LtR
pproaches. The small data size of ZXing could be the main reason
hy LtR did not exhibit good performance. We  found that the lin-

ar weights of ZXing differed much more in each fold than did the
ther projects, thereby indicating that the results of ZXing easily
verfit the train set.

By contrast, the data of the Eclipse project have 3075 bugs and
any source code files. Even when the project is divided into 30

olds, more than 100 bugs are found for training in each fold. Fig. 6
ndicates that the LtR test performances in most folds are better
han or similar to the other two reproduced techniques.

. Threats to validity

Our approach faces the following threats to validity:
First, we only use the default parameter setting for each LtR

lgorithm in RankLib. The performance of LtR algorithms should be
ifferent when different parameter values are used. The next step
f this study is testing the influence of various parameter settings
n LtR-based bug localization.

Second, the bug repository is extracted from the version history,
nd the relevant files are labeled via the modification commits with
ext “bug|fix”. Thus, the labeled relevant files may  not be the real
les that need to be modified to fix the bug. This threat to valid-

ty exists in all bug localization approaches that use the automatic
xtraction method without manual examination [26].

Third, we applied learning to rank algorithms to our selected
eneficial features. Different conclusions may  be derived by using
ifferent features. However, instinctively, combining more corre-

ated features in a suitable manner could increase the localization
erformance. This area is left for future work.

. Conclusion

Information retrieval-based bug localization has been stud-
ed for several years. Recently proposed hybrid bug localization

ethods have examined and adopted many helpful features from
ersion history, similar bug reports, source code structure, and so
n, in addition to the textual similarity. We  conducted a survey of

hese hybrid methods and features and compared eight different
tR techniques with four normalization methods in bug localization
nd two reproduced state-of-art approaches. The results showed
hat the coordinate ascent algorithm without normalization is a

[

[

ting 62 (2018) 636–648 647

suitable LtR method for our selected features, and it outperforms
two state-of-art approaches for two large projects, namely, Eclipse
and SWT.
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