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ABSTRACT Predicting the fix time of a bug is important for managing the resources and release milestones
of a software development project. However, it is considered non-trivial to achieve high accuracy when pre-
dicting bug-fix times. We view that such difficulties come from the lack of continuous or posterior estimation
based on subsequent developers’ activities after a bug is initially reported. In this paper, we formulate the
problem of bug-fix time prediction into a continual update of estimates with more activities. Logging data
of bug-related activities that are streamed to a bug tracking system change the bug reports, enabling us to
recalculate predictions over time. To do so, we propose a deep learning-based two-staged activity stream
embedding model, DASENet that employs (i) a merged network for extracting contextual features across
different types of logs, and (ii) a sequence network for exploring temporal relations of the logs. Through
experiments with bug tracking system datasets from open source projects including Firefox, Chromium, and
Eclipse, we show that DASENet achieves stable performance, e.g., for the Firefox dataset, top-1 accuracy
of 4.6 to 8.5 % higher than other state-of-the-art works. Our approach also provides a transferable structure,
yielding robust performance with a small dataset for different tasks; the DASENet model trained with a small
dataset of about 900 samples (2 % of a full dataset) can show competitive performance to the other models
with a full dataset. To the best of our knowledge, we are the first to employ deep learning on log streams in
the context of bug-fix time prediction.

INDEX TERMS Bug-fix time, activity stream, bug tracking system, deep learning, activity embedding,

sequence learning model.

I. INTRODUCTION
Data in a bug tracking system are frequently used as an essen-
tial part of managing the schedule, quality, and resources of
software development in both industry practice and academic
literature. Along with data, modern machine learning tech-
nology has raised the opportunity of automating several parts
of bug-related processes of software development, such as
bug triage [1]-[4], bug localization [5]-[11], duplicate bug
detection [12]-[14], and bug priority assignment [15], [16].
One major issue for handling bugs during software devel-
opment is to estimate the fix time of a bug in advance. The
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estimation of when a bug (or an issue) will be resolved, if suf-
ficiently accurate, contributes to productive decision-making
for resource allocation, release schedule management, and
other management tasks. Several researchers investigated the
problem of predicting bug-fix times, and most of this research
addressed the problem by performing either regression [17],
[23]-[25] or classification [18]—[22] based on the features
extracted from the attributes of bug reports.

With the increasing popularity of deep learning, a few
researchers have recently utilized RNNs (recurrent neural
networks), CNNs (convolutional neural networks), or other
neural network models to investigate features mostly avail-
able on the text of bug reports, e.g., [3], [4] for bug triage,
and [7]-[11] for bug localization.
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In this paper, on the contrary to the purpose of those
deep learning-based approaches, we focus on the continual
prediction of bug-fix times and adapt deep neural networks
for analyzing log streams of bug-related activities. We also
use text data that can be retrieved from bug tracking systems.
However, we take two different steps tailored to the contex-
tual and temporal properties of bug-fix time prediction.

First, we consider heterogeneity of log types, and therefore,
we develop joint learning and merged network. This network
structure facilitates automated feature extraction from various
types of bug-related activity logs, by combining a set of
individual embedding networks wherein each is structured
respectively for a specific type.

Second, we view the task of predicting the bug-fix time as
a continuous process on log streams. Accordingly, we discuss
how to continuously reevaluate the prediction with newly
available data, formulating such log streams as sequences
of contextual signals and then facilitating sequence analysis.
This reformulation of continual prediction was motivated by
our interviews with a group of project managers. They fre-
quently talked about the benefits of automatic status updates
that can not only integrate all of the ongoing activity infor-
mation but also revise forecasts to the latest state, e.g., daily
estimates about a set of bugs that are expected not to be
resolved within a scheduled milestone.

As described above, we treat developers’ activities, which
are continuously logged in a bug tracking system, as signals
for estimating the status of underlying bug fixing jobs. We
then propose a two-staged leaning model, DASENet (Deep
learning-based Activity Stream Embedding Network) that
leverages the integrated use of a merged network and a
sequence network; the former combines different types of
logging data to a per-day activity summation, and the other
generates embedding that reflects all the accumulated per-day
activities in a common vector space. Through experiments

TABLE 1. Research related to bug-fix time prediction.

with several datasets, we demonstrate that our continual pre-
diction using DASENet is able to render stable accuracy
for multi-class classification problems on bug-fix times. Our
main contributions are summarized as follows:

1. We first propose a continual approach for bug-fix time
prediction by exploiting deep learning techniques with
data streams of bug-related activity logs. Specifically,
we present the two-staged DASENet comprising a
merged network and a sequence network.

2. We then validate the model with several datasets
collected from the bug tracking systems of famous
open source projects, i.e., Firefox, Chromium, Eclipse
[26]-[28]. We reform the datasets into an easy-to-use
format for sequence learning and make them available
on Github [29].

3. We demonstrate the enhanced prediction ability of
DASENet for bug-fix times.

4. Finally, we present a data- and time-efficient transferring
procedure for variant tasks, which leverages the activity
stream embedding of DASENet.

Il. RELATED WORKS

In the software engineering literature, there were sev-
eral works that conducted mining on bug management
databases or code repositories, with the intent of achieving
learning models related to bug-fix times. A summary of these
works is illustrated in Table 1.

Weiss et al. [17] employed the text-based similarity of titles
and descriptions of bug reports to predict bug fixing efforts.
Zhang et al. [18] utilized kNN clustering techniques over
bugs where the properties were characterized by domain-
specific features such as the opener, priority, severity, cat-
egory, and other selected bug attributes. Marks et al. [19]
made an effort to find many attributes relevant to bug-fix
times and used a decision tree with all of the attributes.

.. . Metric
Researcher H Problem Definition Input data Learning Model Dataset (#) (Average %)
. P - . . Textual data of tile and akNN with Accuracy (40)
Weif3 [17] Estimation of bug fixing efforts (in hours) description fields Apache Lucene JBOSS (567) with 50% error
. . cn . CA Tech. (-)
Bug-fix time binary classification . s . .
Zhang [18] quick RD% < §(= 2 to 400 days), Attributes (e.g., priority, severity, NN Unknown PrOJ‘ect A | FI score (éé)
slow RD > 6 opener, owner) Unknown Proqect B F1 score (68)
Unknown Project C F1 score (78)
Bug-fix time 3-class classification Attributes (e.g., bug location
. 3months RD < 3 months, (product, component, version), . Mozilla (85,616) Accuracy (63)
Marks [19] 1year 3 months < RD < 1 year, | reporter (popularity, type), Decision tree Eclipse (63,402) Accuracy (63)
Syear 1 year < RD < 3 years description (severity, code amount))
. . . . Two attribute types; internal
Bug classification (i.e., which bug get fixed) (e.g., severity, # of editors, reputation), - . Windows Vista (-) F1 score (68)
Guo [20] be  fized : Logistic regression .
external (e.g., opener and assignee Windows 7 (-) F1 score (66)
not  fized . e
in the same building ?)
Bug-fix time binary classification Attributes (e.g., priority, severity, Mozilla (26,291) F1 score (68)
Giger [21] fast RD < 6(= 122 to 727 days), # of CC, # of attribute changes) Decision tree Eclipse (22,305) F1 score (66)
slow RD > 6 updated by post-submission Gnome (17,063) F1 score (66)
Bug-fix time binary classification Developer activity features HMM based on
Habayeb [22] fast RD < §(= 60 days), (e.g., reporting, assignment, copy, S Firefox (86,444) Accuracy (71)
> . temporal sequence
slow RD > 6 review, file change)

¢ RD denotes the remaining days until bug-fix date.
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They focused on detecting outlier bugs in terms of fix
time, and thus, considered loose conditions, e.g., one year-
threshold.

There have been several works to exploit more than
conventional bug features via handcrafted analysis on project-
specific characteristics. For example, Guo et al. [20] partic-
ularly exploited external attributes that can be obtained from
feedback of employees (not from a bug report itself). Interest-
ingly, the examples of external attributes include geographi-
cal features such as whether the bug report opener and the
assigned developer are in the same building. Giger et al. [21]
demonstrated the benefit of exploiting post-submitted data of
bug-related activities, e.g., assignee changes and developers’
comments.

Recently, Habayeb er al. [22] exploited a hidden Markov
model (HMM) to analyze temporal features of system-
bug repositories, based on their sophisticated feature selec-
tions on significant events related to bug condition changes.
Similar to this HMM-based approach, we concentrate
on the time-dependent features of bug-related activities.
However, we employ deep neural networks to incorporate
diverse log types into unified feature extraction with less
manual labor. Furthermore, we adopt RLSTM (residual long
short-term memory)-based sequence analysis of extracted
features, hence rendering our model less dependent on spe-
cific datasets.

A few researchers have demonstrated the applicability of
deep learning techniques for mining bug-related data for a
specific task such as bug triage and bug localization. In gen-
eral, a bug triage process is to automatically find appropriate
developers who can fix the bug when a bug is reported.
Mani et al. [4] pointed out that it was critical to extract
features not from individual words but from the context of
sentences in bug reports in order to improve bug triage accu-
racy. Their work DeepTriage utilized a BLSTM (bi-direction
long short-term memory) network where word-embedding
sequences for bug description texts are fed. Similarly,
Lee et al. [3] utilized CNNs for bug triage.

For bug localization, Lam et al. [7], [8] proposed a deep
learning-based method using the combination of three types
of features: textual similarity, relevancy, and statistical data.
Specifically, they extracted the features by using a revised
Vector Space Model [30], [31] with textual similarity mea-
surements, and then derived the text and code-level relevancy
between bug reports and source files. Xiao et al. [9]-[11]
presented a CNN-based merged network structure, namely
DeepLoc, for combining different feature types of bug reports
and source files. They achieved stable performance with aver-
age accuracy 59 to 70 % and 69 to 79 % respectively for
top-5 and top-10 rankings. This work and our model share
a common structure in that both leverage the merged deep
learning structure. However, our problem domain is not bug
localization but bug-fix time prediction, which is suited to
continual prediction with log streams.

At this time, not many deep learning-based methods have
been introduced to solve problems related to bug-fix times.
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To the best of our knowledge, in the context of learning
temporal properties of bug-related data, our work is the first
that utilizes deep learning and embedding techniques.

Ill. PROPOSED APPROACH
In this section, we briefly describe our view on data in bug

reports, and present the overall structure of our proposed
DASENet model.

A. ACTIVITY LOG STREAMS

A bug tracking system manages databases of bug-related
information and allows a group of developers in a project
team to manage various issues of bugs. For each bug, its report
contains relevant information such as title, owner, status,
description, comment, and attachment. While there might be
several different report formats and layouts across projects,
it is commonly observed that a bug report is continuously
updated during its lifetime alongside bug-related activities.
Activities are normally logged, either by manual descriptive
text of developers in natural language (e.g., description, com-
ments, and inquires) or by semi-automated records in struc-
tured text (e.g., appending a new developer to CC list, and
updating the status field from NULL to Fixed). Considering
the different text structure and input source, throughout this
paper, we distinguish these two appended log types into user
comment and system record respectively.

Fig. 1 illustrates an example bug report in the Chromium
project repository [27]. In the figure, a bug was initially
reported on March 10, 2014, and then four user comments
(@, ©, @, ®) and three system records (®, @, ®)
were appended until the bug status was finally changed
to “fixed” on March 26, 2014. User comments contain
sentences, e.g., “Either solution is better than ...” and
“Change the streamPrivate . . .”, while system records briefly
describe the changes of bug report attributes, e.g., “CC:
darine@chromium.org” and “‘Labels: Cr-Internals. . .”.

In the same vein of previous works [18]-[22], we consider
day-granularity for bug-fix times. Thus, we devise a per-day
bin container (namely, activity bin). Specifically, for each
bug, all of the temporally co-logged activity information dur-
ing a day is bundled together. Furthermore, we convert a set
of continuously generated activity bins to the chronologically
ordered sequence format (namely, bin-sequence).

B. OVERALL MODEL ARCHITECTURE
To achieve robust prediction models over log streams,
we investigate a deep learning-based embedding structure in
which both contextual and temporal features of activity log
streams with various log types can be well-represented. Based
on the embedding structure, we then explore various bug-
related temporal tasks including our main task, bug-fix time
prediction. Several tasks will be discussed in Section VI.
Fig. 2 illustrates our proposed DASENet model. Its learn-
ing process takes the following steps.
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Log

State
Starred by 3 users
Owner: raymes@chromium.org
CC: kalman@chromium.org
rsleevi@chromium.org
zork@chromium.org
miket@chromium.org
darin@chromium.org
Status: Fixed (Closed)
Components:  Paltform>Extensions>API
Internals>Network
Modified: Mar 26, 2014
Editors: -
EstimatedDays: --—-—-
NextAction: ==
OS: All
Priority: 2
Type: Bug

S’Issue 350755: Determine the right way to expose response headers in the extensions
i streamsPrivate API
i Reported by raymes@chromium.org on Mon, Mar 10, 2014, 8:52 AM GMT+9

! When the streamsPrivate API Intercepts an http response and passes it to an extension we expose ...
: @ User Comment 1

Comment 1 by raymes@chromium.org on Mon, Mar 17, 2014, 1:09 PM GMT+9

® System Record 1

5' I'm happy to tidy this up but I'd like to have some guidance on the way forward. Pepper exposses ... |
. © User Comment2 -
Comment 2 by miket@chromium.org on Tue, Mar 18, 2014, 6:55 AM GMT+9

You can emit either a map<string,string™> - where your API handles ...
Either solution is better than a raw headers-string, since that forces continuation nuances ...
® User Comment 3 -

Comment 4 by bugdroidl@chromium.org on Wed, Mar 26, 2014, 2:06 PM GMT+9

lChanged paths: ...
Change the StramsPrivate extensions API to return HTTP response headers in a dictionary
This Changes from returning the response headers as a raw string to a dictionary mapping ...

| Activities
‘| - Continuous

Update

Review URL: https://codereview.chromium.org/198463005

Status: Fixed (was: NULL)

Comment 5 by raymes@chromium.org on Wed, Mar 26, 2014, 3:24 PM GMT+9

@ User Comment 4

Close

FIGURE 1. A bug report example with activity logs in the Chromium project repository.

(D In data preprocessing, each bug report is transformed
into a chronologically ordered set of per-day activity
bins (bin-sequence) containing user comments, system
records, and metadata.

@ For activity bin embedding, each activity bin is used to
train a merged network of BLSTMs and MLPs (multi-
layer perceptrons). This embedding process is intended
for extracting contextual features related to bug fixing
jobs available logging data of different types.

® For bin-sequence embedding, an RLSTM-based
sequence network is stacked on top of the merged net-
work (in @). The bin-sequence embedding is intended
for capturing temporal relations of activities. A bin-
sequence is used by such a two-staged embedding
model of the merged and sequence networks, namely
DASENet.

@ For task learning, a feed-forward MLP (task layer)
is additionally stacked on the pre-trained DASENet.
The task layer is directly connected with the output of
the sequence network, and then separately trained with
datasets for a specific task.

The implementation and use of DASENet will be discussed
in the next sections: () preprocessing in Section IV, @
activity bin embedding and ) bin-sequence embedding in
Section V, and @) task learning on DASENet in Section VI.

Here, we briefly explain our motivation for the two-staged
deep learning structure of DASENet. Table 2 shows the accu-
racy result of our initial test for a bug-fix time classification
problem with three classes. For this test, we implemented
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an MLP-based deep neural network. Considering divergent
perspectives on how to interpret log streams, we intention-
ally created three different datasets, and then trained models
with each dataset. Fig. 3 depicts the difference between the
datasets: (1) “‘cumulative - all”’ contains all the available
logging data from the bug-open to a specific point in time
for prediction including the both log types, user comments
and system records for each bug report, (2) “cumulative -
user comment”’ consists of all the available user comments
only (no system records), and (3) “latest - all”” holds only the
latest updated per-day activity for the both log types.

In this test, we expected that a model trained with more
data in terms of aggregation and log types (i.e., “‘cumulative -
all” dataset) should outperform the other models. However,
in Table 2, we observed only slight differences of 1 to 2 % in
model accuracy that rarely met our expectation. This initial
result led us to devise a hierarchical model structure that
can extract both contextual and temporal features from time-
series log streams of different types.

TABLE 2. Initial top-1 accuracy of 3-class classification.

l Aggregation Type - Log Type H Firefox l Chromium | Eclipse
Cumulative - All 51.5 48.9 48.9
Cumulative - User Comment 50.1 48.8 459
Latest Only - All 50.6 47.5 46.2

Note that the datasets used here will be explained in
Section VII-A. In addition, the MLP-based deep neural
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FIGURE 2. Our overall approach.

(1) cumulative — all
(2) cumulative — user comment
(3) latest only - all

User
Comment
System
Record

FIGURE 3. Aggregation and log types.

network model with the “cumulative - all” dataset is used
as a baseline for evaluation (DeepBase in Section VII-B).

IV. STREAM DATA PREPROCESSING

In this section, we present how to transform log streams of
various types of bug-related activities into input data for deep
learning models.
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TABLE 3. Metadata of activity bins.

Metadata H Definition
m; Elapsed time from bug open date
mo Existence of activities in recent 3 days
ms3 # of unique comment authors
my Type of the latest comment author
ms Cumulative # of activity logs

As described previously, a per-day activity bin B’ contains
all of the co-logged activity information in various types
(e.g., user comments, system records) during the same day.
Alongside log types of user comments Xygr and system
records Xys, we also treat several statistical properties as a
metadata set (in Table 3) for each activity bin, and include the
metadata set in its associated activity bin. Then, an activity
bin is denoted by a set

B = {X:JSCI” X, X;neta} ey

sys?

where a bin index i € N is given in chronological order.

Fig. 4 shows the timeline of individual activity logs
extracted from the bug report R in Fig. 1. For example,
the activity bin B2 on March 17, 2014, holds a user com-
ment (©), a system record (), and its metadata. It should be
noted that any logs trivially signifying that a bug has been
closed can be seen as a label for bug-fix time prediction;
hence, those should not be in activity bins. In Fig. 1 and 4,
the status change log (Fixed) on March 26, 2014, is not
included in any activity bin.

- Activity bin B' 5 - Activity bin B’-, - Activity bin B°-, - Activity bin B*

] H] v "
i [ ' ' [l
! Metadata | |i  Metadata \ ||  Metadata, i}  Metadata . |
i m;: 0 days ' ! m;: 7 days ! i m;: 8 days b m;: 16 days !
' |my: False i1 | my: False t | ma True 1| my False '
| ms: 1 persons i H m;: 1 persons| | | ms: 3 persons| | | m;: 4 persons| |
! |my: Opener | !'{ | my Opener 3 ! | my: Others 3 ! | my: Others 3
Vo lms 1 i ms: 3 ! H ms: 6 ! H ms: 7 |
! ! ' '
: i n ¥ :
i [ 't a [l
1 ! ' 1] i
1 Vi [ [ '
i ! ' I [l
1 ! [ [ 1
: n o i |
! @ User o © User 3 ! ® User 3 ! @ User 3
i Comment 1 | i Comment 2} i Comment 3} i Comment 4 1
i
i | i i | i i i Close
i i
; i i L LY -

1 >
®2014-03-26 2014-03-26 1 ™

© 2014-03-10 @ 2014-03-17 (3 2014-03-18

FIGURE 4. Activity timeline of a bug report.

Word embedding schemes (i.e., word2vec [32]) are used
to represent individual words in user comments and system
records in a common vector space. Accordingly, we denote
them as vector sequences

Xo=[vi.....vi,,] @

where v is a word embedding and lyse; and [gys are the
sequence lengths of X and X{, ¢ respectively. In addition,
we represent the metadata set in Table 3 as a binary encoded

data

Xflser= [Vl’ ceey Vluser] )

b mlmeta] (3)

where lyeta = 5 is the size of Xpeta.

Xmeta = [mla .
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For a bug report R, its bin-sequence contains activity bins
in chronological order, and it is denoted as

I'=(B', B, .., B 4)

where T € N is the latest bin index at the current time.

V. ACTIVITY STREAM EMBEDDING

In this section, we present our deep learning-based activ-
ity stream embedding technique. Our proposed two-staged
learning DASENet employs (i) a merged network structure
with different neural networks for performing compositional
embedding of various log types, and (ii) an RLSTM-based
sequence network for performing temporal data analysis over
log streams. These merged and sequence networks together
are intended for continuously extracting contextual and tem-
poral features from log streams in heterogeneous formats over
time.

A. NETWORK COMPONENTS

DASENet is organized into deep neural network components
to be laid out according to the characteristics of the input
data, as shown in Fig. 5. We explain each network block such
as deep BLSTM [33], MLP, and RLSTM, and depict their
internal structure on the right side of Fig. 5.

1) DEEP BLSTM

Consider an /-length input vector sequence X = [x1, ..., X/].
A deep BLSTM function with d-hidden layers computes an
output vector:

,¥o] = BLSTM([x1, - .., x7]). 5)

y="Di,..-

To do so, it calculates the intermediate output vector sequence
Y = [y1, ..., y:] and the hidden state vector sequence of the
nthlayer H" = [h{, ..., h}] by iterating the equations below

forn=1,...,dandt =1, ..., 1[. Here, we denote a forward
layer as , and a backward layer as < for bi-directional
processing.
— =, - —
h;‘l =M (Wﬁn—lﬁn h? + Wﬁnﬁn h :‘1—1 +b ?) (6)
<« .1 <« <«
hi =H(W;n_1;nh§’ + Wi b+ b?) O]
— — —
V=W Wi+ Wip b+ b (8)
- <4 <~y =
yt=W<Hd<y_h,+W<id<y_h,+bty )

H(-) is the hidden layer function which uses memory cells
defined in [34], [35]. Wju—1y» is the hidden weight matrix
from the (n — 1)th layer to the nth layer, Wynp is the recur-
rent hidden weight matrix at the nth layer, and Wya, is the
dth hidden-output weight matrix. b is the bias vector. Then,
the output vector is derived from the intermediate output
vector sequence Y = [yg, ..., y:] by:

y=[(¥:). (V)] (10)
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FIGURE 5. Architecture of DASENet.

2) DEEP MLP
For an input vector X = [xq,...,X;
yields the output vector

], a deep MLP function

MLP([x1, ..., x1]) an

by calculating the hidden state vector of the nth layer h"” =
[A", ..., th] where ¢" is the number of the nodes in the
nth hidden layer. This calculation is done by the following
equationsforn=1,...,dandt =1,...,4"

y=0D1.---. Yl =

qn 1

A thn ki 4 ] (12)
j=1
qd

w=f w0y [ p=10 (3)
=1

Note that whn L is the weight value from the jth node of

the (n — l)th hldden layer to the 7th node of the nth hidden
layer. b is the bias value (bly, is the bias value in the pth
node of the output layer), and f(-) is an activation function,
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e.g., Leaky ReLU. In addition, Wha’ is the weight value from
the jth node in the final hidden layer to the pth node in the

output layer.

3) RESIDUAL LSTM (RLSTM)

We devise a modified LSTM network based on the residual

network structure [36], which can enrich temporal feature

extraction and mitigate the accuracy saturation and degrada-

tion problem of deeply layered networks [37], [38].
For an /-length input vector sequence X = [Xq, ...

RLSTM function computes an output vector:

RLSTM([x1, . .., x/]). (14)

,X;], an

yz[.)’l’---,)’o]z

To do so, it calculates the intermediate output vector sequence
Y = [y1,...,¥y:], and the hidden state vector sequence of
each layer n, H" = [h/, ... h}] by iterating the following
equations forn=1,...,dandt =1,...,[:

By = H Wy h? ™"+ Waomeh +b771) - (15)
H' =H'+H"', y, = Wy,h{ +b] +x. (16

Then, an output vector y is obtained from the intermediate
output vector sequence Y = [y, ...,y;] by y =y; where y;
is the last element of Y.

B. ACTIVITY BIN EMBEDDING

In DASENet, a merged network for activity bin embedding
is jointly trained to combine various types of activity logs
via multiple deep neural networks. It was pointed out that
a deep neural network structure with multiple networks is
effective in representing an event in the context of event
embedding [39], [40]. The merged network of DASENet
adapts this event embedding structure for activity log streams.
Specifically, it combines deep BLSTM and MLP networks,
and transforms an activity bin B = (X X sy X i)
(in (1)) into a bin embedding vector ef)in.

For X! and XSys (in (2)) in a word embedding sequence,
their feature vectors y',,, € R%ser and Ysys € R7vs are calcu-
lated by the deep BLSTM functions that discover underlying
information from written texts:

=BLSTMuser(Xiyser):  Yigs =BLSTMys(X{y0).  (17)

Notice that the BLSTMyger(-) and BLSTMys(-) functions do
not share their parameters. The feature vector y ., € Romet

yuser

of metadata X! ., = [my, ..., m;_ ] (in (3)) is extracted by
the MLP function:
Ymeta = MLPrmera ([m1). ... (my,)T). (18)

Subsequently, the three outputs separately computed
in (17)-(18) are concatenated and then fed to the deep MLP
function to be merged:

ehin = MLPoin ([ (iser) » (¥iys) > (Vo) [) - 19

Then, we treat the output €], € ROuerT0sysomea a5 an activity
bin embedding vector for the activity bin B. In overall, this
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embedding vector represents comprehensive features of B’ on
a continuous vector space, combining different types of logs
in B'.

C. BIN-SEQUENCE EMBEDDING

In DASENet, a sequence network is stacked on the previ-
ously explained merged network. It takes as an input a set
of activity bin embedding vectors {ebm} _, (in (19)) where T
denotes the number of activity bins currently available for a
bug report, and then it produces a bin-sequence embedding
vector €geq.

Recall that {e]’;in}l.T=1 is calculated by the iteration
of (17)-(19) for each of all the activity bins in S7 (in (4)).
Then, the deep RLSTM function computes its embedding
vector:

. T
eseq = RLSTM,qq ({egm}i_l) . 20)

This embedding vector eseq turns out to encapsulate both
contextual and temporal features of activity log streams via
the stacked networks of bin embedding and bin-sequence
embedding.

D. DASENET MODEL IMPLEMENTATION

Fig. 5 illustrates the DASENet implementation, where the
dimensions of input and output variables and the number of
hidden nodes are presented in parentheses. For example, with
a word being mapped to 200-dimensional data, qug(SO, 200)
in the box of the activity bin embedding indicates a
50-length sequence input for a system record (in (2)). In addi-
tion, €seq(200) on the top of the figure denotes that the size of
our bin-sequence embedding vector (in (20)) is 200.

To train DASENet, we leverage the notion of supervised
embedding [41] that is known to be effective for a spe-
cific task or a group of transferable tasks, and particularly,
we employ the bug-fix time prediction task with K-classes.
Specifically, we stack an additional layer of MLP i, (-) and
a softmax function on top of DASENet. MLP i (+) takes the
output eseq of DASENet and yields a K -size vector Yirain.

Yirain = V1, .., Yk = MLPtrain(eseq) 2n

Then, the predicted probability of jth element (y;) in Yrain is
calculated by a softmax function:
exp (1)
7 .
> p=1EXP (p)

For training DASENet in supervised manner, we utilize
categorical cross-entropy errors of K-class bug-fix time
classification:

Prsoftmax (]) = (22)

K
Cross-entropy error = — Z ¢jlog (Prsofimax (7)) (23)
Jj=1
where ¢; is ground truth of the class label j.
Specifically, we set K = 7, by considering that the features
of embedding outputs can be biased unless the distribution of
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FIGURE 6. Distribution of bin-sequences.

samples is well-balanced. Fig. 6 compares the distributions
of bin-sequence samples; in Fig. 6(b), we notice that the
distribution of 7-class is relatively balanced, as contrasted to
imbalanced long-tail pattern of 100-class in Fig. 6(a). Note
that the criterion of 7-class is in Table 4.

TABLE 4. Multiple class ranges for three tasks.

Task H #-class [ Class Value Intervals ‘
FixTime 2-class | { [0 3],(3 100] } for Firefox
{ [0 4], (4 100] } for Chromium
{ [0 5], (5 100] } for Eclipse
3-class | { [0 1],(1 5], (5 100] }
Scclass | { [00],(0 2], (2 5], (5 20], (20 100] }
v | (B BEL B G
o-clas | [(% 07]]’,[(17 1365,2 (21]6 [5013,] (gg ?2)’0] )
RemainBins || 3-class | { [0 1], (1 5], (5 100] }
NextBin 3-class | { [02],(2 5], (5 100] }

In consequence, the trained DASENet generates a 200-
dimension embedding vector esq for an activity stream,
by taking a bin-sequence ST = [B', B?, ..., B'] as an input
and processing it via the two-staged merged and sequence
networks.

VI. TASK LEARNING USING DASENET
In this section, we present the learning process for a task using
DASENet and describe several task scenarios.

A. TASK LEARNING PROCESS

The activity stream embedding of DASENet allows us to
build a task model data-efficiently, which can deal with bug-
related temporal prediction problems. For a task, an addi-
tional network combined with DASENet can be separately
trained with its own dataset and class labels. For imple-
menting such an additional task network, we generally use
a deep MLP function, yet with no limitation on how it is
implemented. For example, we use MLP 4. (+) on the trained
DASENet such as

Yeask = V1, ..., Yk = MLPtask(eseq) 24)
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where K is the same as the number of the task classes (e.g.,
K-class classification). To calculate the predicted probability
of jth element (y;) in yusk, we use the softmax function
(in (22)). Subsequently, for top-k accuracy-based prediction,
we choose a k-size set of those elements with the highest
probabilities.

B. TASK SCENARIOS

Here, we consider three task scenarios that involve analyzing
bug-related activities to make temporal event prediction: bug-
fix time (FixTime), the number of remaining activity bins
(RemainBins), and the occurrence time of next activity bin
(NextBin). While the activity stream embedding is based
on FixTime, K -class classification (with various K -settings)
tests and cross-project tests are discussed here. The other
RemainBins and NextBin tasks are also related to project
managers’ jobs, similar to FixTime.

Table 4 illustrates the multi-class specification used in
Section VII. For simple explanation, suppose that we have a
task function Wi, (R) that yields a certain task-specific value
for a bug report R. Then, we represent class conditions by
intervals [a, b] (or (a, b]) where all the bug reports R such
that a < Wik (R) < b (or a < Wyk(R) < b) are in the
same class. The implementation of Wy, (+) is fully dependent
on specific task semantics. Note that the 2-class criterion
of FixTime is set to the median of bug-fix times of each
project dataset, but otherwise the same criterion applies to
all datasets; for the 2-class, we hardly found such a common
criterion that can render all the datasets well-balanced.

1) FixTime

In general, it is important for project managers to estimate
when bugs or issues are resolved. In the context of bug-
fix time prediction, a task function of a bug report R is
represented as a daily-basis time gap from the latest update on
R (i.e., day for the last bin) to when R is closed. For generality,
we assume K-class classification problems for various K
settings, as illustrated in Table 4.

2) RemainBins

The RemainBins task is to predict how many activity bins will
be generated more until a bug is closed. In the same way as
FixTime, we use per-day activity bins and accordingly day-
granularity.

3) NextBin

To predict when next bug-related activities will occur,
the NextBin task uses a model with the same day-granularity
above.

VII. EVALUATION

In this section, we evaluate the performance of our proposed
DASENet model. For evaluation, we implemented the mod-
els using the Keras machine learning framework [42], and
conducted tests on a system with an Intel CPU i9-9940X
processor 3.30 GHz (14 cores), 128G of RAM, and NVIDIA
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Geforce GTX 2080 SLI. The performance metric for evalu-
ating a model with a G-sized dataset is Top-k accuracy =
éZgzl match (cg, Pg) where ¢, and P, denote a ground
truth class label and a set of predicted class labels respectively
for each sample. Here, match (cg, Pg) = 1lifcg € Pg 0,
otherwise.

All the tests were performed with 10-fold cross-validation
sets [43] and the average performance was summarized.

A. DATASETS

We utilize datasets collected from the bug tracking systems
of open source software development projects including Fire-
fox [26], Chromium [27], and Eclipse [28], which have been
frequently used for bug-mining research. We use only bug
report samples of which state is resolved and their lifetime
is in the range from 1 to 100 days. We observed that some
bugs were rapidly closed in a few seconds just after they
were reported to the system, and others had remained with no
activity for more than 100 days since there were open. These
outlier data patterns on bug reports were also mentioned
in the previous research [22]. Some might be interested in
seizing characteristics of such abnormality, but we rather
focus on modeling with normal data, similarly to [22], [44].
Our refined datasets that contain bug-related activities in
the daily-basis sequence format can be accessed from
Github [29].

Table 5 presents the statistics of the datasets. For exam-
ple, in the Chromium dataset, there are 15,170 bug reports
with 70,001 sequence samples which are observed from
March 2014 to August 2015. In addition, the sample ratio of
each dataset for training and testing is set to 6.4:3.6. Table 6
illustrates the statistics of the datasets with respect to the three
tasks previously explained in VI-B.

TABLE 5. Datasets of studied open source projects.

‘ Project H Ob;z‘;sgon Report # ‘ Samples # (Train Samples #)
Eclipse J a&'aioégl p 16,575 70,004 (44,545)
Chromium f\%;oﬁ 5| 1570 70,001 (44.801)
Firefox f\f\’,}‘a yzozl(;‘l 6 13,619 70,001 (44,800)

TABLE 6. Dataset statistics with respect to three tasks.

Task Project ‘ ‘ Median | Average | Standard Deviation ‘

FixTime Firefox 3 7.8 12.6
Chromium 4 11.1 16.8

Eclipse 5 13.1 19.2

RemainBins Firefox 2 2.5 2.1
Chromium 2 2.2 1.9

Eclipse 2 1.9 1.8

NextBin Firefox 1 34 7.1
Chromium 2 5.0 9.5

Eclipse 2 7.0 12.3
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B. MODELS IN COMPARISON
For comparison, we implemented several deep learning-
based models including the baseline (DeepBase) and state-
of-the-art models, i.e., DeepTriage [4], DeepLoc [11], in
addition to our proposed DASENet. There has been no deep
learning-based work introduced for bug-fix time prediction
yet, so we leverage those two state-of-the-art models recently
introduced in the domain of bug triage and bug localization.
Fig. 7 illustrates the structure and input log type of models
in comparison. As shown, in terms of the input log type,
while DeepBase and DeepTriage directly take textual data in
bug reports, DeepLoc uses additional metadata. In terms of
the network structure, DeepBase, DeepTriage, and DeepLoc
exploit MLP, BLSTM, and CNN respectively for feature
extraction. DASENet processes data streams of three log
types from bug reports, and feeds each to its respective net-
work, hence extracting relevant features separately first and
combining them later.

Output

MLP

Residual LSTM

Output

Output Output
] 1 1 [ MLP ]
(1 I I
[Softlmax] [Sottlmax] Softmax RISt [BLETHM
T
[™MLP | [MLP | MLP User  System
I T 3 Records  Metadata
CNN (,omllnems ecl\»r s |
MLP BLSTM I
CNN | Preprocessing |
I | I
Bug Report Bug Report Bug Report  Metadata Bug Report
(a) DeepBase (b) DeepTriage (c) DeepLoc (d) DASENet
(Baseline) (Mani et al.) (Xiao et al.) (Proposed)

FIGURE 7. Comparison of learning model structures.

C. MODEL PERFORMANCE - ACCURACY

Table 7 provides an overall performance comparison based
on top-1 and top-2 accuracy for K-class FixTime classifi-
cation. In the table, the highest accuracy among all of the
models is highlighted in bold, and the average accuracy dif-
ference between the DASENet and the other models is written
in parentheses. Note that the class definition is described
in Table 4.

Overall, DASENet outperforms the others in top-1 and top-
2 accuracy. For example, the average performance gains of
DASENet over the other models are 4.6 to 8.5 % in top-
1 accuracy and 5.9 to 10.3 % in top-2 accuracy for the
Firefox dataset. For all the datasets and K-classes (where
K =2,3,5,7,9), the gains of DASENet are 3.1 to 8.5 % in
top-1and 2.9 to 10.3 % in top-2 accuracy. This result indicates
DASENet’s capability using the two-staged learning process
for continuously extracting and analyzing features over log
streams via different networks.

Fig. 8 illustrates the top-1 accuracy of 3-class FixTime
classification with respect to the bin-sequence length. As a
bin-sequence gets longer, the top-1 accuracy of DeepBase and
DeepTriage often tend to be lower; however, DeepLoc and
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TABLE 7. FixTime — Top-1 and Top-2 accuracy of K-class classification.

Project Model 2-class 3-class 5-class 7-class 9-class Average (Gap)
Top-1 Top-1 Top-2 | Top-1 Top-2 | Top-1 Top-2 | Top-1 Top-2 Top-1 Top-2
Firefox DeepBase 71.2 51.1 83.4 33.3 61.6 24.2 45.0 19.7 37.2 399 (-4.6) 56.8 (-6.1)
DeepTriage 66.8 43.6 78.4 30.7 57.5 20.7 39.4 18.6 349 36.1 (-8.5)  52.6 (-10.3)
DeepLoc 71.2 50.5 83.4 34.4 61.6 232 43.5 20.1 39.5 399 (-4.7) 57.0 (-5.9)
DASENet 73.7 57.5 89.2 39.0 68.9 27.6 50.1 24.9 434 | 445 () 62.9 (-)
Chromium | DeepBase 68.7 48.9 80.2 31.3 56.0 23.8 41.7 21.1 37.8 38.8 (-3.1) 539 (-44)
DeepTriage 62.7 42.6 75.0 27.2 51.7 21.9 38.1 18.2 329 345 (-74) 49.4 (-8.9)
DeepLoc 66.8 47.1 79.7 28.0 55.1 24.7 42.0 21.0 37.9 37.5 (-44) 537 (-4.6)
DASENet 69.8 54.4 86.0 344 60.7 27.3 46.7 23.5 399 | 419 () 58.3 ()
Eclipse DeepBase 62.9 48.9 79.9 30.4 56.3 229 41.2 21.0 39.0 37.5(-3.3) 54.1(-2.9)
DeepTriage 61.2 44.1 73.2 26.6 51.1 20.1 36.9 18.5 343 34.1 (-6.7) 489 (-8.1)
DeepLoc 63.4 50.1 79.9 29.4 56.4 23.0 40.6 20.8 38.2 373 (-3.5) 53.8(-3.2)
DASENet 65.5 534 83.1 34.4 59.8 26.2 44.6 24.5 40.6 | 40.8 (-) 57.0 ()
70 70 0
o0 ;/e\e—e,/—e’—‘ 607 50
S S0f e | S s0) b S sop
= P S )
S e 401;/"—*‘—*/‘5\1 g 408
§ 30 | ~* DeepBase § 30F é 30t
f —=— DeepTraige f f
% 201 | —* DeepLoc % 20¢ % 20¢
2 —e— DASENet e 2
10+ 10F 10t
0 : : : : 0 : : : 0
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Bin Sequence Length
(a) Firefox

Bin Sequence Length
(b) Chromium

Bin Sequence Length

(c) Eclipse

FIGURE 8. FixTime — Top-1 accuracy of 3-class classification w.r.t. bin-sequence length.

DASENet render different patterns, showing more robustness
for bin-sequences of longer than 4. A bug report with a
longer bin-sequence (i.e., having more activities overtime
after a bug is reported) is likely to have a more complex
history regarding how bug fixing jobs were made. Therefore,
it might be effective to analyze temporal properties within a
bin-sequence.

The semantic complexity of bug-related events was
recently studied by Habayeb er al. [22], although their work
relied on manual feature selection for HMM-based event
sequence analysis. On the other hand, DASENet leverages
advanced deep learning techniques, by taking the sequen-
tial form of time-series activity bins as input data for the
RLSTM network. Hence, DASENet renders model accuracy
more stable even for long-length bin-sequences. Interestingly,
it is observed that DeepLoc yields a similar pattern with
DASENet, but its accuracy is at least 5 % lower. Indeed,
DeepLoc directly exploits the metadata including the bin-
sequence length, and thus DeepLoc inherently confines itself
to coarse-grain temporal analysis. In terms of analysis gran-
ularity, our DASENet contrasts to DeepLoc in that it is
intended for fully exploring temporal properties of a bin-
sequence.
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D. MODEL PERFORMANCE - DATA EFFICIENCY

In this section, we discuss the stream embedding capability
of DASENet by performing several cross-project tests and
limited dataset tests. Here, we assume that there are a small
number of labeled samples for a task, i.e., 2 to 10 % of an
original training dataset used in the previous experiment (so,
having 900 to 4,500 samples for model training).

1) CROSS-PROJECT TEST

Table 8 presents top-1 and top-2 accuracy of 3-class
FixTime classification for “‘cross-project” cases, where a
model is completely trained with a source project dataset

TABLE 8. FixTime — Cross-project tests.

Model Target: Eclipse
Source: Firefox Source: Chromium
Top-1 Top-2 Top-1 Top-2
DeepBase 41.7 (-8.6) 719 (-8.0) | 38.1 (-12.2) 70.8 (-9.1)
DeepTriage 41.7 (-24) 72.1 (-1.1) | 37.5 (-6.6) 69.3 (-3.9)
DeepLoc 45.7 (-44) 748 (-5.1) | 44.7 (-5.4) 74.9 (-5.0)
DASENet 55.2 (-1.2)  82.5 (-0.6) | 52.7 (-0.7) 81.6 (-1.4)
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FIGURE 9. Variant tasks — 3-class classification performance with various sample amounts.

(e.g., 44,800 samples of Firefox) and the model is then fine-
tuned with a small number of target project samples (e.g.,
4,480 samples of Eclipse). In this test, we applied such a
cross-project training process to all other models except for
DASENet. For the DASENet model, we leverage its activity
stream embedding in a way that we only train a target net-
work on top of the pre-trained DASENet embedding network
by using a small number of target project samples without
end-to-end fine-tuning. In the table, we represent the accu-
racy drop from the same project test (previously explained
in Table 7) to the cross-project test in parentheses. As shown,
the DASENet model outperforms the other models, clearly
showing its knowledge-transferable capability. Its small accu-
racy gap (—1.4 to —0.6 %) also represents that the knowledge
established from the source dataset has a greater impact on the
task than that of the other models.

Overall, the result of this cross-project test indicates that
DASENet can be commonly used for a new software devel-
opment project which might not have sufficient training
samples.

2) VARIANT PREDICTION TASKS

Here, we discuss the general expressiveness of activity stream
embedding by presenting how other prediction tasks about
bug-related temporal events can be addressed. Similar to the
cross-project tests above, we leverage the embedding output
of DASENet based on the supervised learning for FixTime.
However, we consider two different tasks, predicting the
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number of the remaining activities (RemainBins) and the
occurrence time of the next activity (NextBin). We use the
day-granularity of activity bins, same to FixTime.

Fig. 9 represents the top-1 accuracy of 3-class clas-
sification with various sample amounts. On the x-axis,
“x#” represents the ratio to the original dataset size (i.e.,
45,000 samples). For example, “x0.1” and “x0.02” mean
that about 4,500 and 900 samples (10 % and 2 % of an original
training dataset) were used for model training.

The DASENet model outperforms the others for all the
cases, when the same number of samples were used (i.e.,
x1 and x0.1 cases in Fig. 9(a) and (b)). Furthermore,
the DASENet model achieves stable performance, showing
very marginal accuracy degradation no more than —2.0 % for
x0.1 cases (e.g., as marked in the graph, —0.8 % for x0.1 for
RemainBins of Firefox). This result is robust, in a contrast
to the other models that show unstable performance with a
variable accuracy degradation up to —7.5 % between x1 and
x0.1 cases.

More importantly, the DASENet model using only about
900 training samples (x0.02) provides similar or better top-
1 accuracy over the other models with about 45,000 train-
ing samples (x1) for RemainBins. Note that DASENet with
x0.1 yields similar accuracy to the other models with x1 in
the case of NextBin. This result demonstrates that the deep
learning-based activity stream embedding can be effective for
combining all activity logs to extract features, and thus the
embedded output can be reused for data-efficiently training
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a new task model related to bug-related activities. We also
notice that the reusability or transferability level can be
varying across different tasks and datasets, by observing
that the top-1 accuracy gain of NextBin is less than that of
RemainBins for the Chromium and Eclipse datasets. It was
expected to some extent since the feature-embedded output
of DASENet is likely to relate to the overall activity sequence
of a bug report more than one specific future activity.

Fig. 10 depicts the time efficiency of training DASENet
models for the RemainBins and NextBin tasks. In the fig-
ure, the learning speed gain is calculated by the training
speed of DASENet over that of another model. As shown,
the gains are greater than 1 for all the cases. This indicates
the rapid learning convergence of DASENet, e.g., about 17 to
20 times (2.8 to 4.2 times) faster than DeepTriage (DeepLoc).
DeepTriage exploits the BLSTM network with memory cells
for extracting features from text data, which require intensive
computation. It is worthwhile to note that the learning speed
gain here mainly comes from the fact that the DASENet
model renders its task network much simpler than Deep-
Triage, while it utilizes the pre-trained embedding model.

DeepBase
DeepTriage
ENet/DeepLoc

Learning Speed Gain
=
Learning Speed Gain

Firefox ~ Chromium  Eclipse

(b) NextBin

(a) RemainBins

FIGURE 10. Variant tasks — Learning time efficiency.

VIIl. CONCLUSION

In this paper, we presented the deep learning-based model
over log streams of bug-related activities for bug-fix time
prediction. Our DASENet model achieved reliable prediction
performance for the datasets of three open source projects.
The model is two-staged with a merged network and a
sequence network for handling different types of logging
data over time. Moreover, the model of pre-trained activity
stream embedding showed its advantages as a data-efficient
learning process for cases where an insufficient number of
samples were available for a new task. Our ongoing work is
to investigate the model structure and extend it toward the
joint learning with non-text activity logs, e.g., user-created
diagram, in order to achieve a robust activity embedding strat-
egy over heterogeneous data. Our implementation is currently
confined to cover user-created comments, system-generated
records, and statistical data, but it can be extended once
additional networks have been properly designed for other
log types. We are also working on applying our approach to
a software development project that is internally operated by
a platform company.
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