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ABSTRACT proposed various approaches to control the amount of change
Software systems contain entities, such as functions and varipropagation and to avoid hidden dependencies. These pro-
ables, which are related to each other. As a software sys-posals include, most notably, the ideas of information hid-
tem evolves to accommodate new features and repair bugsing in designing systems by Parnas [24], the Object Oriented
changes occur to these entities. Developers must ensur€dOO) paradigm which focuses on grouping related entities
that related entities are updated to be consistent with thesdn the same structure to ease modification and understand-
changes. ing [29], and lately Aspect Oriented Programming (AOP)
which encapsulates concepts which crosscut the structures

This paper addresses the questibtiow does a change in defined by the OO paradigm [15].

one source code entity propagate to other entiti®é® pro-
pose several heuristics to predict change propagation. WeMoreover, researchers have proposed tools and algorithms
present a framework to measure the performance of our pro-to assist developers in understanding their software and de-
posed heuristics. We validate our results empirically using termining the extent of propagation for each change to the
data obtained by analyzing the development history for five source code. For example, dependency analysis algorithms
large open source software systems. such as slicing [12] in association with entity dependency
1 INTRODUCTION browsers [17], software understanding tools and architec-

Change propagation is a central aspect of software develop-ture visualization tools [10] are used by developers and re-

ment. As developers modify software entities such as func- §earch§rs to maintain and evolve large complex long lived

. . . . industrial systems.

tions or variables to introduce new features or fix bugs, they

must ensure that other entities in the software system are up-Program dependency relations, suchcaf and use have
dated to be consistent with these new changes. For examplebeen proposed and used as indicators for change propaga-
if the interface for a function changes, its callers have to be tion. Thus if a functionA calls function B, and B was
modified to reflect the new interface otherwise the source changed then functioA is likely to change as well. If func-
code won't compile nor link. This example of propagation is tion A were to change then all other functions that c4ll
easy to determine, but that is not always the case. Many hardmay need to change as well. This ripple effect of change
to find bugs are introduced by developers who did not no- progresses until no more changes are required to the source
tice dependencies between entities, and failed to propagatecode [33]. Given the central role of change propagation in
changes correctly. software development, a good understanding of the reasons
and drivers for change propagation is needed. Researchers

The dangers associated with not fully propagating changeshave focused mainly on their intuition and a limited number

have been noted and elaborated by many researchers. Parn%? observational studies to understand the nature of change

tackled the issue of software aging and warned of the ill- o . R
effects oflgnorant Surgerymodifications done to the source prqpaganon in software system_s. Using their |ntu.|t|on, they
built several tool prototypes. Using small observational stud-

g??ﬁebzoziv?g;?ér;:’;gﬁ:;i&%ﬁg:'g;emg rli(gl? Va\{fs%gc?:tt:g ies, they examined the performance of these tools [18, 31].
with developers losing grasp of the system as it ages andin this paper, we ask the question:

evolves [23]. Misunderstanding, lack of experience and un-

expected dependencies are some of the reasons for failing to How does a change in one source code entity prop-
propagate changes throughout the development and mainte- agate to other entities?

nance of source code.

Mis-propagated changes have a high tendency to introduce! € answer to this question helps us _understand the value of
hard to find bugs in software systems, as inconsistencies beSoftware development tools in assisting developers by sug-

tween entities (such as functions) increase. Researchers hav@esting entities where a particular change will likely propa-
gate during software development and maintenance. We val-



idate our approach empirically using a large data set which is portunity to study the change propagation process for large
based on the development a history of five large open sourcesoftware systems over extended periods of time. The data
software systems, developed for a total of over 40 years by collection costs are minimal as the collection is done auto-
hundreds of developers spread around the globe. We studymatically when changes are done to the source code. For
changes to these large code bases using data derived froreach file in the software system, the repository tracks its cre-
their source control repositories. Using this large data set, ation, and its initial content. In addition, it maintains a record
we follow a two step approach. First we empirically study of each change done to a file. For each changmodi-
several general heuristics that predict change propagationfication recordstores the date of the change, the name of
For example, we study the probability that change propa- the developer who performed it, the specific lines that were
gates due to source code entities being in the same file, orchanged (added or deleted), a detailed explanation message
having changed in the past together. By studying these gen-entered by the developer giving the reason for the change,
eral heuristics, we can measure the overall value of the dataand other files that were changed with it. For our purposes,
used by these heuristics. Then we use our newly acquiredthe level at which the modification record stores change in-
understanding to build enhanced heuristics and measure theiformation (at the file level) is too high. Thus we preprocess
effectiveness in predicting change propagation. and transform the content of the source control system into
an optimized and more appropriate representation. Instead
of changes being recorded at the file level we record them at
the source code entity level (function, variable, or data type
definition). Then we can track details such as:

Organization of Paper

The paper is organized as follows. In Section 2, we present
source control repositories along with a classification of the
data stored in these repositories. In Section 3, we give an
overview of the change propagation process and present the o Addition, removal, or modification of a source code en-
steps taken by developers to propagate changes. Theninsec-  tity. For example, adding or removing a function.

tion 4, we present a framework to study the performance of ¢ Changes to dependencies between the modified entities
heuristics that predict change propagation. Several general  and other source code entities. For example, we can de-
heuristics for predicting change propagation are proposed in  termine that a function no longer uses a specific variable
Section 5. Then in Section 6 we empirically study the perfor- or that a function now calls another function.

mance of some of these heuristics. In Section 7, we survey

related work in software evolution, program extraction, im-  gquree control systems, such as CVS, record changes to each

pact analysis and change propagation. Finally in Section 8¢jje i the software system and do not associate changes oc-
we summarize our work and propose future work directions curring to various files as being part of the same modifica-

and challenges based on our resullts. tion record. We developed techniques to rebuild this missing
2 SOURCE CONTROL REPOSITORIES AND association. Using our derived low level information about
CHANGE changes to source code, we can generate dependency rela-

To carry out our Study of Change propagation’ we used datations that reflect the state of the source code when a Change
stored in the source control repository. In this section we give occurred. In short, for each change to the source code we can
an overview of the type of data stored in these repositories_ associate other Changes that occurred in other files. We also

We also present the processing we performed to conduct theknow the dependencies between the source code entities at
study presented herein. that moment in time when a change occurred. Furthermore,

we have a record of entities which previously changed with
Source control systems such as CVS and Perforce [26] areggch entity.

used by large software projects. These control systems track

changes to the source code over time. This permits multiple3 THE CHANGE PROPAGATION PROCESS

developers to work simultaneously on a large project with- Studies indicate that at least fifty percent of the life cycle
out worrying about their changes being lost. Most source and budget of large software systems are spent on maintain-
control systems reconcile changes made simultaneously byNg it [38]. The maintenance phase lasts for many years
developers working on the same file. Moreover, they keep after the initial release. As new features are added, others
a full record of all changes to each file in the system. This are enhanced, and bugs are fixed, developers are faced with
permits developers at any time to retrieve older versions of the challenge of determining appropriate propagation of their
the code. Older versions of the code can be studied to getchanges in these large evolving code bases. In this section,
a clearer understanding of the current state of the systemWe examine the process of change propagation and give a
Also in some cases developers may choose to revert back tdreakdown of the various steps it involves.

one of these older versions as they discover that their cur-yye definechange propagation as the changes required to

rent version contains bugs or is too complex to maintain or oiher entities of the software system to ensure the consis-
understand. tency of assumptions in a software system after a particular

The data stored in the source repository presents a great op€ntity is changed. For example, a change to a function that
writes data to a file may require a change to propagate to the



function that reads data from file. This would ensure that system. The goal of change propagation is to ensure the con-
both functions have a consistent set of assumptions. In somesistency of assumptions among these interdependent entities.
cases no change propagation may be required; for exampldn many cases these interdependencies are obvious to devel-
when a comment is updated, the indentation of the function opers changing the code, based on their experience, domain
text is changed, the internal logic of a function is reworked, knowledge, and the output of development tools and code
a locally scoped variable is renamed to clarify its use, or lo- browsers. In other cases, tools such as compilers or linkers
cal optimizations are performed. Though developers have topoint out inconsistencies among interdependent entities by
tackle the problem of change propagation and locate entitiesmeans of error messages. Failure to update any of these inter-
to change in a software system to ensure its consistency on alependent entities would cause the software system to have
daily basis, this problem and its surrounding challenges areinconsistencies in its assumptions. As a result new faults

not clearly understood. may appear in the code.
New Requirement, Developers spend a considerable amount of time trying to
Rl correctly propagate a change to other entities. This is a labor
1 : — intensive task that is error prone and not well understood.
Iﬁifif;rgn'gfy |, Change | | Other No | Somsult | No More ° We investigate if there are good indicators such as call graph
to Change Eny o Change | o | Advice | Changes relations that could assist a developer in determining other

T For Each Entty entities to change. By studying this process, we can mea-
sure the value of tools, such as dependency browsers that are

provided by modern software development environments.

Figure 1: Model of the Change Propagation Process 4 MEASURING THE PERFORMANCE OF
CHANGE PROPAGATION HEURISTICS
In Figure 1, we propose a model of the change propagation|n the following section, we propose several heuristics to
process. Guided by a request for a new feature, a feature engenerate the set of entities that should be changed in response
hancement, or the need to fix a bug, a developer determinesg 5 changed entity — These correspond to tbetérmine
the initial entity in the software system that must change. other Entities to Changestep in Figure 1. In this section

lyzes the source code to determine if there are other entitiesthese change propagation heuristics.

to which the change must be propagated. Then she/he pro-

ceeds to change these other entities. For each entity to whicHn the ideal case, a heuristic would correctly suggest all the
the change is propagated the propagation process is repeate@_ntities that represent a change set without asking the Guru
When the developer cannot locate other entities to change for any advice. The worst case occurs when the Guru is con-
she/he consults Guru. If the Guru points out that an entity ~ Sulted to determine each entity in the change set. Referring
was missed, then it is changed and the change propagatio®ack to the change propagation model shown in Figure 1,
process is repeated for that just changed entity. This contin-We would like to minimize the number of times the Guru is
ues until all appropriate entities have been changed. At theconsulted for an entity to change.

end of this process, the developer has determinedithege A Simple Example

setfor the new requirement at hand — Ideally all appropri- consider the following example, Dave is asked to introduce
ate entities should have been updated to ensure consisteny new feature into a large legacy system. He starts off by
assumptions throughout the system. changing initial entity A. After entity A is changed, one of

The Guru can be a senior developer, a software developmenfUr heuristics suggests that entities B and X should change as
tool, or even a suite of tests. Usually consulting the senior Well as. Dave changes B, but then examines X and realizes
developer is not a practical option, as the senior developerthat it does not need to be changed. So Dave does not need
has limited time to assist each developer. Nor is it a feasi- {0 perform any change propagation for X. He then asks the
ble option for long lived projects where no such all know- heuristic to suggest another entity that should change if B
ing developer exists. Therefore, developers find themselvesWere changed. The heuristic suggests Y and W. Neither of
forced to use other forms of advice/information such as the Which need to change — therefore Dave will not perform any
results of test suites or a development tool. Ideally devel- change propagation for Y or W. Dave now consults Jenny,
opers would like to minimize their dependence on a guru. the head architect of the project (the Guru). Jenny suggests
They need software development tools that enable them tothat Dave should change C as well. Dave changes C and
confidently determine the need to propagate changes with-asks the heuristic for a suggestion for an entity to change

out having to seek the assistance of gurus which are not aggiven that C was changed. The heuristic proposes D. Dave
accessible and may not even exist. changes D and asks the heuristics for new suggestions. The

heuristic does not return any entities. Dave asks Jenny who

This propagation process is necessary because theme-are syggests no entities as well. Dave is done propagating the
terdependencieamong the changed entities of a software

Suggested Entity




change throughout the software system.

Defining Recall and Precision

To measure the performance of a heuristic we use traditional

information retrieval concepts: recall and precision. For our
simple example, Figure 2 shows the entities and their inter-
relationships. Edges are drawn from A to B and from A to

X because the heuristic suggested that, given that the chang

set contains A, it should contain B and X as well. For similar
reasons, edges are drawn from B to Y and W and from C
to D. We will make the simplifying assumption that a heuris-
tic providessymmetric predictionsneaning that if it predicts
entity F when given entity E, it will also predict E when given
F. We have illustrated this symmetry in Figure 2 by drawing
the edges as undirected edges.

Figure 2: Change Propagation Graph for the Simple Exam-
ple - An edge between two entities indicates that a heuris-

e

known to be in the change set. For example, a heuristic
may base a prediction on single element C known to be in
the change set, and not on a set of entities suchAa<}
known to be in the change set. A further assumption is that
the developer (Dave) will query the heuristic for suggestions
based on every so far suggested entity (which is determined
to be in the change set) before querying the Guru (Jenny). An
implication of our simplifying assumptions is that the heuris-
tics may not do as well in making predictions as they would
without these assumptions.

Our simplifying assumptions imply thalhe ordering of se-
lections and queries to a heuristic are immateridor ex-
ample, Dave might initially select entity B or C or D instead
of A. Further, if Dave had a choice of queries to the heuristic
(say, to get suggestions based on either entity M or N), ei-
ther query could be given first. Regardless of the selections
and ordering, the values determined RyecisionandRecall
would not be affected. The change records from the source
control system do not record the ordering of selections. So,
not only do our assumptions simplify our analysis, they avoid
the need for information that is not available from the change
records.

There is an interesting implication of our assumptions, as
we will now explain. In Figure 2, within the change set,
there are two connected components, naiAlyB } and{C,

D}. With anideal heuristic, which could be used to predict

tic suggested one when informed about changes to the otheg| engities in a change set without recourse to a Guru, there

one.

The total set of suggested entities will be called®nedicted
set; Predicted= {B, X, Y, W, D}. The set of entities that
needed to be predicted will be called tBecurredset; Oc-
curred = {B, C, D}. Note that this does not include the ini-
tially selected entity (A), which was selected by the devel-

oper (Dave) and thus does not need to be predicted. In othe

words,Occurred= ChangeSet {InitialEntity}.

We define the number of elementsPmedictedas P (P =
5), and the number of elements @ccurredasO (O = 3).
We define the number of elements in the intersectioRref
dictedandOccurred(this intersection i§B, D}) asPO (PO
= 2). Based on these definitions, we define:

PO

Recall = ——
eca 0

. PO

Precision = 5

2

In our example Recall = 2 = 66% and Precision = 2 =
40%. The rest of this paper will use these definitiondRef-
call andPrecision If no elements are predictedd. P and
PO are empty), then we definBrecision as 1, and if no
other elements are changea:( O is empty, we define recall
as 1.

We will make another simplifying assumption, which is that
each prediction by a heuristic is based on a single entity

r

would necessarily be exactly one connected component. If
there is more than one connected component, each of these,
beyond the initial one, implies a query to a Guru. In other
words, if CC is the number of connected components and G
is the number of queries to the Guru, then G = CC - 1. With
an ideal heuristic, CC = 1 and G = 0, while with the worst
heuristic, CC = N and G =N - 1, where N is the number of
entities in the change set. Based on our previous definition
of Recall, it can be proven that

_,_(co-
Recall =1 N =)

This is theRecall formula actually used in our analysis.

Average Performance

We have presented a framework to measure the recall and
precision of a heuristic for a particular change set. To mea-
sure the performance over time we sum up the recall and
precision for each change set and divide by the number of
change sets){{) in the history of a studied project:

WE

Average Recall (Recalli)

Sis

.
I

=
=

Average Precision (Precisioni)

1

Sis

o
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5 HEURISTICS FOR PREDICTING CHANGE code. Containers such as files and classes are good indi-
PROPAGATION cators of a relation between entities, and related entities

In this section, we introduce several heuristics which could tend to change together.

be used to predict change propagation by suggesting enti-

ties that should change based on an entity that has changed)eveloper Data

These heuristics are based on our analysis of the modifica-A Developer based heuristic assumes that change propagates

tion records, our intuition and previous research in software to other entities changed recently or frequently by the same

engineering. developer. This heuristic is based on the observation that

over time developers gain expertise in specific areas of the

source code and are likely to modify the same entities in their

Heuristic Data Source — This determines the source of acquired areas of expertise.
data, such as call graph or historical co-change, usedp,,cass Data

by the heuristic algorithm to suggest other entities 10 A process based heuristic assumes that change propagation
change. . . . depends on the process employed in the development. For
Pruning Technique —The pruning technique definesthe al- o,ampje a change to a particular entity tends to propagate
gorithms used by heuristics to prune their suggested ¢anges to other frequently or more recently changed enti-
change set. For example, a heuristic may choose 10 re-jes jndependent of the specific entity that changed, as these
turn the ten entities most recently changed in the past rgcently changed entities may be responsible for a specific

with a specific entity instead of returning all entities that o 5¢re being modified throughout the software system.
ever changed with it. The pruning technique would as-

sist in improving the precision of a heuristic. When no Name Similarity Data
pruning technique is used, a heuristic maximizes recall A Name Similarity heuristic assumes that change propagates

Each heuristic is characterized by two main aspects:

while sacrificing precision. to entities with similar names, as the similarity in naming in-
dicates similarities in the role of the entities and their usage.
Heuristic Data Sources We don't use this heuristic in our study, but work in [1] has

There exist several sources of data that a heuristic can use t¢hown its value in improving automatic clustering of files.
predict the set of entities that should change. These heuris-Random Data

tics aim to reduce the number of predicted entities that are A heyristic which uses a random generator to produce the set
not needed to change while ensuring all the entities that ot 5ggested entities to change. Such a heuristic assumes that
should change are predicted. Some of the possible sourcegnange propagation is a random process that is chaotic and
of data are the following: unpredictable. Clearly such a heuristic is counter intuitive
Entity Data and we don't use it in our study instead we focus on the other

An Entity based heuristic proposes that the change propagamentioned heuristics.

tion process is dependent on the particular changed entity.other sources of data may exist. Also the aforementioned
For example, a change may propagate to other entities inter-y415 sources can be combined and extended in various ways.
dependent on the changed entity according to relations suchzqr example, another possible heuristic is the co-call heuris-
as. tic, where A and B bothall C. A and B may implement
e A Historical Co-changeecords that one entity changed similar functionality and a change to A may propagate to B.
at the same time as another entity. If entdyand B Pruning Techniques

changed together in previous change sets, then they arerpere are several techniques to reduce the set of suggested

related via a Historical co-change relation. ~ entities by a heuristic. Some of the possible pruning tech-
e A Code Structureelation records static dependencies pjques are:

between entities.Call, Use and Definerelations are

some possible sub-relations: e Frequencytechniques return the most frequently related

entities up to some threshold. For example, the distribu-

— ThecCall re!atlon records that a function calls an- tion of change frequency seems to followziaf distri-
other funcuon. or macro. ) bution which indicates that a limited number of entities

— The Userelation records that a function uses a tend to change frequently and a large number of entities
vanable'. . . , change very infrequently [37].

— TheDefinerelation records that a function defines  § Recencytechniques return entities that were related in
a variable or has a parameter that is of a particular  he recent past. These technigues support the intuition
type. For examplé” DefineT’, meanst” defines a that development tends to focus on related functionality
variable of typef'. during particular time periods.

e A Code Layoutrelation records the location of enti- e Hybrid techniques combinérequencyand Recency

ties relative to classes, files or subsystems in the source techniques using counting or some type of exponential



decay function as done by [13] to predict faults in soft- we studied the content of the detailed message attached to
ware systems. each modification record throughout the history of a project.

e Randomtechniques randomly pick a set of entities to We extracted and removed using this technique all General
return up to some threshold such as a count. This tech-Maintenance (GM) modifications which are mainly book-
nique might be used when there is no frequency or re- keeping changes. They do not reflect the implementation
cency data to prune the results. of a particular feature. These modifications are not consid-

e No pruningreturns the results without any deletions. ered in our analysis of the change propagation process. For

example, modifications to update the copyright notice at the
6 EMPIRICAL STUDIES top of each source file are ignored. Modifications that are
Using our definitions of recall and precision we could mea- '€-indentation of the source code after being processed by a
sure the performance of heuristics by monitoring the change ¢0de beautifier pretty-printer are ignored as well. We chose
process and making developers use our heuristic tool to sug0t consider these GM modifications as they are rather gen-
gest entities to change. Unfortunately, this is a time consum- €ral and we do not expect any heuristics to predict the prop-
ing process and would require developers to adopt our tool 2dation of changes in these modifications.
in their development process. Also it would prevent us from \ye classified the remaining modification records into two
experimenting with several heuristics as we could only test yyes:
one heuristic at a time. Instead we use the historical change
data stored in the source control repository to measure the
performance of our heuristics. We study each change set in
the history of the project and determine the performance of
the proposed heuristics.

e Records where entities are added, such as the addition
of a function, and
o Records where no new entities are added.

We chose to study the change propagation process using only
We start this section by giving an overview of the software modification records where no entities were added. This
systems and the modification records studied. We follow this choice enables us to compare different change propagation
by selecting several change propagation heuristics and meaheuristics fairly, as it is not feasible for any heuristic to
suring their performance using the historical data stored in predict propagation to or from newly created entities. We
the source control system. note that for our historical based heuristics we still use the
records where entities are added or removed to improve fu-
ture suggestions but we do not measure the performance of
ny heuristic using these records.

Studied Systems

We used five open software systems to validate our work.
The studied systems have been developed for the last 10a
years and in total have over 40 years of historical modifi- Table 2 gives a breakdown of the different types of mod-
cation records stored in their source control system. Table 1lification records in the software systems we studied. The
lists the type of the software system, the date of initial mod- studied modification records represent on average 60% of all
ification processed in the source control data, and the pro-the available records in the history of a project, after remov-
gramming language used. We chose to study systems withing GM modifications and modifications where entities are
a variety of development processes, features, project goalsadded. We believe that the studied modification records are
personnel, and domain of the studied software systems toa representative sample of changes done to large software
help ensure the generality of our results and their applicabil- projects throughout their lifetime.

ity to different software systems. . . o
y y In our analysis we make the assumption that each modifi-

cation records contains only related changes, that in-

Application Application Start Files Prog. : . ; .
Name Type Date Lang. volve a change propagation. In principle, Itis p_0_55|ble that a
NetBSD 0S March 1993 15,986 C developer may check in several unrelated entities as part of

FreeBSD  OS June 1993 5914 C the same modification record. _For our purposes, we assume
ObenBSD  OS Oct 1995 7509 C that this occurs rarely. We believe that this is a reasonable
pen ct ' assumption based on the development process employed by
Postgres ~ DBMS July 1996 1,657 C the studied open source projects and discussions with open
C

GCC C/C++ Compiler May 1991 1,550 source developers [4, 19, 32]. In most open source projects,
access to the source code repository is limited. Only a few

Table 1: Characteristics of the Studied Systems selected developers have permission to submit code changes

to the repository. Changes are analyzed and discussed over
Studied Modification Records newsgroups, email, and mailing lists before they are submit-

In our empirical work, we studied change sets in several soft- ted [9, 20, 34]. We believe that this review process reduces
ware systems. Empirically, a change set is derived from the the possibility of unrelated changes being submitted together
modification records stored in a source control repository in a modification record. Moreover, the review process helps
for the projects. Using a lexical technique, similar to [21], ensure that changes have been propagated accurately in most



Application Al GM  New Entites  Studied will seek a middle ground by suggesting entities that are ex-

Name Records  Records Records  Records pected to change (high recall) and in the same time punning
NetBSD 25,839 6,204 4,086 15,567 incorrect suggestions (high precision). The performance re-
(100%) (24%) (16%) (60%) sults for the five studied systems are summarized in Table 3.
FreeBSD 36,635 7,703 8070 20,862 The results shown are derived by examining sequentially
(100%) (21%) (22%) (57%) through time all modification records that are not GM record
OpenBSD 13,653 2,741 2,743 8,169 and where no entities were added. For each modification
(100%) (20%) (20%) (60%) record, the heuristics had to predict the change propagation
Postgres 6,199 1,461 1,514 3,224 process outlined in section 4. Then the performance of the
(100%) (23%) (24%) (52%) heur_istic.is measured. To avoid perllal.izing heuri§tics based
GCe 7.697 901 1114 5682 on historical dat.a as they Work.or.1 building a historical record
of changes to give useful predictions, we did not measure the
(100%) (12%) (14%) (74%)

performance of the heuristics for the first 250 modification
records for a software system.

Table 2: Classification of the Modification Records for the
Studied Systems Discussion of Results
Examining Table 3, we notice that DEV heuristic has a high
recall but low precision. This indicates that through the life-
cases. Thus most change sets are likely to contain a comtime of a project, developers of the studied systems tend to
plete propagation of a change to all appropriate entities in work on many entities that are not necessarily related. They
the software system. do not focus on a specific set of subsystems and entities.
Also the concept of code ownership is not strictly adhered
to [7]. The very low precision values discourage us from
pursuing this heuristic for the design of the hybrid heuristics
|_Iater in this section.

Measuring the Performance of Change Propagation
Heuristics

Due to size limitations, we will not address all possible
heuristics presented in section 5. We chose to study the fo

lowing heuristics: Again looking at Table 3, we conclude that the FIL heuristic
1. Developer Based (DEV): This heuristic returns all enti- has the best balanc_e .Of precision versus reca_ll Comparegl to
; . the other three heuristics. It has a high recall without consid-
ties that were previously changed by the same developer e - . . o
. . erably sacrificing its precision. We consider this as empiri-
who is performing the current change. I . .
. L2 R .. cal validation for our previous work that hypothesized that a
2. Entity Based Historical Co-change (HIS): This heuristic . :
. : . . source code file represents a coherent conceptual grouping of
returns all entities that previously changed with the just ; . .
. related items [14]. It would be interesting to compare these
changed entity. ) ) e :
: . results to an Object Oriented heuristic which would suggest
3. Entity Based Code Structure using Call, Use, and De- o ) .
. g g o that change propagates to entities in the same object. Using
fine (CUD): This heuristic returns all entities that are L - o .
: L the FIL heuristic is not sufficient as it will only guide de-
related to the just changed entity vi&all, Useor De- : e ) o
veloper to examine entities in the current file. Thus entities

finerelation. in other files for which changes have to be propagated will
4. Entity Based Code Structure using Code Layout (FIL): . 9 o propag
never be suggested using this heuristic.

This heuristic returns all entities that are defined in the
same file as the just changed entity. Further examination of the results in Table 3 reveals that the
code structure dependency relation (CUD) is not a good in-

As these heuristics do not employ any pruning techniques, dicator of change propagation in comparison to historical
we expect their precision to be low in comparison with their records or code layout information (on average o6
recall. We chose to present these unpruned heuristics to de9f entities for which a change should propagate are due to
termine themaximumpossible recall for heuristics that are CUD relations). This is an interesting finding; it suggests
based on specific data sources. For example, we would knowthat code and relation browsers are not particulary effective

the best possible recall for a heuristic which uses code struc-at indicating which entities to propagate changes to. Soft-
ture information or developer information. We can later fo- Wware development environments should offer more advanced

cus on improving the precision by experimenting with a va- ¢ode and relation browsers that use other sources of data to
riety of pruning techniques for each general heuristic. More- Show the interdependencies between entities in a software
over, the maximum recall indicates as well the probability System. These new browsers could assist developers as they
that a change propagates due to a particular heuristic. maintain their evolving systems. For example, Table 3 shows

) ) ~ that the HIS heuristic outperforms the CUD heuristic. It has
We study all the software systems using these basic heuristhe pest recall and second best precision after the FIL heuris-

tics then we combine the best performing ones to build a hy- tic These results suggest that the development history can
brid heuristics with pruning techniques. The hybrid heuristic



Application DEV HIS CuD FIL
Recall Precision Recall Precision Recall Precision Recall Precision

NetBSD 0.74 0.01 0.87 0.06 0.37 0.02 0.79 0.16
FreeBSD 0.68 0.02 0.87 0.06 0.40 0.02 0.82 0.11
OpenBSD 0.71 0.02 0.82 0.08 0.38 0.01 0.80 0.14
Postgres 0.78 0.01 0.86 0.05 0.47 0.02 0.77 0.12
GCC 0.79 0.01 0.94 0.03 0.46 0.02 0.96 0.06
Average 0.74 0.01 0.87 0.06 0.42 0.02 0.83 0.12

Table 3: Performance of the Change Propagatio

be of considerable value to maintainers of software systems.

Although, the systems used in our study represent several

types of software systems, they are all infrastructure software
systems with no graphical user interface. Other systems suc
as those with graphical interface or which may implement

business logic such as banking and online purchasing sys-

tems may produce different results. By investigating other

n Heuristics for the Five Studied Software Systems

We developed this heuristic family through trial and error

using the Postgres historical development database. For ex-

ample, we attempted to use the recency of a co-change to
rune entities but the performance of such heuristics were

disappointing.

Precision

types of software systems, we can determine the general- HYB1(80,10)

ity of our findings. Nevertheless, the findings suggest that
historical information can assist developers in propagating
changes and that code structuie.(dependency browsers)
are not as helpful as historical information or code layout
(FIL) information.

XX

HYB2(80,30)
0.4 1

0.3

Improving Precision With Hybrid Heuristics 027

The results shown in Table 3 indicate that the FIL and HIS
heuristic are the two best performing heuristics. Unfortu-
nately, the FIL heuristic can only suggest entities in the same
file, which is a limiting factor. We investigated pruning the
suggestions returned by the HIS heuristic to increase its pre-
cision. We then combined the results with suggestions from
the FIL heuristic. This lead to the development of a family
of hybrid heuristics (HYB). These heuristics are based on the
following intuition:

0.1 HYB3(60,30)

Recall
i

0.45 0.55 0.65 0.75 0.85 0.95

Figure 3: Performance of the HYB Heuristic

To measure the performance of the HYB(A,B) heuristic fam-

- _ ~ily, we re-ran our experiment on the five studied systems us-

1. Entities that changed together.m the past have a hlghmg values forA = {60,70,80}, andB = {10,20,30}. We
tendency to change together in the future as we ob- hoquced results for nine versions of the hybrid heuristic. In
served in the performance of the HIS heuristic. Figure 3, we show only three of these results to make the

2. Developers tend to group related entities in the same figyre readable, namely, we show the best (HYB1), average

file, as shown through the performance of the FIL (4yB2) andworst (HYBS3) performing heuristics of the nine

heuristic. heuristics. The figure has recall as the x axis and precision as
the y axis. We would like to have high recall and high preci-
sion heuristics, therefore we prefer heuristics that have data
points in the upper right corner of the figure. For each of the
five studied system, we plot its precision and recall for each

1. Entities that have changed with E in the past at least of the three heuristics as a dot in the figure. Then for each
twice together and more that A% of the time. This of the three heuristics (HYB1, HYB2, and HYB3), we draw
prunes entities from the HIS heuristic. the best fitted curve for the five pairs of (recall, precision)

. Entities defined in the same file as E that have changedfor that heuristic. At the end we get one curve per heuris-
with E in the past at least twice together and more that tic as shown in Figure 3. The results for the best performing
(A-B)% of the time. Thisrelaxesthe previous rule by  heuristic are summarized in Table 4. The results indicate that
using the fact that the entities reside in the same file to using HYB1, we are able on average to suggest to a devel-
compensate for a lower percentage of co-change. oper half of all entities to which a change must be propagated

Based on this intuition, we define a family of heuristics
HYB(A,B) with parameters A and B. Given a changed en-
tity E, the HYB heuristics return:



and that half of our suggestions are correct. We believe thatsisting developers. Other possible source of data are design
the precision may be improved as these heuristics currentlyrationale graphs such as presented in [3, 28]. Yet these later
predict entities based on a change to a single entity and notapproaches require a substantial amount of human interven-
on a set of changed entities. Nevertheless, the results ardion to build the data needed to assist developers in conduct-
in par with typical information retrieval practical boundaries ing changes.

where precision usually lies in tl¥%-40% range and recall

is arounds0% [5] Chenet al. have shown that comments associated with

source code modifications provide rich indexing for source
code when developers need to locate source code lines as-
NetBSD FreeBSD OpenBSD Postgres GCC Averag%omated with a particular feature [8]. Wg extend their ap-
Recall 052 050 050 048 054 051 proach and map chan_gfes at the source I!ne level to changes
Precisiol 050 0.49 0.49 0.48 048 049 Inthe source code entities, such as functions and data .struc—
tures. Furthermore, we map changes to the dependencies be-
tween the source code entities. We then measure the benefit
Table 4: Performance of the HYB1 - the Best Performing of these data sources. Our technique used to build the histor-
Hybrid Heuristic ical dependency graph is an extension of the work presented
in[22] and is similar to work presented in [36]. Concurrently

The HYB1 heuristic is one of many possible heuristics that With our work, Zimmermanrt al. have mined source con-
can be created by combining a number of sources of datalro! repositories using association rules to produce heuristics

and pruning techniques proposed in Section 5. Ideally, re- O change propagation. They do not use static dependen-
searchers and tool developers can describe various othefi€S, such as the CUD relations covered in our work, in their
heuristics and use the technique presented herein and the deieuristics. Briand: al. study the likelihood of two classes
velopment history of large software projects to measure the P€ing part of the same change due to an aggregate value that
value of such tools even before they proceed to implement S derived from object oriented coupling measures [16].

prototypes for such tools. Work by Shirabad [30] which uses machine learning tech-
7 RELATED WORK niqutlas.to build_co—change relations can bg integrated in our
Arnold and Bohner give an overview of several formal mod- Neuristics and its performance measured in contrast to sev-
els of change propagation [2, 6]. The models propose severafal proposed heuristic in this paper. Work by Yiefgal.

tools and techniques that are based on code dependencies arffivocates the use of market basket analysis techniques on
algorithms such as slicing and transitive closure to assist in the historical data in the source code to assist developers as
code propagation. Rajlich proposes to model the change pro-hey maintain the source code [35]. Gall proposes the use of
cess as a sequence of snapshots, where each snapshot repNi..suahzatlon techpl_qugs to show the historical logical cou-
sents one particular moment in the process, with some soft-Pling between entities in the source code [11].

ware dependencies being consistent and others being incong  coNCLUSIONS AND FUTURE WORK

sistent [27]. The model uses graph rewriting techniques to | this paper we examined the change propagation process
express its formalism. Our change propagation model buildsjn software development. We highlighted the importance of
on top of the intuition and ideas proposed in these mod- haying a good understanding of change propagation. We pre-
els. It simplifies the change propagation process and empir-sented several change propagation heuristics. We proposed
ically measures the effectiveness of various sources of datagp, approach to study the performance of various change
that could be used to assist developers as they maintain theibropagation models and we studied the results empirically
source code. In addition, we use an empirical approach sup-ysing data derived from several open source projects that

ported by a large data set derived from open source projectshave been developed for a total of 40 years.
to design and validate change propagation heuristics.

Our results cast doubt on the effectiveness of code struc-
Several researchers have proposed the use of historical datg,res such as call graphs as good indicators for change prop-
related to a software system to assist developers gain a betygation. In addition, we have shown that the historical co-
ter understanding of their software system and its evolution. change data can be used to develop heuristics to assist de-

articles, and mailing list posting to suggest pertinent soft- g,ccess.

ware development artifacts [9]. Our approach focuses on the

source code and its evolutionary history as a good sourceWWe believe that the approach and results presented herein
of data for change propagation heuristics. Other types of should encourage researchers and tool developers to search
data sources such as bug reports and mailing list posting carfor different and more sophisticated change propagation
be used as data sources for heuristics as well. Once thes@euristics with better performance. These new heuristic and
sources of data are integrated into our performance measureldeas can be validated easily using data derived from the de-
ment framework, we can determine their effectiveness in as- Velopment history of large software projects.
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