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Abstract

Software developers like to reuse software components such as lilmafiasmneworks because it lets them
build a system more quickly, but then the system depends on the comporantethreused. Ideally, the
programming interface (API) to a component never changes. In pracbogponents change their APIs.
Upgrading an application to the new API is error-prone, tedious, andpatige to the development process.
Although some tools and ideas have been proposed to solve the evolutiGigfmost upgrades are done
manually. This makes maintaining software expensive. Our goal is to autoreat@ghading and make it
practical.

Our study of the API changes in five components revealed that over 8@% ohanges that break ex-
isting applications are caused by refactorings. Refactorings aregonogansformations that improve the
structure of existing components. We suggest that refactoring-basggdding tools can be used to effec-
tively upgrade applications. We propose an approach that is both autbaratesafe, without any overhead
on the component producers. First, component refactorings are didaliyadetected (either inferred or
recorded), then they are incorporated into applications by replayinig. i the process used to automate
the upgrading of applications: along with the new version of the componemip@nent developers ship
the log of refactorings applied to create the new version. An applicatioelafe can then upgrade the
application to the new version by using a refactoring tool to replay the logfattorings.

We developed a toolset to automatically upgrade applications in responsmpmient refactorings.
First, we developed a record-and-replay extension to a refactorgigeewhich records component refac-
torings and replays them on the applications. To handle those cases @mporent refactorings are not
recorded, we developed RefactoringCrawler, a tool that detectstwdfags in Java components. The em-
pirical evaluation of RefactoringCrawler shows that it scales to realdm@mmponents, and its accuracy in
detecting refactorings is over 85%, a significant improvement over existilugions.

Not only components evolve, but applications evolve too. Besides refagsocomponents and applica-



tions evolve through edits. Refactorings and edits can interfere with ¢laehtbus impeding the replay. To
address this, we developed MolhadoRef, the first software mergingnsybat intelligently merges refac-
torings and edits from components and applications, therefore upgriirgpplications. Experimental
evaluation shows that MolhadoRef automatically resolves more merge cotifhctsraditional text-based
systems while producing fewer merge errors.

To address those cases when the source code of the applicationloachanged in response to compo-
nent refactorings, we developed a tool, RefactoringBinaryAdapteBAR ReBA automatically generates
an adapter between component and application thus enabling old bindigatipps to run with the latest
version of the component without requiring changes in the application.

Not only does our toolset reduce the burden of manual upgradeg,viilitinfluence component de-
signers as well. Without fear that they break the existing applications,ré@siwill be bolder in the kind of
changes they can make to their designs. Given this new found freedsignelies will continue to refactor

the design of software components to make them easier to understandeand us
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Chapter 1

Introduction

1.1 Component APl Changes Create Problems for Applications

Most programmers do not build applications from scratch. Instead, thi&y dn top of existing software
components (e.g., libraries and frameworks). For example, graphitelase applications are built by
reusing libraries of graphical widgets (e.g., windows, menus, and $end). Software components expose
a set ofApplication Programming Interfaces (APIff)at software applications use to interact with such
components.

Ideally, the interface to a component never changes. In practice, eesiors of components often
change their interface. For example, between two major versions (omeayag) of Eclipse [Ecla], a
mature and very popular framework for developing Integrated Developievironments (IDES), there
were 51 API changes that are not backwards-compatible. In Strugsg $opular framework for developing
web applications, there were 136 API changes [DJ05, DJ06] notzadk-compatible between two major
versions. Such API changes require applications that use the compdnédre changed (upgraded) before
the new versions can be used. Traditionally, developers upgradeatpiEmanually, which is error-prone,
tedious, and disruptive in the middle of software development.

Moreover, upgrading to use new component versions is an importawityaeven after the software
product has been released. New versions of software componeméncperformance improvements, bug
fixes, and new features. Some component producers release gdrsigmently, thus API changes are few
per each release, while others release infrequently, but with many ARbels. Some organizations prefer
to frequently upgrade to the latest versions of components, while othgradeinfrequently, but the cost
of upgrade is higher. Because of lack of tool support, upgrading srakéntaining software expensive.

An important kind of change to object-oriented components is a refactofidgd, FBB 99]. Refac-

torings are program transformations that change the structure of eaprdmut not its behavior. Example



refactorings include changing the names of classes and methods to begtdrtieir intent, moving meth-
ods and fields between classes to improve cohesion and minimize couplirgtiexfiduplicated code into
one single function to reduce duplication.

Refactoring enginegare tools that automate the application of refactorings: first the programmer
chooses a refactoring to apply, then the engine checks if the chande,isusd if so, transforms the pro-
gram. Refactoring engines are a key ingredient of modern IDEs, agggmnmers rely on them to perform
refactorings.

Refactoring engines can apply the refactorings to change the soule®@ta component. However, the
refactoring engine operates withirclbsed-worldparadigm: it can change only the source code that it has
access to. Component developers often do not have access to the sode of all the applications that
reuse the components. Therefore, refactorings that componembplerseperform preserve the behavior of
the component but not of the applications that use the component; althaghahge is a refactoring from
the component developers’ point of view, it is not a refactoring fromagglication developers’ point of
view. There is a mismatch between ttlesed-worldparadigm of refactoring engines and thygen-world
paradigm where components are developed at one site and reusedrath®world. When refactorings
change the component APIs, applications need to change accordingfieinto reuse the latest version of
the component.

Tool support for upgrading applications has been a research topsofoe time. Several authors
[CN96, KH98, RHO2, BTFO5] propose that component developeitewannotations that can be used by
tools to upgrade applications. However, writing such annotations is cuorherdnformal interviews with
component developers [Dan] reveal that they are not likely to write anciotations. A more appealing

approach would be if tools could generate this information.

1.2 Goal Statement and Research Questions

Our goal is taeduce the burden of component rebgaeducing the cost of adapting to change. Specifically,
we want to relax the closed-world constraint of refactoring engineshyfiethesize that refactoring plays
an important part during component API evolution. Gmesisis thatwith respect to API changes caused
by refactorings, it is possible to make the upgrading automated and préactica

To be practical, our solution must address the needs of both componeappglichtion developers:

2



application developers want an automated and safe (i.e., behavioryimg$evay to upgrade component-
based applications to use the newer versions of components; compeweldpkrs are reluctant to learn
any new language or write any specifications extraneous to the reguigooent development.

Our solution to upgrading applications stems from our belief Huditware development (and hence,
component development) is a sequence of program transformatiemslopers take version N and trans-
form it into version N+1. What are the program transformations thatraoost often in practice? How do
they affect clients of the component? During component evolution, mosgelsavould add new APIs and
features that do not affect old applications. However, to make the coenpamoreadditive(e.g., to make
it easy to add new APIs), developers need to constantly refactor troeuserwof the component. It is these
changes that create problems for old applications.

Our solution to upgrading applications when their components change de&tmorings is to auto-
matically recover component refactorings and then to automatically incdeptbrem on the applications.
Along with the new version of the component, the component developerthghipg of refactorings applied
to create the new version. An application developer can then upgradpplheasion to the new version by
using a tool that safely incorporates this log of refactorings.

One such possible solutioniiscord-and-replay an extended refactoring engine automatically records
API refactorings applied on the component. At the application site, the taofretically replays these
refactorings in the enlarged context of old component and application, b&xause the refactoring engine
has access to both the code of the component and application, replayampthenent refactorings changes
also the application. Although this solution is elegant from an engineeringsar, there are further
guestions that need investigation and other tools needed to overcome the limitdti@cord-and-replay.
For example, recorded refactorings are not available for the cuoréegacy versions of components, some
component refactorings are performed manually while others might ngifdieable in the context of the
application, or the application could not be changed due to lack of soadee ¢

In this dissertation, we investigate the following key questions regardingratéal upgrading:

1. How much of the component evolution can be expressed in terms ofaefs? Do refactorings

carry both the syntax and the semantics of component changes?

2. Canrefactorings be gathered automatically or with minimal involvement faonponent developers?

Is the accuracy of the detection good enough to be used in practicalatjupis?

3



3. Can component refactorings be incorporated automatically and safgbplications? How do com-

ponent refactorings interfere with other changes made at the applicatesh s

4. What if the source code of the application is not available and/or cdrenohanged in response to
component refactorings? Can applications be shielded from compafactarings such that the old

application could work with the new version of the component without recotigifa

To answer these questions, we conducted several investigationsrsitené characterizes changes in
real-world components [DJ05, DJ06]. The next ones [DCMJ06, DOFHNDMJINO7b, DNJMO07] build and
evaluate a tool-set that automates upgrades. This tool-set comprisegm@si@xto the Eclipse refactoring
engine to record-and-replay refactorings, followed by Refactoniagfer, a tool to automatically infer
refactorings, then MolhadoRef, a tool to merge component and applicafaatorings and API edits,
and ReBA, a tool to automatically generate a compatibility wrapper that allowspplécations and new

versions of the component to “talk” the same language.

1.3 Approach to Automatically Upgrade Applications

1.3.1 The Role of Refactorings in API Evolution

To learn what types of APl changes cause problems for applicatioriopers, we looked at four well
known frameworks and libraries from the open source realm (EcligagsSIJHotDraw, and log4j) and one
proprietary framework (e-Mortgage) from a large bank.

We discovered that the changes that break existing applications aranamnn, but they tend to fall
into particular categories. Over 80% of these changes could be carsrdéactoringsif looked at from
the point of view of the component itself [DJO5, DJO6]. Since refactopilags such an important role as
mature components evolve, we propose that refactorings are usedlfoexpress component evolution.

Probably the most important advantage of expressing component evahutierms of refactoring op-
erations is that refactorings carry deep semantics of the change alonth&glintax. Their semantics are
discussed in refactoring catalogs [FB®] and are incorporated in refactoring engines.

Semantics become crucially important in OO languages where programmerseaalaise of class in-
heritance and dynamic dispatch of method calls at runtime. For instance, a sifiqgl®ring like renaming

a public method in a class involves not only the renaming of the method declattatioalso updating all
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its call sites, renaming all methods in the class hierarchy that are overtigdarthat override the method
under discussion, as well as updating all the call sites of these methoftse Beplying such an opera-
tion, the refactoring engine checks whether the new name would resuliaima collision or in a potential
change in method dispatch. The thorough analysis ensures that thee grasgrves the existing behavior

of the software, thus leading to safe updates.

1.3.2 Record-and-replay of Refactorings

A small extension to the refactoring engine allows it to record the refac®siigen they are applied on
the component. A log of these refactorings can be shipped along with theersien of the component.
At the application’s site, this log of refactorings is replayed with the extemefzttoring engine on both
the older version of the component and the application. When applyingefactoring on the component,
the refactoring engine can now find and update all the references tefdwtared program elements that
belong to the application. When replaying a sequence of refactoringshdtvies like a transaction: either
all refactorings are applied, or no refactoring is applied.

Record-and-replay of refactorings was recently demonstrated in Qati¢hD05], JBuilder2005, and

Eclipse 3.2 (we collaborated on this extension of Eclipse).

1.3.3 Automated Detection of Refactorings

While replay of refactorings shows great promise, it relies on the existehrefactoring logs. However,
logs are not always available for existing versions of components. Age,will not be available for all
future versions; some developers will use refactoring engines thavtdecord, and some developers will
perform refactorings manually. To exploit the full potential of replayedéctorings, it is therefore important
to be able to infer them.

We propose a novel algorithm that detects refactorings applied betweevetgions of a component.
Our algorithm works in the realistic open-world paradigm where comporseateeused outside the devel-
oping organization. Interface changes do not happen overniglfllaw a longdeprecate-replace-remove
lifecycle. Obsolete entities (marked as deprecate) will coexist with theirmssumterparts until they are no
longer supported. Also, multiple refactorings can happen to the same emithatad entities. This style of

development introduces enough challenges that existing algorithms [DRR@B, APM04, GZ05, WD06]



for detection of refactorings cannot accurately detect them. In addigahworld software components can
be large, hundreds of thousands of lines-of-code (LOC). Syntawigses are too unreliable, and semantic
analyses are too slow.

Our algorithm overcomes all these challenges. We implemented our algorithmEgligse plugin,
called RefactoringCrawler, that works for Java components. To azbieth high accuracy and scalability,
RefactoringCrawler combines a fast syntactic analysis to detect reéfactamdidates and a precise seman-
tic analysis to refine the results. Our syntactic analysis is based on Shingledirey [Bro97], a technique
from Information Retrieval. Shingles are a fast technique to find similanfeads in text files; our algorithm
applies shingles to source files. Most refactorings involve repartitiorfittgeasource files, which results in
similar fragments of source text between different versions of a conrmpo@er semantic analysis is based
onreference graphthat represent references among source-level entities, e.g., callg ametimods. This
analysis considers the semantic relationship between candidate entities moigetghether they represent
a refactoring.

RefactoringCrawler currently detects seven types of refactoringsisfiog on those refactorings that
appear most often in practice [DJ06]. We have evaluated Refactoandgé&ron three components rang-
ing in size from 17 KLOC to 352 KLOC. The results show that Refactoriagf@zr scales to real-world

components, and its accuracy (both precision and recall) in detectirggaefgs is over 85%.

1.3.4 Automated Replay of Refactorings

During the replay, the upgrading tool needs to handle those cases wiiaat@ring cannot be played back
in the new context. For instance, at the component site it was possible toeemaAP| method, but at the
application site this renaming results in a conflict if the application already diedimeethod with the new
name. Currently, refactoring engines quit the operation if such a coafiggs.

In addition, besides refactorings, components evolve through edits. Alhibis currently infeasible
to automatically recover the semantics of all edits, those at the API level helal@fined semantics.
For example, when adding a new method, there should not be any otherdwéthadhe same name and
signature in the same class. Moreover, because both the componepipéindteon evolve simultaneously,

upgrading the application effectively meamgrgingcomponent and application changes.

Thesereferenceslo not refer to pointers between objects but to references amonguteesmde entities in each version of
the component.



We developed an algorithm and a tool, MolhadoRef, that semantically mefgesarings and API ed-
its from component and application, while low-level edits are merged syrafgtidolhadoRef uses the
operation-base@pproach [LvO92] to record the change operations and replay themedo, replaying
operations inducedependenceelationships between them. The merge algorithm irsesrted refactor-
ings [DMJNO7a] to eliminate the dependences between refactorings and edltsy@ologically sorts the
refactorings so that they can be replayed. In addition, the merge algargbmrefactoring-to-refactoring
transformations when topological sort cannot solve all dependences.

MolhadoRef is aware of program entities and the operations that chagige Therefore, MolhadoRef
has a superior performance when compared with traditional text-baseghmeaigorithms (e.g., used in
CVS). We compared MolhadoRef and CVS using a case study and cottexjeeriments. The results
show that MolhadoRef automatically resolves more merge conflicts, afteingeigere are less compile

errors and fewer runtime errors, while the total time to merge (including the intima) is much shorter.

1.3.5 Adapters to Rescue from API Evolution

Previous tools in our tool-set assume that the application source code cdraihged in response to com-
ponent refactorings. What if the application cannot be changed (ecpube of not having access to the
source code), or the application is not available at all? Even more, fdregsons, some software licenses
prevent even changes to the bytecodes of applications.

As an alternative to changing the application source code to accommodatgesha the components,
a compatibility adapter can insulate the application from the component APgebarn adapter can be
applied to the whole component such that all applications can still interact weithldhAPIs, or the adapter
can be applied to a concrete application, such that it insulates only the sp&eif that are used by the
application.

We developed a tool, ReBA, that automatically generates such a backwauphtible adapter from the
trace of component refactorings and API edits. Executing an applicaitbnsuch an adapter adds some
performance overhead (both more memory consumption and increasedyCles)), but our evaluation on
case studies and controlled experiments shows that the performanedatéyr is acceptable. Ultimately,
the application developers will need to migrate to the new APIs using our tgahieanwhile, the generated

wrappers are a good short-term compromise.



1.4 Contributions

This dissertation makes several important contributions. Some contributiogsignificant improvements
over the state-of-the-art tools for upgrading applications, while othexakbnew ground in areas never

explored before.

1. Problem description. This dissertation describes an important problem, the evolution of APlIs, that

appears in the practice of component-based software development.

2. Insights into the evolution of APIs. To the best of our knowledge, ours is the first quantitative and
qualitative study that offers insights into the evolution of APIs of real-wsdétware components.

While others focused owhy software components change, we focusowthey change.

3. Arigorous approach and a theoretical framework. We express the evolution of component APIs as
refactorings, a set of program transformations with well defined sensaniibe state-of-the-practice
relies on textual descriptions in release change logs or on the textuakdifes between the source

code of two component versions.

4. A practical upgrading tool-set. We develop a tool-set to automate the upgrading of component-
based applications that is safe for application developers and practacavérhead on component
producers). RefactoringCrawler is significantly more accurate thanmguestate-of-the-art tools for
detecting refactorings. MolhadoRef is the first tool that merges refageand edits intelligently.
ReBA is the first tool that generates a compatibility adapter to insulate applisditmn component

refactorings.

5. Empirical evaluation. We evaluate the tools in the tool-set through controlled experiments and case

studies.

1.5 Organization

The rest of this dissertation is organized as follows: Chapter 2 presengtumly to characterize the API
changes in five existing software components. The first part presevesas techniques that component

developers use to preserve backward compatibility. The second pa#tislag of the API-breaking changes



that we witnessed in the five case studies. This study reveals that rafgstplay an important role in the
evolution of mature components: over 80% of the API changes that abackivards compatible are caused
by refactorings.

Chapter 3 presents background information on refactoring transfomsadiod a short description of
the design of the record-and-replay refactoring engine. It conslwite the main limitations of the record-
and-replay and it shows how the other chapters address these limitations.

Chapter 4 presents the design and evaluation of RefactoringCramtdnadior detecting component
refactorings. RefactoringCrawler scales to analyze real world coemgsithalf a million lines of code) and
its accuracy in detecting refactorings is over 85%.

Chapter 5 rephrases the problem of incorporating component reafeggand API edits into applica-
tions as a software merging problem: the component development is viewatkedsanch of develop-
ment, application development is the other branch. Upgrading an applicé8atively means merging the
changes in the two branches. MolhadoRef, our refactoring-awargimgetool, is far more effective than
the state-of-the-practice text-based merging tools.

Chapter 6 presents the design and evaluation of ReBA, our tool forajergecompatibility adapters.
ReBA enables an older application to continue to run with the new versionashpa@nent, without requiring
any changes to the application. Evaluation shows that the performanteademposed by our adapters is
acceptable.

Chapter 7 surveys related work and Chapter 8 concludes and talkisfatuwa work.

Parts of this dissertation have been published in technical reports,renoés, and journals. In par-
ticular, Chapter 2 is described in an ICSM-2005 [DJO5] and JSME jowagzer [DJO6], Chapter 4 in an
ECOOP-2006 paper [DCMJ06], Chapter 5 in an ICSE-2007 paper J¥Ma] and a TSE journal pa-
per [DMJINO7b], and Chapter 6 is currently under review [DNJMO7& goremiere software engineering

conference. These chapters have been extended and revisedvitirenthis dissertation.



Chapter 2

The Role of Refactorings in APl Evolution

2.1 Introduction

Software evolution has long been a topic of study [LS80]. Others [C6lK MB98] have focused owhy
software changes; we want to discobhewit changes so that we caaduce the burden of component reuse
on applications.

Although there are principles of software evolution that are true for soéwn any language, program-
ming languages have an impact on software evolution. We are particulanigsted in the evolution of
object-oriented components (we refer to both libraries and framewortmnagonents, unless a distinction
is necessary). Classes contain a mixture of private and public methobdic Pethods are meant to be
used by application programmers. The set of public methods of a clasy liheke up its API (Applica-
tion Programmer Interface). Changes to private methods and classes jplose a problem to application
developers; they only care about changes to the API.

An important kind of change to object-oriented software is a refactorid§Q@CFBB~99]. Refactorings
are program transformations that change the structure of a progitamotits behavior. The original work
on refactoring was motivated by framework evolution. Opdyke [OJ90kddoat the Choices operating
system and the kind of refactorings that occurred as it evolved. Gj@va92b] studied an object-oriented
compiler framework as it went through three iterations. Tokuda and BAI&91] describe the evolution
of two frameworks, focusing on how large architectural changes eaacbomplished by a sequence of
refactorings.

However, none of these studies determined the fraction of changesehatactorings. Of the changes
that cause problems for application maintainers, what fraction are rafaygs@ Are refactorings as impor-
tant in practice as these authors imply? How much of the component evolutidieeaxpressed in terms of

refactorings? The only way to tell is to look at changes in a componentioverand categorize them.
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Eclipse | e-Mortgage| Struts| log4j | JHotDraw
3.0 124| 1.3 5.0
Size [KLOC] 1,923 52 97 62 14
API Classes 2,579 174 435 | 349 134
BreakingChanges 51 11 136 38 58
ReleaseNotes [Pages] 24 - 16 4 3

Table 2.1: Size of the studied components. The number of classes in Abtedanly those classes that are
meant to be reused. ReleaseNotes give the size (in pages) of the dtsuleseribing the API changes.
The logs were provided by the component developers.

We looked at four frameworks and one library (see Table 2.1 and Seatieveloped by five different
groups. Four are commonly used open source and one is a proprietargwork. All the case studies
are mature software, namely components that have been in productionr®tima three years. By now
they have proved themselves to be useful and therefore acquirecealestpmer base. At this stage, API
changes have the potential to break compatibility with many older application&kwBests compatibility
and different strategies to preserve it are the topic of Section 2.3.

We analyze and classify the API changes in the five systems. We desdehetachniques used to
maintain backwards compatibility (Section 2.3.2) while the main focus is on the Adrigas that break
compatibility with older applications (Section 2.4). We learned that between tvgions for each of the
five systems we studied, respectively 84%, 81%, 90%, 97%, and 94% éfRhbreaking changes are the
result of refactorings. Most APl changes occur as responsibilityifeedhbetween classes (e.g., methods
or fields moved around) and collaboration protocol changes (e.gmiagar changing method signature).

These results made us believe that refactoring plays an important role ag c@iysonents evolve.

2.2 Study Setup

We chose four well known frameworks and libraries from the openceorgalm. To check whether the
production environment affects the type of API changes, we chosenone proprietary framework. We
tried to be unbiased in the selection of the case studies, the main concernHagitige systems have good
documentation. Subsection 2.2.1 describes briefly the components tha¢dvasusase studies.

For each component we chose for comparison two major releases thdagpaarchitectural changes.
There are two benefits to choosing major releases as comparison poistsit isrlikely that there will be

lots of changes between the two versions. Second, it is likely that thosgehavill be documented thus
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providing some starting point for a detailed analysis of the API changelseStion 2.2.2 describes the

process we followed to collect and analyze these API changes.

2.2.1 Overview of the Case Studies
Eclipse Platform

Eclipse [Ecla] was initially developed by IBM and later released to the opg@rts@ommunity. The Eclipse
Platform provides many APIs and many different smaller frameworks. KEgeframework in Eclipse is a
plug-in based framework that can be used to develop and integrate softwas. This framework is often
used to develop Integrated Development Environments (IDEs). The E&hpsform is written in Java.

We chose two major releases of Eclipse, namely 2.1 (March 2003) andiB€9Z004). Eclipse 3.0 came
with some major themes that affected the APIs. flédsponsivenegbheme ensured that more operations run
in the background without blocking the user. New APIs allow long-runmipgrations like project builds
and searches to be performed in the background while the user corttinuesk.

Another major theme in 3.0 isch-client platforms Eclipse was designed as a universal IDE. However
many components of Eclipse are not particularly specific to IDEs and caaused in other rich-client
applications (e.g. plug-ins, help system, update manager, window-basksi. @ his architectural theme
involved factoring out non-IDE specific elements. APIs heavily affebtethis change are those that use the
filesystem resources. For examdl&br kbenchPage interface is used to open an editor for a file input.
All methods that were resource specific (those that dealt with opening®diter files) were removed from
the interface. A client who opens an editor for a file should first cortherfile to a generic editor input.
Now thel Wor kbenchPage interface can be used by both non-IDE clients (e.g. an electronic mail client

that edits the message body) as well as IDE clients.

e-Mortgage Framework

A large banking corporation in the Midwest has been building an electronitgage framework, e-Mortgage

(closed-source, proprietary software), to leverage existing fineaqi@rtise when writing new applications.
The e-Mortgage framework allows various banking applications develagein the company to com-

municate with each other and with the existing legacy systems. The framewmikas requests from

front-end systems or services, evaluates their requirements and tedirecequest to a specific destina-
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tion, or destinations such as a pricing engine or closing cost engine.réfteiving an appropriate response,
the framework refines it for a specific request channel and therafdsnit back to the requestor.

When we visited the banking institution, they were finalizing the integration betle® mortgage
framework and another middleware framework developed independdndliyosher branch of the bank.
Frameworks are designed for extension not for integration [MBF98]aAesult of the marriage between
the two frameworks, the application developers had to migrate the existirigeserVhe company reported
that the whole integration and upgrading process lasted a summer. At the timétevthis, there are about

50 services that use the framework.

Struts Framework

Struts [Str] is an open source framework for building Java web applicatidhe framework is a variation
of the Model-View-Controller (MVC) design paradigm. Struts provides itse @ontroller component and
integrates with other technologies to provide the Model and the View.

For the Model, Struts can interact with standard data access technoldgied)BC and EJB, as well
as most any third-party packages, like Hibernate, iBATIS, or ObjecttiRakd Bridge. For the View, Struts
works well with JavaServer Pages, as well as Velocity Templates, XS$Idlpther presentation systems.
Because of this separation of concerns, Struts can help controlelmm@g\Web project and promote job
specialization.

We chose for comparison version 1.1(June 2003), a major past relmasd.2.4 (September 2004),
another stable release. Many API changes reveal consolidation therkcamework developers eliminated

duplicated code and removed unmaintained code or code with high detiest-ra

log4j Library

log4j [Log] is a popular Java library for enabling logging without modifyithge application binary. It
allows the developer to control which log statements are output with arbitranulgrity by using external
configuration files. Logging does have its drawbacks. It can slow dovapplication. If too verbose, it can
cause scrolling blindness. To alleviate these concerns, log4j is desmbedeliable, fast and extensible.
log4j uses a logger hierarchy to control which log statements are outpsthé&lps reduce the volume of

logged output and minimize the cost of logging. The target of the log outpubea file, an OutputStream,
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a java.io.Writer, a remote log4j server or a remote Unix Syslog daemon loggemamany other output
targets.

We chose for comparison version 1.2 (May 2002) and version 1.3al@daatiary 2005). The library
passed through an expansionary phase and it grew from 30KLOGKI0®R2. The library grew by improv-
ing on existing components (like Chainsaw, a visualization toolkit for loggarafdding new components

(like support for plugins as a way to extend the library).

JHotDraw

JHotDraw [JHoa] is a 2D graphics framework for structured drawirigpesd It is written in Java although
it was originally developed in Smalltalk by Kent Beck and Ward CunninghanchE3amma and Thomas
Eggenschwiler developed the Java version, then it became an opee-gooject. The original HotDraw
was one of the first projects specifically designed for reuse and labsladramework. It was also one of
the first systems documented in terms of design patterns [Joh92].

JHotDraw defines a basic skeleton for a GUI-based editor with tools in gé&belte, different views,
user-defined graphical figures, and support for saving, loadimdj printing drawings. The framework has
been used to create many different editors from CASE tools to a Peradiaggtitor [JHob].

We chose for comparison version 4.0 and 5.0. The purpose of 5.0eeleasto use features (new at
that time) available in JDK 1.1 like event model, access to resources, seiwaijzzcrolling, printing, etc.

It also consolidated the packaging structure and improved supporioectivity of diagrams.

2.2.2 Collecting the Data

The case study components are medium-size to large (e-Mortgage is 50, idoyg3e is roughly 2 million
LOC). Itis hard to discover the changes in a large system and many astiggest that tools should be used
to detect changes. For instance, Demeyer et al. [DDNOO] used metrlsgdatiscover refactorings. How-
ever, most AP| changes follow a lomtgprecate-replace-remowgcle to preserve backward compatibility.
This means that on obsolete API can coexist with the new API for a long time.

Consider a change such as renaming clzeisegor y to classLogger in log4j. In order to main-
tain compatibility with old clients, classogger (the new name) inherits from clagat egory. The

constructor ofCat egor y became protected so that users can not create categories directlydie inv
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stead the creational methget | nst ance() . This method returns instances of the new clasgger .
Any method inCat egor y that returned an object of tygéat egor y became deprecated. Clients should
replace all the references @at egory with references td.ogger. The two classes still coexist, but
Cat egor y will be deleted eventually. Such a three-step change would have been mpisatdd by a tool,
but a human expert can easily spot this as a renaming. At the time of this strdypf the tools available
could detect refactoring because of the “noise” introduced by vatemimiques striving to maintain back-
wards compatibility. Later we developed RefactoringCrawler, the firstttoadl could operate under such
conditions.

Second, we wanted a qualitative and quantitative study of all AP chahgeare not backwards com-
patible. At that time, tool support for detecting and classifying structwalugon was very limited: only
a few types of refactorings (mostly merging and splitting) were attempted to teeteld. Therefore, a
comprehensive qualitative analysis of the breaking changes requsteadmmanual analysis.

Even for the larger components, manual analysis was feasible becaistarted from the change logs
that describe the API changes for each release. These logs wefallgacompiled by the component
developers. For Eclipse we used its help sysdtehe documents called “Incompatibilities between Eclipse
2.1 and 3.0” and “Adopting 3.0 mechanisms and API”. For Struts we studi¢®Rtiease Notes” for version
1.2.#£. For Log4J we studied “Preparing for log4j version £.3For JHotDraw we studied the “Release
Notes” for version 5.0, packaged along with the documentation of the frankew

Sometimes the release documents would be vague, reading for example “rivethathss X is dep-
recated”. Because of the deprecate-replace-remove cycle, marsydiypeanges are masked by the dep-
recation mechanism. In those cases we read and compared the two vefgtemsource code in order to
discover the intent behind the deprecation. When a method is deprecataelif dedegates to its replace-
ment method. By reading the code we learned whether the new method isg¢asinaing of the deprecated
method, whether the intent was to move the method to another class or whettieptbeated method was
replaced by a semantically equivalent method that offers better perfoeman

For the e-Mortgage framework, for two days we interviewed the framleand application developers

and then studied the source code. We classified all the breaking APgeh&émm the case studies into

!Section: Eclipse 3.0 Plugin Migration Guide
2http://struts.apache.org/userGuide/release-notes-1.2.4.html
3http://www.qos.ch/logging/preparingFor13.jsp
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structural and behavioral changes (qualitative analysis), then veedet how many times each type of
change occurred (quantitative analysis).

We double-checked the quantitative aspect of our analysis by using,av&oo[GDL04] (a history
analysis tool), and heuristics (like in [DDNOOQ]). For each type of refatp we wrote queries in Van
that return those structures suspected of that specific refactoringx&mple, to detect changes in method
parameters’ types, we searched for methods that have the same name werdsaths of a class, have
the same number of arguments, have the same return type but have tifigrexiure. After analyzing
and eliminating the false positives, the remaining candidates were found ahms®ythat were already
documented in the change logs. Van found a few other places suspéotéaictoring, but their number is
less than 4% of those detected by starting from the change logs. Alsoiahttadetect several refactoring
candidates. This happened because of the noise introduced by teeatepreplace-remove cycle described
above. We could only cross reference our results for Struts and [dgdjtool did not scale up for Eclipse
and we do not own the source code of the proprietary e-Mortgage \frarke JHotDraw case study was
added at a later date and since Van did not produce new data for theyzrease studies, we decided not

to run it on JHotDraw.

2.3 How APIs Change

In this section we classify the APl changes in respect to how they aféetwards compatibility. The
first subsection talks about APIs and what does it mean for an APIgehmbreak compatibility with
applications. In SubsectiondW-BREAKING APl CHANGES, we describe some technigues used to change
APIs without breaking applications. SubsectioRE\KING AP| CHANGES presents the empirical data

gathered from the API-breaking changes we noticed in the five cadestud

2.3.1 API Changes and Compatibility

An APl is the interface that a component provides to application develaperis description is part of the
component’s documentation. The term has been extended to mean any eomihan is supposed to be
reused by clients and thus is expected to be stable.

APIs make use of the visibility rules of the language in which the componentm@ismented. For

instance in Java or C++ only members that are declared public or protectée part of the API. However,
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not all classes or class members that are public are intended to be rguegolibations.

Usually there are no language features that distinguish between publicsthi@i@re intended to be part
of the API and public entities that are not. Naming conventions can be useedrniifycdthose components
that are “published” (to be reused) from those components that atdi¢plut are not intended to be
reused [DDNO3]. For instance, Eclipse places a public class that isPlonMA package with “internal” as
a prefix. Such a class is fair game to change without notice.

Over time, changes are made to APIs or APIs’ behavior. Depending ethethor not they are back-
wards compatible, API changes can be classified @s-NREAKING API CHANGES or BREAKING API
CHANGES.

A breaking changeis not backwards compatible. It would cause an application built with an older
version of the component to fail under a newer version. If the probleémmsediately visible, the application
fails to compile or link. Or the application might compile fine, but behave difféyeat runtime. By
behavior we mean functional behavior, e.g. the set of observableteutmua given set of inputs. If
the only observable difference is that an application is slightly faster oreslowhas a different memory
footprint, we do not consider it a breaking chahge

A non-breaking changeis backwards compatible. Such a change can be an enhancement likeradditio
of new modules to extend the functionality of the component. Or it can be arpexhce optimization or
an error removal.

A seemingly non-breaking change such as fixing a bug in the componentieighreaking change. If
the application developers worked around the bug, then when the bugased from the component, the
application might behave differently.

Although there are a number of techniques used to facilitate componergezhaiithout breaking the
clients, breaking API changes happen all the time. It is these changesatiss# problems for application

developers. Our ultimate goal is to provide upgrading tools that can in@igbreaking changes.

2.3.2 Non-breaking API Changes

This subsection discusses changes to the API that preserve the baclongatibility of a component. We

also present techniques that component developers use to maintain cditypatib older applications.

“We go with a light definition of failure but in domains like embedded systentshtee hard real-time constraints, our notion
of reliability needs to be extended
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Usually new features of a component are packaged in separate moddlds aot affect the existing
applications. Developers still have to learn the new APIs in order to usetéesions.

Other times, component designers successfully employ established sofimgineering techniques
such as information hiding, encapsulation and abstraction to introducgehaeamlessly. Such “under
the hood” changes often include performance optimizations, security ieyments, bug fixes and other
implementation details. For instance, the financial institution that we visited madeechitectural change
to their enterprise framework. For performance reasons they repaiigentity beans with Data Access
Objects. They employed information hiding to isolate the changes from the arelres that use the
framework. All the services are calling a Session Bean Facade the tifiesame interface to the outside
world. For the application developers these changes happened séamless

In the five case studies we noticed a number of other techniques useditatéadP| changes without

breaking the client applications:

1. DEPRECATIONIS used to gracefully degrade old APIs and to warn application develtpsrsertain
APIs won't be supported in future versions. Developers can plaadaf@ migration and avoid a
last minute rush. The parts of the API that are obsolete are marked witlalspenotations (e.g.
@lepr ecat ed tag in Javadoc). The deprecated API should also provide a descriptioavappli-

cations would migrate to the new API.

2. DELEGATION. Sometimes it is possible to make the old APl implementation delegate to the new im-
plementation so that clients make use of the enhancements. Neverthelesstlidyptan to migrate
to the new API. For instance, this technique is often used when renaming adnetBtruts. In class
Act i onSer vl et , methoddest r oyAppl i cat i ons changed its name tdest r oyModul es.
In order to preserve backward compatibility, the class supports both ngethod
1 xx
2 * @deprecated

s x replaced by destroyModules ()

4 */

6 protected void destroyApplications (){

7 destroyModules ();
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. NAMING CONVENTIONS. Eclipse developers use this style when they extend an interface. For
instance the initial version of interface IMarkerResolution was:
public interface IMarkerResolution {

public String getLabel ();

public void run(IMarker marker);

The new interface adds more methods without breaking existing implementations o

| Mar ker Resol uti on:

public interface IMarkerResolution2 extends IMarkerResolution {
public String getDescription ();

public Image getlmage ();

This “numbered interface” naming convention suggests an extension taitlveabinterface. The
new interface can be used wherever the old one was expected. Nets da@nuse the extended

interface. However, old clients that want to use the new methods need twdsty

. RUNTIME swiTcH. Dealing with removed classes or removed methods from an interface is a bit
trickier. Eclipse provides a Compatibility plugin that “adds back” at runtime #maved entities.
For instance, Eclipse 2.1 API offered a method that is removed in version 3.0

public interface IWorkbenchPage{
I[EditorPart openEditor(IFile file); // to be deleted

Eclipse 3.0 checks whether a client application is compliant with version 2.10o0VM8hen an older
client makes a call to the removed method, this call is dispatched to an instantidq®otder version

of the interface (which is added back and loaded up at runtime).

. COM-STYLE INTERFACE QUERY A component provides multiple versions of an interface. A

client will first query for an interface that it knows how to interact with. thfe component still
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supports the older interface that client is requesting, the client and theoo@mipcan communi-
cate. In Eclipse, the initial document interfacBocunent has acquired several extensions called
| Docunent Ext ensi on, | Docunent Ext ensi on2, | Docunent Ext ensi on3. A client
checks whether the document returnedget Docunent () has an interface that it knows how to

talk to.

2.3.3 Breaking API Changes

Breaking changes are extremely disturbing in the development life cyclengbaenent-based applications.
When application engineers are in the middle of development, upgrading aopentould hurt costs and
schedules. Unless there is a high return-on-investment, application dex®lwill not want to migrate to
the new version of the component [Lai99].

Table 2.2 lists the types of BEAKING APl CHANGES that we observed in the components that we
studied. The first column identifies the type of change. Those changdiérfont are refactorings. The
remaining columns give the number of times each type of change occurred aotiponents. Columns
Eclipse* (E*) and Struts* (S*) deal with “recommended” changes. Camemb designers marked these as
changes that will be enforced in the next major release. Even thoughi¢efth these are not breaking
changes for the current release (they were insulated by the depregahanism), we included them to
show the trend of breaking changes that are coming in next versiosedBea how many times each type

of change occurred, we sorted the rows so that most popular chapgear first.

2.4 A Catalog of Breaking APl Changes

This section categorizes the changes in Table 2.2 according to how tleey ¢ semantics of the com-
ponent. The structural transformations are semantic-preservingeh&egactorings) while the behavioral
changes are semantic-modifying.

An API class can have two types of clienigstantiatorsand extenders As for APl methods, due to
extensive usage of callbacks (hook methods) in frameworks, theteatgpes of clients of API methods:
callersandimplementors Some changes affect both types of clients while other changes affigcoe
type of clients.

JHotDraw illustrates some of the subtle effects of API changes on cliemt odast r act Fi gur e
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y Type of change |EJE*[M|S|s|L
Moved Method 16| 13| - [ 11|28 9 -
Moved Field 5
Deleted Method
ChangedArgumentType
Changed Return Type
Replaced Method Call
Renamed Method
New Hook Method
Extra Argument
Deleted Class - - -
Extracted Interface - - -
Renamed Field - - -
Renamed Class -
Method Object 3| - - -] -] -
Pushed Down Method | 3
Moved Class - 2 | - | - - -
Pulled Up Method - - -1 - -
Renamed Package - - - |- - -
Split Package - - - |- - -
Split Class - - - - -] -

New Method Contract
Implement New Interface
Changed Event Order
New Enum Constant
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Table 2.2: Types of BEAKING API CHANGES and the number of these API changes in Eclipse (E), e-
Mortgage (M), Struts (S), log4j (L), and JHotDraw (JHD). Eclipse*)(Bnd Struts* (S*) denote recom-
mended changes, that is changes that will become breaking changésrenrkleases. Those changes in
italic font (upper half of the table) are refactorings.
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Hook Method

. implemented by
AsbtractFigure AbstractFigure
void moveBy(int dx, int dy){ subclasses:

willChange(); EllipseFigure,
| basicMoveBy(dx, dy); | P |mageFigure,
" PolygonFigure,
changed(); RectangleFigure,
} RoundRectangleFigure,
TextFi
abstract basicMoveBy(int dx, int dy); C%)%p;g:irtzﬁgure
DecoratorFigure,

PolyLineFigure

Figure 2.1: Usingbasi cMoveBy Hook Method to introduce points of variability in several subclasses of
Abst r act Fi gur e in JHotDraw framework.

provides default implementation for the figure classes. We encapsulate c@tities among different
class figures, by using the Template Method design pattern [GHJV95§ mkethodhoveBy (referred as
template method) contains the fixed algorithm for moving a figure (see Fig 2:df)itfannounces that a
figure is about to change something that will affect its displaying box (Binganethodwi | | Change),
then the figure is moved with the specified delta (by calling methesi cMoveBy), and lastly it informs
that a figure modified the area of its display box (by calling metbbdnged). The sequence of these
three steps is common for all the figures, what changes from figure te figi@encapsulated in the abstract
methodbasi cMoveBy. Therefore this method becomes the hinge point in the algorithm, ondbk
method Clients wishing to add new types of figures must implement this method. Ratimeclibat code
calling the framework, the framework will call the client-provided method waeser moves a figure (thus
the callback nature of this method).

Any change that affects the signature or name of the hook method is poteciiaiiging the behavior of
client code. A change to the hook method that breaks the polymorphiddingrwith a client method will
result in the client method being skipped whenever the template method is infassaoming that the hook
method is not abstract). Therefore, fewer client methods get callednVéise can happen, too. A change
to the hook method that makes it become the super method of a different cligradneill result in the

client method being called (accidentally) whenever the template method is calgde8 et al. [SLMD96]
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refer to the first case daconsistent Methodnd to the second adethod Capture Since Method Capture
and Inconsistent Method don’t produce compile errors, one coulccfallaly assume that the upgrading
was safe. If the hook method is declared as an abstract method (as keoysle), when the hook method
changes so that there are no more client methods overriding it, the compitetssanUnimplemented
Methoderror in the client class.

Any of the Inconsistent Method, Method Capture or Unimplemented Methoaceur, depending on
the nature of change in the hook method and the existing methods in the clientwtagive examples of all
three scenarios usirBackgr oundFi gur e, a client class not part of the framework, but which subclasses
Abst ract Fi gur e introduced earlier Figure 2.1. The client cl&sckgr oundFi gur e contains, among
other methods, the following methods:
public class BackgroundFigureextends AbstractFigurg

void basicMoveBy({nt dx, int dy){

/Il overrides the hook method in the superclass

void moveByDelta(nt dx, int dy){

/I a helper method

Recall that the framework designers do not have access to clientBzlakgr oundFi gur e (actually
they do not even know about its existence). If the framework designer® thebasi cMoveBy hook
method to another class and update its call site imitneeBy template method, thieasi cMoveBy im-
plementation provided by clieackgr oundFi gur e no longer overrides the hook method. When the
template method is called on an instanc®at kgr oundFi gur e, itsbasi cMoveBy does not get called
anymore, thus leading to Inconsistent Method. If instead frameworkkesigename thieasi cMoveBy
hook method taroveByDel t a, since there exists a method with this signature in the client class, this
method will be (accidentally) called whenever the template method is invokedfaheteading to Method
Capture. Otherwise, if the framework designers rename the abstractnmethiod such that there is no

method inBackgr oundFi gur e that overrides it, the compiler would signal an Unimplemented Method
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error when the older version of cla@ackgr oundFi gur e is put together with the newer version of

Abst ract Fi gure.

2.4.1 Refactoring Transformations

To improve reusability and maintainability, components are often refactorethc®rings affect only the
structure of the component and are meant to preserve the functioraalitbebf the component. For exam-
ple, consider what happens when an APl method is renamed.

Component designers rename an instance method in the component. Trandfungdate all the callers
and implementors of the method to reflect the new name. For the component iselidhge is safe and
does not modify its behavior. However, it is not backwards-compatildlentcapplications that call the
renamed method are broken. Thus a behavior-preserving chafegdrang) for the component might lead
to a breaking change for the application.

Most times application code is not available to component developers whemé#hke structural changes.
The result is that applications might not even compile with the new version afdimponent. Once the
application developer solves the compile errors, the application’s behawioe same (structural changes
in the component do not introduce new behavior). In cases when tr@wtalichanges accidentally in-
duced modified behavior (like in Method Capture or Inconsistent Methedritieed above), the application
developer will have to make semantical code changes to match the changesambonent.

Next we describe all types of API-breaking changes in the five daskes. For each component re-
factoring we explain why it can break the older versions of the applicatiadswahat errors would an
application developer encounter when trying to use the new version obthpanent along with the older
version of the application. In later chapters (Chapters 3 - 6) we presernbols that can automatically

incorporate the effects of the component refactorings into applications.

Moved Method. The most common way that instance methods moved in Eclipse is by becoming static
methods in new host classes. The rationale was to factor out the nonp@difis methods into utility
classes to preserve the convenience of the old methods. Usually the mavexdinedes the old home class

as an extra argument. This ensures that the moved method can accessputibers in the old home class.

In Struts, instance methods remain instance methods after they move to otkesclakl callers of the
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method ask a factory method for an instance of the new home class and liitée czoved method. Other
ways that methods are moved are variations of the Move Method refacttesugibed by Fowler [FBB99].
Implementors of the moved method would not compile if they make a call to the $upetifod. As
for the callers of the moved method, they might compile or not depending otharmie method is used
polymorphically. If the moved method is declared in a parent class and igaein the client class and
the method is invoked by sending a message to an object having the type tiéthielass, the behavior
is preserved. However, good OO principles recommend that instanceabvhriables are declared having
the most general supertype. In this case, in a statically-typed languegeyle error will warn that there
is no such a method in the parent class. Moving a hook method out of tha phares results in Inconsistent

Method (described above) since the client method overriding the hookigsger called.

Moved Field. Encapsulation requires that the variables that characterize the stateobfemt are not
exposed. However, sometimes fields are publicly exposed either beafacsevenience or because they
represent constants. When fields are placeholders for global atssisually they are declared as static
fields. In Eclipse, Struts and log4j, only fields that were constants movetwbtber home class. Moving a

public field results in compile errors for the clients who access it.

Deleted Method. Typically this happens after a method is renamed or moved to another clasorfo
patibility reasons, component producers support both the old and new dnfetha while. After all the
references to old method were replaced, the method is deleted since itlistel#d®l. This usually results
in compile errors for the clients calling the method. Deleting a hook method resulte im¢bnsistent

Method effect since the client method overriding the hook is no longer called

Changed Argument Type. We observed several kinds of argument type changes.

1. The type of a method argument is replaced with its supertype to make the methedeneral. This
change may or may not break an existing application depending on wheghegoplication calls any

methods that are not visible through the supertype’s interface.

2. The type of method argument is replaced by another type while the rel@pobstween the two

is aggregation. This is often the case when replacing a primitive type with jactdipe (e.g. in
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Java replacént with Integel). Another special case is replacing a type with a collection that con-
tains several elements of the previous type. In order to regard theegeshas automated refac-
torings, one needs to know how to access the member from the wrappbpand get the proper
wrapper for a member. In the e-Mortgage framework the mefhrantess(Stri ng nessage)
changed tr ocess( Envel ope e) with Envel ope encapsulating theessage string. Callers

of pr ocess have to pass an Envelope instead which is obtained from a factory methedmple-
mentors ofor ocess() should augment their implementation to match the new type. They will first
obtain the String message out of the Envelope. This change results in compikefer the clients
calling the method. If the arguments of a hook method are changed, thisstdnimeany of Method

Capture, Inconsistent Method or Unimplemented Method.

Changed Return Type. This change is very similar to&ANGED ARGUMENT TYPE. We observed one
interesting change in Eclipse. The return typé davaBr eakpoi nt Li st ener . br eakpoi nt Hi t ()
was changed from boolean to integer to allow listeners to vote “don't garatidition to “suspend” and
“don’t suspend”. A refactoring tool can only swap primitive types if thexa translation map between the
values of the two different types. For the callers that assign the resihie ghethod call or pass it to other
method calls, this type of change can produce compile errors dependingadiis the relationship between
the new returned type and the expected type. For implementors of the dhaetjeod, due to the fact that
statically types languages like Java do not allow two methods in the same clagsit@udliy by the return
type, accidental Method Capture or Inconsistent method cannot otharcompiler signals an error that

the overriden method and the super class method differ in the return type.

Replaced Method Call. The clients of a method should call another method that is semantically equiv-
alent and is offered in the same class. When there are no more callers tigihalanethod, it is usually
deleted. In Struts for example, clients Bif el dChecks. val i dat eRange(..) should call instead

Fi el dChecks. val i dat el nt Range(..) . If the replaced method was a hook method, this change

can result in any of the Method Capture, Inconsistent Method or Unimplietidtethod.

Renamed Method, Renamed Class, Renamed Field, and Renamed Pagk are used to give intention

revealing, self-explanatory names to methods, classes, fields, analgeackThese refactorings are well
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described in refactoring catalogs (see [FB1]). Renaming a method usually results in compile errors for
the callers of the method. Renaming a hook method can result in any of thedviéimiure, Inconsistent
Method or Unimplemented Method. Class renamings result in compile errdosfiothe instantiators and
implementors of the class. Field renamings result in compile errors for the dieti@ccess them. Package

renamings result in compile errors for clients that use entities from the rehpackage.

New Hook Method. Component producers factor out a method to provide “hot spots” tleat be spe-
cialized by subclasses (see Template Method in [GHJV95]). They add howk method in the super class
(usually as an abstract method) that all non-abstract subclassesvausie We illustrate this with an ex-
ample from Struts. Methodal i dat e() in classVal i dat or For mcalls the newly introduced method

get Val i dati onKey():

public ActionErrors validate (ActionMapping mapping, HttpSeretRequest request)

{

String validationKey =

getValidationKey (mapping, request);

String getValidationKey (ActionMapping mapping, HttpSdetRequest requesft)
return mapping. getAttribute ();

Subclasses overridget Val i dat i onKey() to provide the desired behavior. It might happen that an
existing subclass already has a method with the same signature as the newlydettthnook method. In
this case the method provided by the inheritor gets captured by the paresegkn though the inheritor
did not intend this, therefore Method Capture occurs. Using a refagttwoi to perform this change would

warn when method capture happens.

Extra Argument. Often two methods signatures are very similar, they only differ by an arguriée
two methods do similar things but one method can do extra things by making use exttheargument.

When eliminating duplicated code, usually the method with fewer arguments widgdaced by the one
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with more arguments. For the call sites of the displaced method, this changgrapg if the method gained
one more argument. The callers of the old method with fewer arguments wiltbaad the new method
and pass a default value for the extra parameter.

Developers of the e-Mortgage framework decided that database actmmseshould be reused from a
connection pool rather then being created every time a database oparasioaquired. In order to persist

an object one would call the following method in the framework:
bool ean persi st (Busi nessObj ect)

Inside per si st method a database connection would be created. The later version of thimdmeth

looks like:

bool ean persi st (Busi nessObj ect, DBConnecti on)

When a web service calls this method it needs to pass along an existing eéatabagction (in case
that it owns one). When the null object is passedgbesi st method will create a connection on the fly.

This change usually produces compile errors for the clients calling the metkiben a hook method
gains more arguments, any of the Method Capture, Inconsistent Methddimplemented Method can

occur.

Deleted Class. Component producers delete a class when it is no longer supported daimaihdue
to lack of resources or because the implementation is too error-prondrulis Several classes acted like
containers for particular objects. The container's name would suggst ttontains objects of a certain
kind(e.g. ActionMappings holds a collection of ActionMapping objects). later version the containers
are superseded by general-purpose collection classes and thenl.d€lé&ss deletion results in compile

errors for both the instantiators and implementors of the class.

Extracted Interface. Component developers extract the signatures of the public methodedfigr
a class into an interface (in Java, interfaces are first-class entities). t<Ctiethe old class should call
its methods through the interface. This change is meant to make componerdasieleto extend: new
classes implementing the interface can be passed as a concrete implement#imintdrface, without

having to change client code. In JHotDraw 5.0 all the key abstractionexargcted from their previous
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classes as interfaces. The interface takes the name of the class fromitwids extracted. The old class
implements the interface in one of two ways: as abstract class or as stafakzsd Abstract classes (like
Abst r act Fi gur e) provide default implementation but still need to be subclassed. Standasasldike
St andar dDr awi ng) can be used as are. The new prefix of the class (“abstract” or “st#ihdaakes

it easy to distinguish between them. This change does not affect clientwehabonly invoking methods
of the class. However, inheritors of the old classes should be changeletdt from the corresponding

abstract or standard classes, otherwise Method Unimplemented egdnsawn by the compiler.

Method Object. This is a variation on Method Object described by Kent Beck [Bec97]wadl-
lustrate it with an example from Eclipse. In cla&bst r act Docunent Pr ovi der, the modifier of
saveDocunent () method changed tiinal so that subclasses cannot override it anymore. A new method
calleddoSaveDocunent () was introduced and all the code frasaveDocunent () moved to the
new method. ADocunent Pr ovi der Oper at i on object offers arexecut e() method that delegates
to doSaveDocunent (). The new implementation afaveDocumnent () creates an instance of the
Docunent Provi der Oper at i on and then calls itexecut e() method. All previous implementors

of saveDocunent () must overridedloSaveDocunent () instead.

Pushed Down Method. A service is no longer offered by the superclass but only by subcagsels we
say that the corresponding method was pushed down in the class hjerfinihchange results in compile
errors for the old method clients that call the moved method through the irgeofaits original class.
However, a much subtler behavioral change can occur without beottpdy the compiler. Imagine the
scenario in Fig. 2.2. On the component side, the superéldefines methodh This method is overridden
in the subclasB. ClassCis yet another component class that inherits fl®nOn the application side, class
D inherits fromB and therefore any call teuper . mgets dispatched to the implementation provided by
B. In the next version of the component, without being aware of the presaficlient clas®, component
providers push down the implementationBfmfrom B to C. The client clas® compiles fine, but when

it callssuper . m the call gets dispatched to the implementation provided,khus leaving to a different

behavior than when using the previous release.
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Figure 2.2: When Pushed Down Method can introduce a behavioragjehan

Moved Class. A class is moved to a different package in order to increase the cohesw@f that

package. This change breaks both the instantiators and implementors ofithe cless.

Pulled Up Method. A method is moved in the parent class so that everyone can take advahtage o
superclass logic. This change will not produce any compile errors;dutead to an incorrect behavior.
Consider the scenario in Fig. 2.3. Before doing the upgrade, when tim cliéessD callssuper . m this
call gets dispatched to the implementation provided by superélassthe next component versio@, m
gets pulled up fron€to B. When clientD callssuper . m this is dispatched to the implementation provided

by classB.

Split Package. In order to enhance the cohesiveness of classes in a package,rmrhgdesigners split
a package into smaller, more cohesive packages. In JHotDrawgar es package was removed from
thest andar d package. This package provides a kit of standard figures and tlagddiandle and tool
classes. This change results in compile errors for both instantiators andriemitars of those classes

belonging to the new package.

Split Class. Each class should have only a few responsibilities. When a class actairesny responsi-

bilities, the initial class cohesiveness will be fractioned into clusters of metnuadifields that interact with
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Figure 2.3: When Pulled Up Method can introduce a behavioral change.

each other closely. Component designers choose to “purify” the cldtdass by moving responsibility
to other classes, usually though object composition or inheritance. In délebst r act Fi gur e was
split. It no longer keeps track of the attributes of a figure. The bookkgey attributes happens now in
a subclass calledt t ri but eFi gur e. Clients who were calling or implementing attributes-related API

methods no longer compile.

2.4.2 Behavioral Modifications

We saw that structural transformations preserve the behavior of theormmipbut might cause applications
to fail to compile. In contrast, behavioral modifications in the component migides the application to
compile fine with the new version. However, the application will not behaveahee since the new version

makes different assumptions.

New Method Contract. A contract is an agreement between the method provider and its clients$1ey0
The precondition is what the method assumes to be true before executiostedpdition is what a method
guarantees to be true after the method body has executed successtgiyning that the precondition
holds).

Des Rivieres [Riv] shows the effect of strengthening or weakenmeggnditions and postconditions
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| What changes| How [ Callers | Implementors |

Precondition | weaken | compatible broken
Precondition | strengthen broken compatible
Postcondition | weaken broken compatible
Postcondition | strengthen compatible broken

Table 2.3: Effects of Changing Method Contract on Callers and Implensentor

on clients of a method as seen in Table 2.3. The first column identifies whatfghe contract changes.
The second column gives the direction of change: strengthening orewakthe contract. The next two
columns show whether the change is backwards compatible or it breakiagrigethod clients.

Consider the following method offered by the Collection interface:

[+«+ @param coll a noanull Collection x/

public boolean addAll(Collection coll);

Component designers consider weakening the precondition so thatéeigtable to pass a null object.
The callers of this method are not affected. However, an implementor likertbédbelow will throw a
Nul | Poi nt er Excepti on when it sendsi ze() message to a null object:
public boolean addAll(Collection coll)

/lan implementation

int size= coll.size ();

If the precondition was strengthened (e.g., the collection passed asuemesrigshould contain at least
one element), some existing callers of the method might not fulfill the requireteistsausing some faulty

behavior. The existing implementors are not affected since they assuraeddasvhat is offered now.

Implement New Interface. Developers of the component replace the interface implemented by a class
with a different interface (with different contracts). Or they add a netgrface to the ones a class al-
ready implements. In Struts, the latest version of claasisel Val ueBean implements a new interface,
namelyConpar abl e. The class now overrides methocdsnpar eTo( Chj ect ), equal s( Qbj ect)
andhashCode() . Older applications that compared instances of this class using the defaldtrienp

tation inherited from superclagbj ect might have different behavior now that the class provides its own
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equality checks.

Changed Events Order. Similar to orchestra conductors, frameworks control the code contritinyted
applications. Usually the applications just respond when the conducts tiiem the signal to participate.
When the application make assumptions about the order in which the evegesn@mted it is vulnerable
to any change in the sequence of events. For instance in Eclipse 3.@Giosetédtems in tables and trees
generates the event sequence MouseDown-Selection-MouselWrslarv2.1 the event order was different
under some platforms with Selection event being generated first, i.e. therseg8election-MouseDown-

MouseUp.

New Enumeration Constant. This change affects clients that rely on the set of all possible fields in an
enumeration. In Eclipse 2.1, IStatus is an enumeration with four constantsiNBK, WARNING and
ERROR. Some clients used a switch case statement to check all the valuesnofna@ration. They treated
the ERROR case in th@efaultbranch of the switch statement. Eclipse 3.0 adds a new constant, namely
CANCEL. When CANCEL is passed around, these old clients processetieconstant in theidefault

branch thus accidentally overlapping with the ERROR case.

Miscellaneous. Besides API changes there are other types of changes that may caysenent-based
applications to malfunction. Some of these changes might be: deploymergeshatiassloader order
changed, changes to build scripts and other configuration files, datatfand interpretation. We noticed
changes in the XML configuration and metadata files in all four studied framkesw However, because

these changes do not affect the APIs per say, they are beyondibe aicthis study.

2.4.3 Summary of Findings

Table 2.4 is a summary of Table 2.2. The first column lists the components wedstdgdieve did in Table
2.2, Eclipse* and Struts* denote recommended changes, that is chaagedltbecome breaking changes
in the next release. The second column gives the total number of breaRinghanges (both structural and
behavioral). The last column shows how many of the breaking API clsaangerefactorings.

Our findings suggest that most API breaking changes are small salchanges. This makes sense

because large scale changes lead to clients abandoning the componeatcorgponent to stay alive, it
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| Component | # Breaking Changes| % Refactorings |

Eclipse 51 84%
Eclipse* 99 87%
e-Mortgage 11 81%
Struts 136 90%
Struts* 77 100%
Log4J 38 97%
JHotDraw 58 94%

Table 2.4: Ratio of refactorings to all breaking API changes. Eclipse*2tnuts* denote recommended
changes (e.g., API changes that will be enforced in future versionsualthfor the current version client
applications are insulated through the deprecation mechanism).

Struts | Log4J
Refactorings 123 37
All Other API Changes 325 920
Ratio of Refactorings to other APl changes | 27.4% | 3.8%
Impact of Refactorings upon backwards compatibility90% | 97%

Table 2.5: For Struts and JHotDraw, refactorings represent a réyatinell percentage (see third row)
of all API changes (including addition of new APIs). However, refdaogs make up the majority of API
changes that are not backwards compatible (see fourth row).

should change through a series of rather small steps, mostly refactorings

For Struts and log4j we analyzed what percentage of all API chamggading addition of new APIs)
are represented by refactorings (see Table 2.5).

We used Van [GDLO04] to learn the number of addition and deletion of APselmand methods. The
second row sums the APl methods that were added or deleted from cthasexist in both versions,
the number of API classes that were added or deleted in between the tsiongerand the number of
breaking APl changes that are not refactorings. Row ‘Percenfagefactorings’ depicts how many of all
API changes (including non-breaking changes like addition of new )A&tks refactorings. Row ‘Impact
of Refactorings’ depicts how many of all changes that break existinpess are refactorings. Table 2.5
shows that even though refactorings are a small percentage of allh@Rges (including addition of new
APIs), they have a large impact upon backwards compatibility. Theraipgrading tools should focus on

these types of changes.

34



2.5 Summary

API changes have an impact on applications. One might argue that contpEvelopers should maintain
old versions of the component so that applications built on those versionisige to run. However, this
results in version proliferation and high maintenance costs for the prodlrcgractice, it is application
developers who adapt to the changes in the component.

We looked at one proprietary framework, three Open-Source frankevemd one Open-Source library
and studied what changed between two major releases. Then we arthlygedhanges in detail and found
out that in the five case studies, respectively 84%, 81%, 90%, 97%Q4¥mdf the API-breaking changes
are structural, behavior-preserving transformations (refactorings)

There are several implications of our findings. First, they confirm tHattering plays an important
role in the evolution of components. Second, they offer a ranking oft@fags based on how often they
were used in the five systems. Refactoring vendors should prioritize mosufpe most frequently used
refactorings. Third, they suggest that component producers sdoalgment the changes in each product
release in terms of refactorings. Because refactorings carry richnsiesébesides the syntax of changes)
they can serve as explicit documentation for both manual and automatextiepgFourth, upgrading tools

should focus on support to integrate into applications those refactorarffgimed in the component.
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Chapter 3

Refactoring-aware Upgrading Tools

Chapter 2 showed that most of the API-breaking changes in five widsdg-components were caused by
refactorings. If all the breaking changes were refactorings, it wolalarly make sense to use a refactoring
tool to incorporate these changes in the applications. However, if toold tandle even 80% of the
changes, they would reduce the burden of manual upgrades. Applicatielopers would have to carry out
only a small fraction (less than 20%) of the changes. These are chidlwagesquire human expertise.

This chapter describes common terminology used in the remaining chapteese\Assuming that the
reader is familiar with the object-oriented terminology (e.g., method, method sighatathod overriding,
class, class inheritance). First, the chapter presents refactoringsgaam transformations. Then it gives
a gentle introduction to refactoring engines. It also describes the reggrite for an upgrading tool based
on refactorings. A practical solution should not alter the developmemepsoof components, and should
be safe and automated for application developers. We conclude the rchgpteesenting a technique,

record-and-replay of refactorings, and an extension to the refagtengine to use this technique.

3.1 Background on Refactorings as Program Transformations

Any change to programs can be regarded as a function from progrgmnsgmams, more precisely, a pro-

gram transformatiofi’ : Program — Program.

Definition 1 (Program operations) Program transformations are composed of primitive program trans-
formations, which we call program operations, denoted witfhere are two types of program operations:
those that change the semantics of the program, and those that do nmféMm refactorings as a subset

of operations that preserve semantics of a program, while edits cheergantics (see Figure 3.1).

Operations usually have preconditions: adding a method to a class reiairése class exists and does

not already define another method with the same name and signature, whidggnghtlne name of a method
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Edits

preserve
semantics

change
semantics

Refactorings

Figure 3.1: Refactorings are operations that preserve semanticsagrar, while edits change semantics.

requires that the new name is not in use. Adding a new call site is an edietidtes the method to be
defined.
Applying an operation inappropriately to a programresults in an invalid program, represented by

For any operationr, 7(L) = L.

P’ if preconditions ofr hold
T(P) =

L if preconditions ofr do not hold
A program transformation is a sequence of operations. The compositiwoaiperations is denoted
by “; ”:
715 72(P) = 12(71(P))
Note that the composition operatar’ also models the precedeneg: » means first apply; and then

apply » on the result.

Definition 2 (Operations commutativity) Two operationsommute on a prograr® iff applying them in
either order produces the same valid progradi:

T2;11(P) =T11;72(P)=P'ANP" #£ 1

Definition 3 (Operations conflict) Two operationsonflict with each other on a progran® iff applying

them in either order produces an invalid program; 7 (P) = L A1 12(P) = L

For example, adding two methods with the same name and signature in the sanresu#ssin an
invalid program.
When two operations do not commute on a program P, we say that thereordenmng dependence

between them. We denote this ordering dependence witk theymbol.
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Definition 4 (Operations dependence)r, depend®n 1, on a programP (r; <p 1) iff o and; do not
commute:

1 <p 2 iff T1;79(P) # L A (113 72(P) # 725 71(P))

For example, consider a program that initially defines three overriding methiodhe same inheritance
class hierarchy. A developer adds a fourth methdd a class belonging to the hierarchy, intending to
override the othemmethods. Another developer intends to rename all overriding methdas. 7 =
AddMethod(m,C) andry = RenamelMethod(m — n). If RenameMethod is executed before adding the
newm the final program contains three methedand one methoch However, this contradicts the intent
of having all four methods overriding each other. On the other handdihgdnethodmis applied before
the renaming, the final program contains four methodall in an overriding relationship. Although both
orders produce valid programs, it is the latter that preserves the intgiseamantics of the developers, thus
T1 =P T2.

The < p dependence istrict partial order, that is, it is irreflexive, asymmetric, and transitive.

Let us now revisit the definition of a refactoring operation from OpdyBed92].

Definition 5 (Refactoring with Pre-conditions) A refactoring operatiois a behavior-preserving program
transformation with a precondition that the program must satisfy before timsfioamation can be applied.
More formally, a refactoring is a paiR = (pre,T'), wherepre is the precondition that the program must

satisfy, andl" is a program transformation.

Roberts [Rob99] uses first-order predicate logic (FOPL) to specédggrditions. We follow his nota-
tion. Along with the existential quantifiers, we also use several predicaésplerate on programs. Since
most of these predicates are trivial to express, we do not expandfihiidee of a predicate unless it is not
clear from its name what it denotes. In addition, since preconditionsigated and quantifiers are evaluated
on concrete programs, we denote as a subsgripe program on which the evaluation takes place.

For example, the precondition for a simple refactoring such as deletingsfe@m a progranP is
that classC exists and is not referenced:

pre(DeleteClassp(C)) = C € P A —isReferencedp(C)

If these preconditions are met for a particular progRyrthen DeleteClass refactoring does not change

the semantics df. However, if the preconditions are not met, applying the transformationuldvesult in
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an invalid program.

Although a refactoring might preserve the behavior of a single compoitenight not preserve the
behavior in the context of the component plus application.

Consider a larger progran®, , that contains a compone@bnp and an applicatiompp. We use the
notation of Batory [Bat07] to represent:

P =Conp + App

where thet operator represents the set urliar all classes in progran@np andApp, assuming that
there are no name conflicts among the class€siip andApp.

When computing predicates for this larger progr&m,we need to create the disjunction of the predi-
cates for the programs containedAn. For example, the predicateRe ferenced becomes:

isRe ferencedcomp+app(C) = isRe ferencedcomp(C) V isRe ferenced ap,(C)

Checking the preconditions of the DeleteClass refactoring for a larggraom that contains both com-
ponentConp and applicatiorpp and applying DeMorgan’s law results in:

pre(DeleteClasscomp+app(C)) = C € (Comp + App) A —isRe ferencedcomp+app(C)
= (C € CompV C € App) A ~(isReferencedcomp(C) V isReferencedap,(C))

= (C € CompV C € App) A (misReferencedcomp(C) A —isRe ferenced ap,(C))

This precondition is not satisfied in an application that has a referencesC:lelad the component
designers known about such an application, they would not have deleiesC. In the absence of such
information, the deletion of clagsis a refactoring from the point of view of the component (i.e., its pre-
conditions hold for prograr@onp), though it is not a refactoring from the point of view of the application
(i.e., its preconditions do not hold for progratanmp + App).

Another scenario is when a refactoring’s preconditions are met forthetcomponent and the appli-
cation, but the program transformation carried by the refactoring is abplighe incomplete code base of
component without application. Consider a refactoring that renames métRod in the componeniy;
to msy. Because of lack of access to application source code, the transfanfiatig... carried by this

refactoring changes only the source code of the compogent, into Conp’ . When putting together the

lconceptually, a program is the set of all class declarations
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refactored version of the compone@bnp’ , and the older version of the applicatigpp, this results in an
invalid program if the application has at least one call site to method

Compilation errors are easy to catch. However, due to heavy use of pgdisiam and method overrid-
ing in OO programs, the application might compile fine, but behave differentiyrdime. As we saw in
Section 2.4, a refactoring performed on an incomplete code base mightliio¢redcidental method over-
riding or method capture. Such a change inadvertently affects the bel&vtie application. The toolset
that we develop ensures that the upgrading does not produce conpiig @ralso protects against inad-
vertent changes of behavior. Because refactorings are curreatbntis transformations with well defined
semantics that can be easily checked by tools, we can only offer sucdngeres with respect to refactoring

operations.

3.2 Background on Refactoring Engines

A refactoring engine is a tool that automates the application of refactoriAggeveloper chooses a re-
factoring and the engine automatically checks the preconditions. If theyet;ethe engine performs the
transformation, otherwise it warns the user that the transformation migttipecan invalid program or a
program whose semantics are changed. Refactoring engines ateshgar of modern IDEs and program-
mers rely on them to change large programs.

We illustrate a few concepts using the popular Java refactoring enginelips&¢Ecla]. The same
concepts appear (with minor differences) in NetBeans [Net], anothaul@oopen-source IDE for Java
released by SUN, and JavaRefactor [Jav], the first open-scefaxtoring engine for Java (we implemented
and released this engine in 2001). The similarity between all these engines g the desire to imitate a
very successful Smalltalk predecessor, the RefactoringBrowseahwias the first refactoring engine, and
whose theory was grounded in Opdyke’s work [Opd92].

A developer chooses a program element to refactor and a specifitoririg; from there on the refactor-
ing engine does most of the remaining work. Figure 3.2 shows the intedacerfaming a method using
the refactoring engine in Eclipse [Ecla]. The user has the option to pretiewrogram transformations
that the refactoring engine would apply (see Figure 3.3).

The life cycle of a refactoring in Eclipse is as follows:
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public class L |
B £:

rvoid wi=SSEl=hl (int arg)
System.oud.println
i

i
& Hename Method

{
[("This method will be rensgeed™):;

Mew name: | rethod1Renamed

Update references

Mark, as deprecated

[Clkeep original methad as delegate to renamed method
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|
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Figure 3.2: Renaming a met

hod using the refactoring engine in Eclipse.

£ Rename Method 1B

Changes to be performed

=] & method1{int)
@ Update method reference
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Criginal Source

package p;

public class 4 {
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Refactored Source
package p;
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void wethodl (int arg) {
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i
}

meth System.out.println("This me
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}

Figure 3.3: Previewing the changes before applying a refactoring indeclip
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1. The engine creates the refactoring object. A refactoring objectifigde each type of refactoring. A
refactoring object is an example of the Command [GHJV95] design pattemitith engine delegates

the precondition checks and the code transformation to the refactoringt.obje
2. The engine initializes the refactoring object with the program element tefaetored.

3. The engine callgheckl ni ti al Condi ti ons on the refactoring object. This method efficiently
checks for simple things that might prevent the refactoring from suacgéaler (e.g., the source
code is unavailable or is read-only protected). Assuming that this stepautedine, the refactoring

advances to the next step.

4. The engine asks the user to provide additional arguments to perforrefttetoring (e.g., the new

name of an element in the case of a rename refactoring).

5. The engine callsheckFi nal Condi ti ons on the refactoring object. This is the most computation-
ally intensive step. The refactoring object checks the preconditionsaféeatoring, usually invoking
several kinds of program analyses (e.g., data-flow analysis in c&sérattMethod refactoring, type-
constraints analysis [Tip07] in case of refactorings like Replace Type\WgkibstGeneralSupertype).
If the preconditions are not met, the engine warns the user. The usdecie to cancel the refactor-
ing or may ignore the warnings and proceed (at her own risk) to the lastAteser should not ignore
the warnings, although very rarely, due to the conservative nature aitdtic analyses, it might be

safe to ignore the warnings.

6. The engine callsr eat eChange method on the refactoring object. This is where the program trans-
formation takes place. There are two different ways to implement the tramsfion: either make
changes in the AST nodes and then pretty-print all AST nodes, or makeyeh in the AST nodes,
compute the textual edits for each AST change, and apply the textual edits édlitor. The latter
option is the preferred one since it preserves the original formatting siilnee code, along with the

comments, information that could otherwise get lost during the pretty-printing.

An important and useful feature in most refactoring engines is undo. usbe can undo the trans-
formation carried out by the refactoring. To support the undo featnost refactoring engines represent

refactorings as Command objects (see Command design pattern in [GHJVOEpmmand object has,
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among others, two methods for undoing and redoing a certain action. laskeof refactoring command
objects, the refactoring object needs to store enough information foethetoring engine to undo/redo
a refactoring. To expedite the execution of undo/redo, the refactorigmnes stores the position in the
file buffer and the edits caused by a refactoring during the last stegté€@kange). Thus, when undoing
a refactoring, the engine efficiently does a textual replacement, rathrerébamputing the preconditions

(which is a potentially long-running operation).

3.3 Refactoring-aware Upgrading Theory

Upgrading can be regarded as another kind of program transform(dmoted later with a functiop).
Before defining this transformation, we need to define three other fusatiorprograms. We consider a
program to be a set of program element declarations and use the satierfsithat Batory [BatO7] uses in

the architectural metaprogramming literature:

e (X +Y)isthe setunion of programs andY. “+ 7 is commutative, associative and has the empty

program as the identity element.

e (X —Y) is the set difference of set¥ andY (i.e., remove all term%” from X). “ — " is not

commutative, but is left associative.

e R(X) which applies the transformation in refactoridgto program.X, assuming that refactoring
preconditions hold. If the refactoring preconditions hold for both the old the new programs,
applying the program transformation distributes oVver ” (i.e., R(X +Y) = R(X) + R(Y)) and
over“—"(i.e,R(X —Y)=R(X)—R(Y)).

As we saw in Section 3.1, refactorings can be composed. The compositieiactorings is denoted by

;" operator. For simplicity, we replace all individual refactorings with th@mposition, labeled.

Initially, the progranP is made up of the old version of the component and application:

(3.1 P = Compy, + App
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The new version of the component contains refactorings, denotét] Bpd other edits (e.g., bug fixes,

performance improvements, new features), denoted by funétion

(3.2) Compy, = R(Compy,) + E(Compy,)

The upgraded progran®’, is made up of the new version of the component and the refactoredrversio

of the application:

(38.3) P'=Compy, + R(App)

(3.4) = R(Compy, ) + E(Compy, ) + R(App) [substitution using equation 3.2]
Our solution to upgrade an applicatiotpp from versionV; of the componenComp to versionV,
using refactoring technology can be summarized in these steps:

1. Recover the refactorings that changed component vel§io@'ompy, , into component versioa,

Compy,. Let these refactorings be denotgd
2. Reapply refactoring® on a larger progran®’ that containg'ompy, and App

3. Remove the refactored component frégtmand replace it with the new version of the component,
Compy,. This way, the application can benefit from other changes (e.g., bug fpexformance

improvements) irCompy, which are not refactorings.

Given the above notations and our upgrading process, we now dedinggitading transformatiogm.
The upgrading function takes program P and transforms itAtito

u(P) =P’

Definition 6 (Upgrading Function) The function for upgrading a prograt from Compy, to Compy,,

with respect to a sequendeof refactorings is:u(X) = R(X) — R(Compy; ) + Compy,
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Applying this function to the program? consisting ofC'ompy, and App results in:

w(P) = p(Compy, + App) [substitution 3.1]
= R(Compv, + App) — R(Compv, ) + Compyv, [substitution using Definition 6]
= R(Compv,) + R(App) — R(Compv, ) + Compv, [using distributivity of refactorings]

= R(Compv,) + R(App) — R(Compv,) + R(Compv,) + E(Compy,)  [substitution 3.2]
= R(Compv,) + R(App) + E(Compv,)

=P [substitution 3.3]

There are two observations to be made regarding the upgrade functigty.ittassumes that most of
the changes between two versions of a component are caused kpniafg As we saw in Chapter 2,
more than 80% of API-breaking changes in five real-world case studies @aused by refactorings. With
respect to these changes, the upgrading function guarantees thpgthdeiwill not change the semantics
of the upgraded application. However, because the téompy, preserves the edits, these might change
the semantics of the application.

Second, using the distributivity of refactorings over deletion, we caonaedhe upgrading function,

u(X), to the following form:

(3.5) u(X) = R(X — Compy, ) + Compy,

Although the forms represented in equation 3.5 and definition 6 are equivadpiation 3.5 seems to be
more efficient, but it is not practical. Equation 3.5 upgrades a prodfany first removing the component
Compy,, refactoring the remainder, and then adding compog@entpy,. This seems to require less work
than definition 6, since a tool has to refactor a smaller progrt&m; Compy,. However, as we saw
in the introduction to the refactoring engines, they all require that refagtabjects are initialized with
the declaration of the program elements. Removing compafientpy, before applying the refactorings
would remove also the declarations of the program elements to be refadtarednaking it impossible for

the refactoring engine to perform the transformation on the remainder pfaolgeam.
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3.4 Practical Requirements for Refactoring-aware Upgrading Tools

To be practical, an upgrading tool based on refactorings needs to/ghtisfieeds of both application and

component developers.

1. Component developers are reluctant to learn new annotation larsgoraggte annotations/specifica-
tions whose sole purpose is to be used by upgrading tools. Informaligerwith the developers of
the Eclipse framework reveal that component developers are not likelyiti® annotations extrane-
ous to the regular component development. Therefore, upgrading ®edsta automatically gather

information about the component refactorings.

2. Application developers want an automated and safe (behaviomrpregevay to upgrade component-
based applications to use the newer versions of components. Sinceniefgeare program trans-
formations with well-defined semantics, an upgrading tool ought to take iotiatthese semantics
when integrating component refactorings into applications. In addition,dgeading needs to pre-
serve the edits in the component, since these edits might contain performameeements and bug
fixes. Eliminating component edits altogether would create a version of theormnpthat contains

only the structural changes, and therefore has no upgrading inedaotigpplication developers.

First, with respect to meeting component developers’ requirement, thadipgrtool needs to gather the
refactorings that happened between two versions of a componenvénoead for component producers).
Refactorings can be recorded right at the moment when they werermpedoon the component. This
requires that the refactoring engine to automatically log each performsctaahg. Most refactoring tools,
including Eclipse, represent refactorings as Command objects, buttdoenessarily record all needed
information to make these refactorings persistent. Thus, they will need todrged to create a persistent
log of refactorings. Alternatively, refactorings can be inferred autarally at a later time. This has the
advantage that refactorings performed manually are inferred as vaeithaluded in the log of refactorings.
Component developers distribute this log of refactorings along with the elease of the component.

Second, at the application’s site, the upgrading tool needs to load tlesespation of the refactorings
into live refactoring objects. If refactorings are already objects, themitght be as simple as reconstructing

the object that had previously been stored.
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Third, the upgrading tool incorporates the refactorings into applicati@rse possible solution is to
replay the log of refactorings over the source code of the older veo$itie component and the application.
Now the refactoring engine has access to the source code of the appliestiell, therefore all references
to the refactored elements are correctly updated. During this step, theeemtd to handle those cases when
a refactoring cannot be replayed in the new context. For example, abtingonent site it was possible to
rename an API method, but at the application site this renaming results in a tbhafiamse the application

already defines a method having the new name.

3.5 Record and Replay

Next, we present a small extension to the refactoring engine that allowsitdod-and-replay refactorings.
Essentially, the refactoring engine can be viewed as a master “proteRsisrprocessor can be extended to
invoke several slave “participants” during the refactoring procese. $dich participant can log information
about a refactoring object once it is initialized.

To be able to replay the refactoring later, the recording participant neest®re information such
as: what kind of refactoring is created, what is the program elementhichvit operates (the element
is identified by its fully qualified name), what other parameters have beefdpbby the user through
the Ul (e.g., the new name in case of a rename refactoring or the defaut @aln argument in case
of refactoring that changes a method signature by adding an argumeut)of @is information, when
replaying the refactoring, the extension needs to reconstitute a refactdnjiect and execute it. Execution
entails invoking the precondition checking method (e.g., step 5 described)iargizhen the method that
carries the transformation (e.g., step 6 described in 3.2).

We describe such an extension using Eclipse’s refactoring engine.oNdbarated to add this exten-
sion in the official release of Eclipse. In Eclipse, clients which contributeetactoring history and re-
factoring scripting support need to register a subclas®béct ori ngCont ri but i on with the extension
pointorg. ecli pse.ltk.core.refactoring.refactoringContributions. Refactoring contribu-
tions are stateless objects. They are instantiated on demand by the refpfreoriework during the record

or replay phase.
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3.5.1 Recording Refactorings

Refactorings for which a refactoring contribution has been registetedraRef act ori ngDescr i pt or
when their transformations are applied (step 6 described in subsectio Bidescriptor contains all the
information required to replay the same refactoring later. It contains methodsrialization/deserializa-
tion into/from XML formats.

After a refactoring has been executed, the refactoring framewordsstioe returned refactoring descrip-
tor into its global refactoring history. When creating the log of refactoritigs component developer can
select which refactorings to distribute. For example, there might be refagsahat are local: they affect
only private program elements in the component, but can not affect apipdications.

Figure 3.4 shows the Ul for creating such a log of all recorded refiagt®r This log is saved in an XML

format and can be distributed to clients along with the new version of the canpon

& Refactoring

Create Script

Create a refactaring script from the refackaring history,

select refackorings ko save in script: |t1! EE‘\
T B AP weekzs 3
= [Z] &P Jun 29, 2007
¢ [¥] @ g:55 PM Delete element
. [ @ 4:02 PM Rename local variable ‘oldClientProject’
Lok L8 .50 PM Change method 'runComponentPaintsToFromGraph’
o (@ 3:43 PM Change method 'runComponentPaintsToFromGraph’
=8P Jun 28, 2007
- [] @ 4:03 PM Extract method 'swapProjectDependencies'
o [T] @ 3:19 PM Extract method ‘processAllProjects’

Details! 4 of 59 selected

Change method 'public skatic void com.ibm.wala, examples . drivers. JGraphPointsTo, runCompon
- Criginal project: 'edu,uiuc, compatibility!
- Removed parameters;

boalean displayEraph

Select all Deselect &l
Scripk Location
(%) Clipboard
O Flle:

Figure 3.4: Creating a refactoring log script from the refactoringsroszbin a project.
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3.5.2 Replaying Refactorings

At the application site, the application developers load the file containing thetoeihg logs and the re-
factoring engine replays it on the old version of the component and apiplic&ince both the component
and application reside on the same code base, the refactoring enginarieantlg update all the references
to the refactored component elements.

When a refactoring script is executed, the refactoring frameworkrétsieves the corresponding re-
factoring contribution for each kind of refactoring. TiRsf act ori ngContri buti on object knows how
to deserialize refactoring descriptors stored in the log file. Next, thetogfiag descriptor is used to dynam-
ically construct the corresponding refactoring object and to initialize tfaet@ing object. The returned
refactoring object is completely initialized and ready to be executed.

Figure 3.5 shows the Ul for loading and executing a refactoring log file.

& Refactoring FIEmE
Apply Script \{/.
Replay refactorings Fram a refactoring script, A |
Refackorings ko replay: Ef | E’T:
= # Refactorings
BN -hange method runComponentPointsToFromGrapht
‘@ Change method runComponentPointsToFromGraph'
@] Rename local variable 'oldClientProject’
] Delete element
Ditails:
Change method 'public static void com.ibm.wala.examples.drivers. JGraphPainksTa,runCe
- Criginal project: 'edu. uiuc. compatibility!
- Added parameters:
bonlean displayGraph
'Z?_Il [ < Back ][ Mext = ] [ Finish ] [ Cancel ]

Figure 3.5: Applying a recorded refactoring script.

3.5.3 Limitations of Record-and-Replay

Although elegant and simple from an engineering point of view, the reanddreplay approach has three

main limitations. This research addresses all these limitations.

1. First, replaying refactorings requires a log of refactorings. Hewekiere is no log of recorded refac-
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torings for the existing or legacy versions of the components. Also soraetogings are performed
manually. To take full advantage of replay, it is crucial that refactoraagsbe automatically inferred.

Chapter 4 presents our algorithm and tool for inferring refactorings.

2. Second, refactorings that are valid in the context of the component ivggimvalid in the context
of component plus application. In addition, both component and applicat@wesnot only through
refactoring but also through edits. Refactorings and edits from conmp@mal application could
interfere with each other, thus making impractical a naive replay of refagg Chapter 5 presents

our solution to this problem: a refactoring-aware software merging algorithm.

3. Third, the source code of the application might not be available, ocausecf legal reasons, can not
be changed in response to component refactorings. Chapter 6tgresesolution for automatically
generating a refactoring-aware compatibility layer that enables old applisatiaun along with the

newer version of the component, without changing the applications.

3.6 Summary

This chapter introduces refactorings as program transformations amnge# a gentle introduction to re-
factoring engines. Then it presents our upgrading theory: compoef@atorings are replayed over the old
version of the component and application, then the refactored verstbe obmponent is replaced with the
last version of the component. This replacement preserves the edits irstiversion of the component,
while the replay incorporates the refactorings into the application. We mirése practical requirements
for a refactoring-aware upgrading tool and introduce a solutionydeand-replay that meets these require-
ments. We conclude by presenting the limitations of the record-and-repiidyrefly describe what are the

other parts of our toolset that address these limitations.
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Chapter 4

Automated Detection of Refactorings

4.1 Introduction

One approach to automate the update of applications when their componange dh to extend the re-
factoring engine to record refactorings on the component and thenl&y tbem on the applications, as we
saw in Section 3.5. While replay of refactorings shows great promisdigis i the existence of refactoring
logs. However, logs are not available for legacy versions of compenAfso, logs will not be available for
all future versions; some developers will not use refactoring engiitbsracording, and some developers
will perform refactorings manually. To exploit the full potential of upgrafby replaying refactorings, it
is therefore important to be able to automatically detect the refactorings useektie a new version of a
component.

We propose a novel algorithm that detects a likely sequence of refagsdsgtween two versions of a
component. Previous algorithms [APM04, DDN0O, GWO05, GZ05, RDO8liaeed closed-world develop-
ment, where codebases are used only in-house and refactoringsirstamtly (e.g., one entity dies in a
version and a new refactored entity starts from the next version). towi open-world development,
components are reused outside the organization, therefore changes luappen overnight but follow a
long deprecate-replace-remove lifecycle. Obsolete entities will coexisttingih newer counterparts until
they are no longer supported. Also, multiple refactorings can happen gathe entity or related entities.
This lifecycle makes it hard to accurately detect refactorings. Our algonitbrks well for both closed-
and open-world paradigms.

We want our algorithm to help the developer infer a log of refactoringsdplay. To be practical, the
algorithm needs to detect refactorings with a high accuracy. On one Hdhe algorithm adds to a log a
change that is not actually a refactoring (false positive), the develgiiereed to remove it from the log

or the replay could potentially introduce bugs. On the other hand, if theitigodoes not add to a log an
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actual refactoring (false negative), the developer will need to manuatlyitfand add it to the log.

In addition to detecting refactorings with high accuracy, our algorithm s\é@dcale up and analyze
real world components containing hundreds of thousands of lines &. c8¢ntactic analyses scale up
but are unreliable, while semantic analyses are more precise but areTelavercome these challenges,
our algorithm combines a fast syntactic analysis to detect refactoringdedesl and a precise semantic
analysis to refine the results. Our syntactic analysis is based on Shinglediren[Bro97], a technique
from Information Retrieval. Shingles are a fast technique to find similanfeads in text files; our algorithm
applies shingles to source files. Most refactorings involve repartitiorfitigecsource files, which results in
similar fragments of source text between different versions of a cormpo®err semantic analysis is based
on thereference graphshat represent references among source-level entities, e.g., callg anednods.
This analysis considers the semantic relationship between candidate entitietetmide whether they
represent a refactoring.

We have implemented our algorithm as an Eclipse plugin, called RefactorimtgCr&efactoringCrawler
detects refactorings in Java components, although the ideas in the algaaittoe applied to other program-
ming languages. RefactoringCrawler currently detects seven typefofaméngs, focusing on refactorings
that we found to be the most commonly applied in several components [Dd@5Shave evaluated Refac-
toringCrawler on three components ranging in size from 17 KLOC to 352 ®LThe results show that
RefactoringCrawler scales to real-world components, and its accurdeydnting refactorings is over 85%.

RefactoringCrawler and our evaluation results are available on the wfRefle

4.2 Example

We next illustrate some refactorings that our algorithm detects between tgiong of a component. We
use an example from the EclipseUl component of the Eclipse developméiurpla We consider two

versions of EclipseUl, from Eclipse versions 2.1.3 and 3.0. Each oéthesions of EclipseUl has over
1,000 classes and 10,000 methods in the public API (of non-internal geskaOur algorithm first uses
a fast syntactic analysis to find similar methods, classes, and package=ebhedtve two versions of the

component. (Section 4.4 presents the details of our syntactic analysis.clfmell, our algorithm finds

Thesereferenceslo not refer to pointers between objects but to references amonguteesmde entities in each version of
the component.
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EclipseUl 2.1.3 EclipseUl 3.0

AbstractTextEditor AbstractTextEditor

performRevertOperation performRevert()
(WMO, IPM)

Figure 4.1: An excerpt from Eclipse versions 2.1 and 3.0 showing tvaxrt@fings, rename method and
changed method signature, applied to the same method. The squaresreglessses, the ellipses methods,
and arrows are method calls. The method that changes signature algesmame from performRevert-
Operation to performRevert.

doRevertToSaved()

doRevertToSaved()

231,453 pairs of methods with similar bodies, 487 pairs of similar classes2qvair2 of similar packages.
(Section 4.8 presents more details of this case study.) These similar entitiesdigates for refactorings.
Our example focuses on two pairs of similar methods.

Figure 4.1 shows two pairs of similar methods from the two versions of the class
Abst ract Text Edi t or from Eclipse 2.1 and 3.0. The syntactic analysis finds that the method
doRevert ToSaved in version 2.1 is similar, although not identical, with methdaRevert ToSaved
in version 3.0, and the methaekr f or nRevert Oper at i on is similar to the methogher f or nRevert .

Our algorithm then uses a semantic analysis to detect the refactorings ttetperormed on these
pairs. As a result, our algorithm detects that the methexdf or nRevert Qper at i on was renamed to
per f or mOper at i on, and its signature changed from having two arguments in the version 2.1dp no
gument in the version 3.0. Our previous manual inspection [DJO5] of thpsedocumentation and code
indeed found that these two refactorings, renamed method and chantiextiraignature, were performed.

Our semantic analysis applies a series of detection strategies that find mdattelate pairs of similar
entities are indeed results of refactorings. The key information that tHegita consider is theferences
between the entities in each version. For methods, the referencespomads call edges. For our exam-
ple methods, bother f or TRever t Qper ati on andper f or ntRever t have only one call site in the entire
EclipseUl: they are both called exactly once frdoRevert ToSaved. Our analysis represents this infor-
mation with an edge, labeled with the number of calls, between these methods e$&atgnow the two
strategies for renamed methods and changed method signature proceeduimning example.

The RenameMethod strategy discards the paidaRevert ToSaved methods since they have the
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same name. It then investigates whetberf or nRevert is a renaming oper f or nRevert Oper at i on.
The strategy finds the calls to these two methods and realizes that they ark (dadlesame number
of times) from the correspondindoRevert ToSaved methods in both versions. Therefore, methods
per f or mRevert Qper ati on andper fornRevert (i) are both in classibt stract Text Edi t or, (ii)
have similar method bodies, (iii) have similar incoming call edges, but (iv)rdiffehe name. The strategy
concludes thaper f or rRevert is a renaming oper f or nRever t Oper ati on.

The ChangeMethodSignature strategy also considers pairs of similar reethlls strategy dis-
cards the pair ofloRever t ToSaved methods since they have the same signature. It then investigates
per f or mRevert Oper ati on andper f or nRevert methods, because they are now known represent the
same method. It is important to point out here that strategiege detected refactoringsalthough
per f or MRevert Oper ati on andper f or ntRevert seemingly have different names, the RenameMethod
strategy has already found that these two methods correspond. ThgetiMethodSignature strategy then
finds thatper f or rRevert Oper at i on andper f or nRevert (i) are in the same class, (ii) have similar
method bodies, (iii) “same” name, (iv) similar call edges, but (v) diffesigmatures. The strategy correctly

concludes that a changed method signature refactoring was apptiedftor nRevert .

4.3 Algorithm Overview

This section presents a high-level overview of our algorithm for detecfioefactorings. Figure 4.2 shows
the pseudo-code of the algorithm. The input are two versions of a compared the output is a log of
refactorings applied ool to producec2. The algorithm consists of two analyses: a fgttactic analysis
that finds candidates for refactorings and a pres&seaantic analysithat finds the actual refactorings.

Our syntactic analysis starts by parsing the source files of the two versidghe component into the
lightweightASTs, where the parsing stops at the declaration of the methods and fieldsses. For each
component, the parsing produces a graph (more precisely, a tree toavtabysis later adds more edges).
Each node of the graphs represents a source-level entity, namelkagpaa class, a method, or a field.
Each node stores a fully qualified name for the entity, and each method Isodgt@es the fully qualified
names of method arguments to distinguish overloaded methods. Nodesaaugedrhierarchically in the
tree, based on their fully qualified nhames: the npdeis a child of the node.

The heart of our syntactic analysis is the use of $tngles encodingp find similar pairs of enti-

54



Ref act ori ngs det ect Ref act ori ngs(Conponent cl, c2) {
/'l syntactic analysis
Graph gl = parseLightwei ght(cl);
G aph g2 = parselLi ghtwei ght (c2);
Shingles s1 annot at eG aphNodesW t hshi ngl es(gl) ;
Shingles s2 annot at eGr aphNodesW t hShi ngl es(g2) ;
Pairs pairs findSimlarEntities(sl, s2);
/1 semantic analysis
Ref actorings rlog = enptyRefactorings();
foreach (DetectionStrategy strategy) {
do {
Refactorings rlog’ = rlog. copy();
foreach (Pair<el, e2> frompairs relevant to strategy)
if (strategy.isLikelyRefactoring(el, e2, rlog))
rl og. add(<el, e2>, strategy);
} while (!'rlog .equals(rlog)); // fixed point
}

return rlog;

Figure 4.2: Pseudo-code of the conceptual algorithm for detectioriauftogings.

ties (methods, classes, and packages) in the two versions of the comp&mémgles are “fingerprints”
for strings with the following property: if a string changes slightly, then its gleis also change slightly.
Therefore, shingles enable detection of strings with similar fragments muah moloustly than the tradi-
tional string matching techniques that are sensitive to small perturbationgtikenings of local variables
or small edits. Section 4.4 presents the computation of shingles in detail.

The result of our syntactic analysis is a set of pairs of entities that have sshilegles encodings in
the two versions of the component. Each pair consists of an entity from sedirsion and an entity of
the same kind from the second version; there are separate sets for mattasdes, and packages. Pairs
indicate candidate refactorings.

Our semantic analysis detects from the candidate pairs those where tinel sstity is a likely re-
factoring of the first entity. The analysis applies seven strategies fartolgespecific refactorings, such as
RenameMethod or ChangeMethodSignature discussed in the motivationlexai®@ection 4.2. Section 4.5
presents the strategies in detail. The analysis applies each strategy unt# @lfipdssible refactorings of
its type. Each strategy considers all pairs of entitieses) of the appropriate type, e.g., RenameMethod
considers only pairs of methods. For each pair, the strategy computelkbtyws thate; was refactored
into eo; if the likelihood is above a user-specified threshold, the strategy adgsatheo the log of refac-

torings that the subsequent strategies can use during further andlatis.that each strategy takes into
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account already detected refactorings; sharing detected refact@mnngng strategies is a key for accurate
detection of refactorings when multiple types of refactorings applied to the satity (e.g., a method was
renamed and has a different signature) or related entities (e.g., a methodnaaned and also its class was
renamed). Our analysis cannot recover the list of refactorings in thex tiey were performed, but it finds

one paththat leads to the same result.

4.4 Syntactic Analysis

To identify possible candidates for refactorings, our algorithm firstrdetees pairs olkimilar methods,
classes, and packages. Our algorithm uses the Shingles encodifg[Braompute a fingerprint for each
method and determines two methods to be similar if and only if they have similar fingsrpgUnlike the
traditional hashing functions that map even the smallest change in the inpabtoetely different hash

value, the Shingles algorithm maps small changes in the input to small chartgedimgerprint encoding.

4.4.1 Computing Shingles for Methods

The Shingles algorithm takes as input a sequence of tokens and computdtiset of integers called
shingles. The tokens represent the method body or the Javadoc compretits method (as interface
methods and abstract methods have no body). The tokens do not incltidimame and signature because
refactorings affect these parts. The algorithm takes two parametelsndie of the sliding windowiV, and

the maximum size of the resulting multisét, Given a sequence of tokens, the algorithm uses the sliding
window to find all subsequences of lendgth, computes the shingle for each subsequence, and seledis the
minimum shingles for the resulting multiset. Instead of selecfirghingles which have minimum values,
the algorithm could use any other heuristic that deterministically seteetdues from a larger set. Our
implementation uses the Rabin’s hash function [Rab81] to compute the shingles.

If the method is short and has fewer th&shingles, then the multiset contains all shingles. This is the
case with many setters and getters and some constructors and other initializerparametef acts as
the upper bound for the space needed to represent shingles: avahgenfS makes calculations more
expensive, and a smaller value makes it harder to distinguish strings. Olementation sets the number
of shingles proportional to the length of the method body/comments.

Figure 4.3 shows the result of calculating the shingles for two method bodie$Wv= 2 andS = 10.
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void doRevertToSaved() {

IDocumentProvider p= getDocumentProvider(); Shingles: { -1942396283, -1672190785,
if (p == null) -12148775115, -56733233372, 208215292,
return; 1307570125, 1431157461,
performRevertOperation(createRevertOperation(), 190471951, 969607679'}
getProgressMonitor());

}

void doRevertToSaved() { Shingles: {-1942396283, 1672190785,
IDocumentProvider p= getDocumentProvider(); -1214877515, -5673233372, 208215292,
if (p ==null) 1307570125, 1431157461,@
return;
IperformRevert(); I

1

Figure 4.3: Shingles encoding for two versionsAbkt r act Text Edi t or . doRever t ToSaved between
Eclipse 2.1 and 3.0. Notice that small changes (gray boxes) in the inpgsspinduce small changes in
the Shingles encoding.

The differences in the bodies and the shingle values are in grey boxageRhat the small changes in
the tokens produce only small changes in the shingle representatioringnifie algorithm to find the

similarities between methods.

4.4.2 Computing Shingles for Classes and Packages

The shingles for methods are used to compute shingles for classes &aggmcThe shingles for a class
are the minimunS,,,s values of the union of the shingles of the methods in that class. Analogtiusly,
shingles for a package are the minimuiy, .4 values of the union of the shingles of the classes in that

package. This way, the algorithm efficiently computes shingles valuesvaiabaecalculations.

4.4.3 Finding Candidates

Our analysis uses the shingles to find candidates for refactorings.ceadidate is a pair of similar entities
from the two versions of the component. This analysis is an effective Weljnoinating a large number of
pairs of entities, so that the expensive operation of computing the reteggaphs is only done for a small
subset of all possible pairs. More specifically, it and M- be the multisets of shingles for two methods,
classes, or packages. Our analysis computes similarity between these twetswltist|A/; N M;| be
the cardinality of the intersection d@fl; and M. To compare similarity for different pairs, the algorithm
normalizeshe similarity to be between 0 and 1. More precisely, the algorithm computes thergindks

the averageof similarity from M7 to Ms and similarity fromMs to M; to address the cases whefy is
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similar to My but M5 is not similar toM; :

|]\/11ﬁ]\/[2‘ + |]L12ﬁ]\/11‘
| M| | M|

2

If this similarity value is above the user-specified threshold, the pair is desimmldr and passed to the

semantic analysis.

4.5 Semantic Analysis

We present the semantic analysis that our algorithm uses to detect riafgstdecall from Figure 4.2 that
the algorithm applies each detection strategy until it reaches a fixed pairthanall strategies share the
same log of detected refactoringd,og. This sharing is crucial for successful detection of refactorings
when multiple types of refactorings happened to the same entity (e.g., a metbagnweaned and has a
different signature) or related entities (e.g., a method was renamed anitkattaiss was renamed). We
first describe how the strategies use the shared log of refactoringtheWwelescribeeferenceshat several
strategies use to compute the likelihood of refactoring. We also define the miiltipliceferences and
the similarity that our algorithm computes between references. We finallgmeedetails of each strategy.
Due to the sharing of the log, our algorithm imposes an order on the typesastarings it detects first.

Specifically, the algorithm applies the strategies in the following order:
1. RenamePackage (RP)
2. RenameClass (RC)
3. RenameMethod (RM)
4. PullUpMethod (PUM)
5. PushDownMethod (PDM)
6. MoveMethod (MM)

7. ChangeMethodSignature (CMS)
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45.1 Shared Log

The strategies compare whether an entity in one graph correspondstiitaimeanother graplvith respect

to the already detected refactorings particular with renaming refactorings. Suppose that the refactorings
log r | og already contains several renamings that map fully qualified names frasiorned to versionc?2.
These renamings map package names to package names, class namesitmdassr method names to
method names. We define a renaming funciighat maps a fully qualified nanfeyn from c1 with respect

to the renamings inl og:

p(fagn,rlog) = if (definedrl og(fqn))thenrl og(fqgn)
elsep(pre(f gn),rl og) +"." + suf(f gn)

p(lI"?rIOg) = “"7

where suf and pre are functions that take a fully qualified name and riggusimple name quffiXy and
the entire name but the simple nanpeeffix), respectively. The functiop recursively checks whether a

renaming of some part of the fully qualified name is alreadyling.

45.2 References

The strategies compute the likelihood of refactoring basedeterencesamong the source-code entities

in each of the two versions of the component. In each graph that repsese&ersion of the component,
our algorithm (lazily) adds an edge from a nadeto a noden if the source entity represented hyhas a
reference to a source entity representechbyThe graph also contains the edges from the parse tree.) We

define references for each kind of nodes/entities in the following way:

e Thereis areference from a node/methe’do a node/methodh iff m’ callsm. Effectively, references

between methods correspond to the edges in call graphs.
e There is a reference from a nodéto a node/clas§’ iff:

— n’ is a method that has (i) an argument or return of tgper (ii) an instantiation of clas§’, or

(iii) a local variable of clasg’.
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— n’ is a class that (i) has a field whose typ&i®r (i) is a subclass of’.

e There is a reference from a nodéto a node/packageiff »’ is a class that imports some class from

the package.

There can be several references from one entity to another. Fopéxaone method can have several
calls to another method or one class can have several fields whose typatheraclass. Our algorithm
assigns to each edgenaultiplicity that is the number of references. For example, if a methbtas two
calls to a methodn, then the edge from the nodé that represents:’ to the node: that represents: has
multiplicity two. Conceptually, we consider that there is an edge between angddes, potentially with

multiplicity zero. We writew.(n’, n) for the multiplicity from the node:’ to the noden.

4.5.3 Similarity of References

Our algorithm uses a metric to determine the similarity of references to entities in eheetaions of the
component, with respect to a given log of refactorings. We writeg for a noden that belongs to a graph

g. Consider two nodes; € g1 andns € g2. We define the similarity of their incoming edges as follows.
We first define thelirected similaritybetween two nodes with respect to the refactorings. We then take the
overall similarity betweem; andns as the average of directed similarities betwagmndn, and between

ny andny. The average of directed similarities helps to compute a fair grade whéensimilar tons but

1o IS not similar ton;.

We define the directed similarity between two nodeandn’ as the overlap of multiplicities of their
correspondingncoming edges. More precisely, for each incoming edge from a npten, the directed
similarity finds a nodex, = p(n;,rl og) that corresponds te; (with respect to refactorings) and then
computes the overlap of multiplicities between the edges frigio » and fromn/ to »n’. The number of
overlapping incoming edges is divided by the total number of incoming edfes.formula for directed

similarity is:

) D, min(p(ng, n), p(p(ng, 1l og),n’))
d(n,n’,rlog) = S (i)

The overall similarity is the average of directed similarities:
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5(n17n27r| Og) +6(n27n1ar| ngl)
2

o(ny,ne,rlog) =

When computing the directed similarity betweenandn;, the algorithm needs to take into account
the inverse of renaming log, denoted blyog~—!. Namely, starting from a node; in g», the analysis
searches for a node in g; such that the renaming of;; (with respect ta'l og) is n;, or equivalently,
p(ni,r1og™") = n.

We describe informally an equivalent definition of directed similarity basetthewiew of graphs with
multiplicities as multigraphs that can have several edges between two sanse Tibdaet of edges between
two nodes can be viewed as a multiset, and finding the overlap corresppdimating the intersection of one
multiset of edges with the other multiset of edges (for nodes correspowitingespect to the refactorings).
In this view, similarity between edges in the graph is conceptually analogous trtlilarity of multisets

of shingles.

4.5.4 Detection Strategies

Next we describe all detection strategies for refactorings. Each streliegks appropriate pairs of entities
and has access to the grapiis(corresponding to the old version of the componeg@)(corresponding to
the newer version), and thé og of refactorings. (See the call taLi kel yRef act ori ng in Figure 4.2.)
Figure 4.4 shows the seven strategies currently implemented in RefactawmgCr For each pair, the
strategy first performs a fast syntactic check that determines whetheaithe relevant for the refactoring
and then performs a semantic check that determines the likelihood of theorafgc The semantic checks
compare the similarity of references to the user-specified threshold ¥alue

RenamePackage (RP), RenameClass (RC), and RenameMethod (RBYietrare similar. The first
syntactic check requires the entity frag@ not to be ing1; otherwise, the entity is not new. The second
check requires the two entities to have the same name prefix, modulo the resamihgg; otherwise, the
refactoring is a potential move but not a rename. The third check regb&ea®/o entities to have different
simple names.

PullUpMethod (PUM) and PushDownMethod (PDM) are the opposite df edtter. Figure 4.5 illus-
trates a PUM that pulls up the declaration of a method from a subclass intogbeeckss such that the

method can be reused by other subclasses. Figure 4.6 illustrates a POthas down the declaration
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| Refactoring | Syntactic Checks \ Semantic Checks

RP {1, p2) p2 €91 o(p1,p2,rlog) >T
p(pre(p1),rlog) = pre(p2)
suf(p1) # suf(pz)
RC(C1, C5) Cs € g1l o(C1,Cqrlog)>T
p(pre(Cy),r1 og) = pre(Ca)
suf(Cy) # suf(Cy)
RM(mq, ms) mo & gl o(my,ma,rlog) >T
p(pre(ma),rlog) = pre(ma)
suf(my) # suf(ms)

PUM(m1, m2) mo & gl o(my,mg,rlog) >T
p(pre(ma),rlog) # pre(ms) | p(pre(ma),rl og) descendant-of ptens)
suf(m;) = suf(ms)
PDM(m1, m2) mo & gl o(my,mg,rlog) >T
p(pre(ma),rlog) # pre(ms) | p(pre(ma),rl og) ancestor-of prens)
suf(m;) = suf(ms)

MM(mlvm2) ma ¢91 U(m17m27r| Og) ZT
p(pre(m),r 1 og) # pre(ms) | —~p(pre(ma),rl og) anc.-or-desc. pienz)
suf(m;) = suf(ms) references-properly-updated
CMS(mnyi, mo) | p(fan(mq),rl og) = fan(ms) o(my,mg,rlog) >T

signaturém;) # signaturéms)

Figure 4.4: Syntactic and semantic checks performed by different detecttoategies for
refactorings: RP=RenamePackage, RC=RenameClass, RM=RenamdMdtuM=PullUpMethod,
PDM=PushDownMethod, MM=MoveMethod, and CMS=ChangeMethau8ige.

of a method from a superclass into a subclass that uses the method beansthod is no longer reused

by other subclasses. In general, the PUM and PDM can be betweenlsgasses related by inheritance,
not just between the immediate subclass and superclass; therefore, iRIURDM check that the original
class is alescendantrespectively amncestoy of the target class. These inheritance checks are done on the
graphg2.

MoveMethod (MM) has the second syntactic check that requires thaetpeesses of the two methods
to be different. Without this check, MM would incorrectly classify all methotla renamed class as moved
methods. The second semantic check requires that the declaration ofabsemethods not be related by
inheritance; otherwise, the refactorings would be incorrectly classifiédM as opposed to a PUM/PDM.
The third check requires that all references to the target class be edritothe second version and that all
calls to methods from the initial class be replaced with sending a message tdesneénsf the initial class.
We illustrate this check on the sample code in Figure 4.7. In the first versighod@l. ml calls a method

Cl. xyz of the same classl and also calls a methazk. n2. After nl is moved to the class2, ni can call
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Version 1 Version 2

Class1 Class1
4 +n2()
Class2 Class?
+mil()
+m2() 0

Figure 4.5: PullUpMethod: methaw is pulled up from the subclag® into the superclassl.

Version 1 Version 2
Class1 Classl
+n2() ?
Class? Class2
+mil() +niL()
+n2()

Figure 4.6: PushDown: metha is pushed down from the supercla&sinto the subclass2.

any method irc2 directly (e.g.n2), but any calls to methods residing@ need to be executed through an
instance ofC1.

ChangeMethodSignature (CMS) looks for methods that have the same fallified hame (modulo
renamings) but different signatures. The signature of the method eaigely gaining/loosing arguments,

by changing the type of the arguments, by changing the order of the angginoe by changing the return

type.

4.6 Discussion of the Algorithm

The example from Section 4.2 illustrates some of the challenges in automatic detdggdactorings that
happened in reusable components. We next explicitly discuss three m#angka and present how our
algorithm addresses them.

The first challenge is the size of the code to be analyzed. An expemsivensic analysis—for exam-
ple finding similar subgraphs in call graphs (more generally, in the entieeereée graphs)—might detect

refactorings but does not scale up to the size of real-world compondhtsens of thousands of entities,
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Version 1

Class C1{
public void m1(C2 c2) {

Version 2

Class C1{
public void xyz(){ ..... }
}

Class C2 {

public void m {

: [edbozo:

S e

Class C2{ ) .
public void m2() { ...} public void m2() {....}

} )

Figure 4.7: Methodnl. moves from clas€1 in one version to clas§2 in the next version. The method
body changes to reflect that the local methods (ef).are called directly, while methods from the previous
class (e.g.xyz) are called indirectly through an instanceGif.

including methods, classes, and packages. A cheap syntactic analgsistrimst, might find many similar
entities but is fallible to renamings. Also, an analysis that would not take intouat¢he semantics of
entity relationships would produce a large number of false positives. IQarithm uses a hybrid of syn-
tactic and semantic analyses: a fast syntactic analysis creates pairsliofatarentities that are suspected
of refactoring, and a more precise semantic analysis on these candidtgets dvhether they are indeed
refactorings.

The second challenge is the noise introduced by preserving backemhtibility in the components.
Consider for example the following change in the Struts framework frosimerl.1 to version 1.2.4: the
methodper f or min the clasont r ol | er was renamed texecut e, butper f or mstill exists in the later
version. Howeverper f or mis deprecated, all the internal references to it were replaced witterefes
to execut e, and the users are warned to usescut e instead ofper f orm Since it is not feasible to
perform an expensive analysis on all possible pairs of entities acrassemgions of a component, any
detection algorithm has to consider only a subset of pairs. Some prevgarglans [APM04, DDNOO,
GZ05] consider only the entities that “die” in one version and then searctefactored counterparts that
are created in the next version. The assumption that entities change insthisnfandeed holds in the
closed-world development (where the only users of components arertiooent developers) but does not
hold in the open-world development where obsolete entities coexist with gfagtored counterparts. For
example, the previous algorithms cannot detect pleatf or mwas renamed texecut e sinceper f orm

still exists in the subsequent version. Our algorithm detectgpthetor min the first version andxecut e
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Figure 4.8: Two refactorings affect related entities cl@4sand methodn2. The class rename happens

before the method rename in the upper path, the reverse happens in tine frattto Both paths end up with
the same result.

in the second version have the same shingles and their call sites are theasdrttegrefore our algorithm
correctly classifies the change as a method rename.

The third challenge is multiple refactorings happening to the same entity or relatiéds. The exam-
ple from Section 4.2, for instance, shows two refactorings, rename matitbdhange method signature,
applied to the same method. An example of refactorings happening to relaétezses renaming a method
along with renaming the method’s class. Figure 4.8 illustrates this scenariossAttre two versions of a
component, class§l was renamed t€1REN, and one of its methods®, was renamed te2REN. During
component evolution, regardless of whether the class or method renasrexecuted first, the end result
is the same. In Figure 4.8, the upper part shows the case when the clasereas executed first, and the
lower part shows the case when the method rename was executed first.

Our algorithm addresses the third challenge by imposing an order on tlitioletgrategies and sharing
the information about detected refactorings among the detection strategigsaldorithm that detects
refactorings conceptually reconstructs the log of refactorings andntbiusnly the start and the end state
of a component but also the intermediate states. Our algorithm detects thefastoniegs in Figure 4.8
by following the upper path. When detecting a class rename, the algorithm itetkeaccount only the
shingles for class methods and not the method names. Therefore, outhalgdetects clas€1REN as a

rename of clas€l although one of its methods was renamed. This information is fed back into ghgitoo
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conceptually reconstructs the state 2a, and the analysis continues. bEegjgent analysis for the rename
method checks whether the new-name method belongs to the same class asim@ldethod; since the
previous detection discovered ttGit is equivalent modulo rename wi1REN, n2REN can be detected as
a rename of2.

The order in which an algorithm detects the two refactorings matters. Welzkxs&ow our algorithm
detects a class rename followed by a method rename. Consider, in contrastweuld happen to an
algorithm that attempts to follow the bottom path. When analyzing what happgmte@en the methods
m2 andn2REN, the algorithm would need the intermediate state 2b (wh2REN belongs toCl1) to detect
thatn2 was renamed taR2REN. However, that state is not given, and in the end st&REN belongs to
CLREN, so the algorithm would mistakenly conclude th@REN was moved to another clasS1REN). The
subsequent analysis of what happened between classasd CLREN would presumably find that they are
a rename and would then need to backtrack to correct the previously rifiegumove method as a rename
method. For this reason, our algorithm imposes an order on the detectitayissaand runs detection of
renamings top-down, from packages to classes to methods.

To achieve a high level of accuracy, our algorithm uses a fixed-poimipatation in addition to the
ordering of detection strategies. The algorithm runs each strategytedpeantil it finds no new refactor-
ings. This loop is necessary because entities are intertwined with other eatities strategy cannot detect
a refactoring in one entity until it detects a refactoring in the dependent entiier instance, consider
this example from Struts framework versions 1.1 and 1.2.4: in the atassonCont r ol | er , the method
per f or mwas renamed texecut e. The implementation ofer f or min Acti onControl | er is a utility
class that merely delegates to different subclasseg oif on by sending them aer f or mmessage. For
11 of theseAct i on classes, their callers consist mostly of ke i onControl | er. per f or m Therefore,
unless a tool detects first thaér f or mwas renamed texecut e, it cannot detect correctly the similarity
of the incoming call edges for the other 11 methods. After the first run oR#greameMethod detection,
our RefactoringCrawler tool misses the 11 other method renames. Howledeedback loop adds the
information about the rename ptr f or m and the second run of the RenameMethod detection correctly
finds another 11 renamed methods.

Even though we only analyze seven types of refactorings, concepsirailar combination of syntactic

and semantic analysis can detect many other types of refactorings. Atlw oéfactorings published by
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Fowler et al. [FBB 99] can be detected in this way, including extract/inline method, extract/inlineagac
extract/inline class or interface, move class to different package, celtdgss hierarchy into a single class,
replace record with data class, replace anonymous with nested cldsserggpe conditional code with
polymorphism, as well as some higher-level refactorings to design paftékh$v95] including create
Factory methods, form Template Method, replace type code with State/Strategy

The largest extension to the current algorithm is required by ‘replacedgpditional code with poly-
morphism’. This refactoring replaces a switch statement whose branghesheck the exact type of an
object (e.g., usingnstanceofin Java) with a call to a polymorphic method that is dynamically dispatched
to the right class at run time. All the code in each branch statement is moveddlasisevhose type was
checked in that branch. To detect this refactoring, the syntactic analysidd not only detect similar
methods, but also similar statements and expressions within method bodiesedhises that shingles are
computed for individual statements and expressions, which is overhele toirrent implementation, but
offers a finer level of granularity. Upon detection of similar statements initclswranch and in a class
method, the semantic analysis needs to check whether the class has the saasdltygpone checked in the

branch and whether the switch is replaced in the second version with a ttadl polymorphic method.

4.7 Implementation

We have implemented our algorithm for detecting refactorings in Refactoravg€r, a plugin for the
Eclipse development environment. The user loads the two versions of itqgooent to be compared as
projects inside the Eclipse workspace and selects the two projects for WefelctoringCrawler detects
refactorings. To experiment with the accuracy and performance oflgsas, the user can set the values
for different parameters, such as the size of the sliding window for thegf&ts encoding (Section 4.4); the
number of shingles to represent the digital fingerprint of methods, slasgskpackage; and the thresholds
used in computing the similarity of shingles encoding or the reference grRglfectoringCrawler provides
a set of default parameter values that should work fine for most Javparents.

RefactoringCrawler provides an efficient implementation of the algorithrwshio Figure 4.2. The
syntactic analysis starts by parsing the source files of the two versiong a@othponent and creates a
graph representation mirroring thghtweightASTs. We call it lightweight because the parsing stops at the

declaration of the methods and fields in classes. RefactoringCrawlertheiates each method and field
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node with shingles values corresponding to the source code behindhedel{e.g. method body or field
initializers). From the leaves’ shingles values, RefactoringCrawler tatew (bottom-up) with shingles
values all the nodes corresponding to classes and packages. Sihceoele contains the fully qualified
name of the source code entity, it is easy to navigate back and forth betfneeaatual source code and the
graph representation.

During the semantic analysis, RefactoringCrawler uses Eclipse’s seagihe to find the references
among source code entities. The search engine operates on the smecaat on the graph. The search
engine does a type analysis to identify the class of a reference when twodsétharelated classes have
the same name. Finding the references is an expensive computationastoRefiCrawler lazily runs this
and caches the intermediate results by adding edges between the graphhaidefer each other.

RefactoringCrawler performs the analysis and returns back the ressitte B Eclipse view. Refactor-
ingCrawler presents only the refactorings that happened to the publie¥dtof the component since only
these can affect the component users. RefactoringCrawler groepegtlts in categories corresponding
to each refactoring strategy. Double clicking on any leaf Java elemensa@peeditor having selected the
declaration of that particular Java element. RefactoringCrawler also alf@usser to export the results
into an XML format compatible with the format that Eclipse uses to load a log attefings. Additionally,
the XML format allows the developer to further analyze and edit the log, vergdalse positives or adding
missed refactorings.

The reader can see screenshots and is encouraged to download frentdbe website [Ref].

4.8 Evaluation

We evaluate RefactoringCrawler on three real-world components. Touneetige accuracy of Refactor-

ingCrawler, we need to know the refactorings that were applied in the coanp® Therefore, we chose the
components from our previous study [DJO5] that analyzed the APIgasain software evolution and found

refactorings to be responsible for more than 80% of the changes. &vieyps study considered components
with good release notes describing the APl changes. Starting from taseeietes, we manually discovered
the refactorings applied in these components. These manually discog&etbrings helped us to measure
the accuracy of the refactoring logs that RefactoringCrawler repamtgeneral, it is easier to detect the

false positives (refactorings that RefactoringCrawler erroneoeslgrts) by comparing the reported refac-
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Size | Packages Classes Methods| ReleaseNotes
KLOC [Pages]

Eclipse.Ul 2.1.3] 222 105 1151 10285 -
Eclipse.UI 3.0 | 352 192 1735 15894 8

Struts 1.1 114 88 460 5916 -

Struts 1.2.4 97 78 469 6044 16
JHotDraw 5.2 17 19 160 1458 -
JHotDraw 5.3 27 19 195 2038 3

Table 4.1: The size of components used as case studies.

torings against the source code than it is to detect the false negatifatdrimgs that RefactoringCrawler
misses). To determine false negatives, we compare the manually fountbrigflgs against the refactorings
reported by RefactoringCrawler. Additionally, RefactoringCrawlemftba few refactorings that were not
documented in the release notes. Our previous study and the evaluatiefaofdringCrawler allowed us

to build a repository of refactorings that happened between the two mersidhe three components. The
case studies along with the tool and the detected refactorings can bediolimel[Ref].

For each component, we need to choose two versions. The previoys[Bil@b] chose two major
releases that span large architectural changes because suchsraledikely to have lots of changes and to
have the changes documented. We use the same versions to evaluaterRgfaawler. Note, however,
that these versions can present hard cases for RefactoringClreegkeuse they are far apart and can have
large changes. RefactoringCrawler still achieves practical accdioadphese versions. We believe that

RefactoringCrawler could achieve even higher accuracy on closgpus with less changes.

4.8.1 Case Study Components

Table 4.1 shows the size of the case study components. ReleaseNotdwegize (in pages) of the docu-
ments that the component developers provided to describe the API shaligelescribed these case study

components in Section 2.2.1.

4.8.2 Measuring the Recall and Precision

To measure the accuracy of RefactoringCrawler, we use precisioreealt] two standard metrics from the
Information Retrieval field Precisiontells how many of the refactorings reported by the tool are genuine

refactorings. Formally, it is the ratio of the number of relevant refactsriognd by the tool to the total
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y | RM | RC [ RP | MM | PUM [ PDM | CMS | Precision| Recall|
EclipseUl 2.1.3-3.0] 2,1,0 [ 0,0,0]/ 0,0,0] 82,4 [11,0,0] 0,00 6,00 90% | 86%
Struts 1.2.1-1.2.4] 20,0,1{ 1,0,1[ 0,0,0{ 20,0,7| 1,00 | 0,00 | 24,0,1] 100% | 86%
JHotDraw 5.2 -5.3] 5,0,0 [ 0,0,0]/ 0,0,0] 0,00 [ 0,00 0,000[ 19,00] 100% | 100%

Table 4.2: Triples of (GoodResults, FalsePositives, FalseNegatioesiednameMethod(RM), Rename-
Class(RC), RenamePackage(RP), MoveMethod(MM), PullUpMethddl)P PushDownMethod(PDM),
ChangeMethodSignature(CMS).

number of irrelevant (spurious, false positives) and relevantt@iags found by the tool. It is expressed

as the percentage:

PRECISION = GoodResults/(GoodResults + FalsePositives)

Recalltells how many of the refactorings that the tool should have found it actuallyd. Formally, it is
the ratio of the number of genuine refactorings found by the tool (goadtsg to the total number of actual

refactorings in the component. It is expressed as the percentage:

RECALL = GoodResults/(GoodResults + FalseNegatives)

Ideally, precision and recall should be 100%. If that was the caseefpugted refactorings could be fed
directly into a tool that replays them to automatically upgrade component-bppéidations. However, due
to the challenges mentioned in Section 4.6, it is hard to have 100% precisioacaid

Table 4.2 shows how many instances of each refactoring were founledhree components. These
results use the default values for the parameters in RefactoringCrdRédfr [For each refactoring type,
we show in a triple how many good results RefactoringCrawler found, homyfedse positives Refac-
toringCrawler found, and how many refactorings it missed (false neggative obtained from the release
notes [DJO5]). For each component, we compute the overall precisibreaall by taking into account all
seven kinds of refactorings.

We further analyzed why RefactoringCrawler missed a few refactarinigs Struts, for instance,
methodRequest Uti | s. conput ePar anet er s is moved toTagUt i | s. conmput ePar anet er s,
and methodRequest Ut i | s. pageURL is moved toTagUt i | s. pageURL. There are numerous calls

to these methods from a test class. However, it appears that the testasdet refactored, and therefore
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Figure 4.9: Running time for JHotDraw decreases exponentially with higheshbld values used in the
syntactic analysis.

it still calls the old method (which is deprecated). This results in quite differ@hsites for the old and the

refactored method, thus misleading the semantic analysis.

4.8.3 Performance

The results in Table 4.2 were obtained when RefactoringCrawler ran ofitauHaptop with a 1.73GHz
Pentium 4M CPU and 1.25GB of RAM. It took 16 min 38 sec for detecting thectefings in EclipseUl,
4 min and 55 sec for Struts, and 37 sec for JHotDraw. Figure 4.9 shawtheaunning time for JHotDraw
varies with the change of the method similarity threshold values used in the yrataalysis. For low
threshold values, the number of candidate pairs passed to the semantgisaisdfrge, resulting in longer
analysis time. For high threshold values, fewer candidate pairs pass irgerttamntic analysis, resulting in
lower running times. For JHotDraw, a .1 method similarity threshold passesm&#d candidates to the
RenameMethod’s semantic analysis, a .5 threshold value passes 88 tes)didale a .9 threshold passes
only 4 candidates.

The more important question, however, is how precision and recall vidmtlve change of the similarity
threshold values. Very low threshold values produce a larger numhzamafidates to be analyzed, which
results in a larger number of false positives, but increases the chaatcalltthe relevant refactorings are
found among the results. Very high threshold values imply that only thos#idzgas that have almost
perfect body resemblance are taken into account, which reducesitiienof false positives but can miss

some refactorings. We have found that threshold values between 0067aresult in practical precision and
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recall. Figure 4.10 and 4.11 show how the precision and recall varyiffereht similarity thresholds for

JHotDraw, respectively Struts case study.

4.8.4 Strengths and Limitations

We next discuss the strengths and the limitations of our approach to detexdftintprings. We also propose

new extensions to overcome the limitations.

Strengths

e High precision and recall. Our evaluation on the three components shows that both precision and
recall of RefactoringCrawler are over 85%. Since RefactoringCragdmbines both syntactic and
semantic analysis, it can process a realistic size of software with practioaiezy. Compared to
other approaches [APM04,DDN00, GWO05,GZ05,RD03] that use syniyactic analysis and produce
large number of false positives, our tool requires little human interventioaligate the refactorings.
RefactoringCrawler can significantly reduce the burden necessangteefiactoring logs that a replay

tool uses to automatically upgrade component-based applications.

e Robust. Our tool is able to detect refactorings in the presence of noise introchezsise of main-

taining backwards compatibility, the noise of multiple refactorings, and the wbigmamings. Re-
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Figure 4.11: Recall and Precision vary with the value of similarity threshal&fiats case study.

namings create problems for other approaches but do not impede ou6inoé our tool identifies
code entities (methods, classes, packages) based on their body resmnasid not on their names,
our tool can successfully track the same entity across different vergean when its name changes.
For previous approaches, a rename is equivalent with an entity disagpaad a brand new entity
appearing in the subsequent version. Another problem for previgoaches is the application
of multiple refactorings to the same entity. Our tool takes this into account bynghthe log of
refactorings between the detection strategies and repeating each stiatieijyeaches a fixed point.
Lastly, our tool detects refactorings in an open-world developmenteyldee to backwards compat-
ibility, obsolete entities coexist with their refactored counterparts until thedorare removed. We
can detect refactorings in such an environment because most dbréfgs involve repartitioning the
source code. This results in parts of the code from a release beirapgprdifferent places in the

next release. Our algorithm starts by detecting the similarities between twonsers

Scalable. Running expensive semantic analysis (like identifying similar subgraphs ientire ref-
erence graph) on large codebases comprising of tens of thousanddes (methods, classes, pack-
ages) is very expensive. To avoid this, we run first a fast syntactilysis that reduces the whole

input domain to a relatively small number of candidates to be analyzed sentignticenok Refac-
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toringCrawler 16 min 38 sec to analyze two versions of org.eclipse.ui comgeb74 KLOC.

Limitations

e Poor support for interfaces and fields. Since our approach tracks the identity of methods, classes,
and packages based on their textual bodies and not on their names,kiloé tagtual bodies can
create problems. Both class fields and interface methods do not contabodyyther than their
declaration name. After the syntactic analysis, only entities that have a bseyblance are passed
to the semantic analysis. Therefore, refactorings that happened to fietdsréace methods cannot
be detected. This was the case in org.eclipse.ui where between versichar2d 3.0 many static
fields were moved to other classes and many interface methods were movedréxiaclasses. To
counteract the lack of textual bodies for fields or interface methods gatett their associated javadoc

comments as their text bodies. This seems to work for some cases, but not all.

e Requires experimentation. As with any approach based on heuristics, coming up with the right
values for the detection algorithms might take a few trials. Selecting thresHaksvwao high reduces
the false positives but can miss some refactorings because only thaidataes that have perfect
resemblance are selected. Too low threshold values produce a largemoiralse positives but
increase the chances that all relevant refactorings are found anerestlits (see Fig. 4.10 and 4.11).
The default threshold values for RefactoringCrawler are betweenn@.®.& (for various similarity
parameters) [Ref]. When default values do not produce adequatitsiausers could start from high

threshold values and reduce them until the number of false positive betomkarge.

4.9 Summary

Syntactic analyses are too unreliable, and semantic analyses are tooaiohin{hig syntactic and semantic
analyses can give good results. By combining Shingles encoding with tradisemantic analyses, and by
iterating the analyses until a fixed point was discovered, we could deteci86% of the refactorings in
three case studies while producing less than 10% false positives.

The algorithm would work on any two versions of a system. It does neainasgthat the later version

was produced by any particular tool. If a new version is produced afeectoring tool that records the
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refactorings that are made, then the log of refactorings will be 100% aecNevertheless, there may not
be the discipline or the opportunity to use a refactoring tool, and it is goodaw kimat refactorings can be
detected nearly as accurately without it.

The tool and the evaluation results are available online [Ref].
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Chapter 5

Automated Replay of Refactorings

5.1 Introduction

5.1.1 Replaying Refactorings is a Special Case of Software kigng

Revisiting our upgrading theory in Section 3.3, applications are upgradesplaying refactorings over the
old version of the component and application. However, in practice thiertheee things that can hinder
replaying. First, although the replaying views the application as a static piemdtware, in reality both
component and application co-evolve. Second, besides refactocmggonents and applications evolve
through edits. Third, the changes caused by edits and refactoring® @otiponent as well as on the
application can invalidate each other.

Figure 5.1 presents an example where refactorings and edits on the camhpo application side
create problems for replay. Figure 5.1(i) shows an old application glgslsi cat i onEdi t or extending
a component clasasbt r act Text Edi t or. In Fig. 5.1(ii), both component and application evolve. The
component developers rename superclass magihotlor nRevert Oper ati on — perfornRevert. In
parallel, without being aware of this change, the application developertbdisubclass by adding a new
methodper f or nRevert. In Fig. 5.1(iii), the application developer upgrades her application to wese th
latest version of the component. However, a naive upgrading wouttlpeothe code shown in Fig. 5.1(iii)
whereAbst r act Text Edi t or. per f or nRevert andAppli cati onEdi t or. perfornRevert acciden-
tally override each other even though the intent of the application develmenot to override the su-
perclass method. Performing the upgrading with a refactoring replayingvmdd not succeed either:
although at the component site it was possible to rename the API method, pptivaton site this renam-
ing results in a conflict because the application already defined a method witiewhname. Currently,

refactoring engines quit the operation if a such a conflict arises.
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Figure 5.1: Conflicts between component and application changes.

This particular scenario resembles the more general scenario of sefteaelopment: two developers
check out the same version of source code, make changes in paralelylibever is the last to check in
his changes needs to merge his changes with the previously committed chaegis#ing the example in
Fig. 5.1, one developer makes changes on the component (the clas$esttheches are marked with blue),
while the other developer makes changes on the application (her classear&ed with brown). Upgrading
the application effectively means merging the two sets of changes. Liketimesefmerging, the upgrading
algorithm needs to signal the merge conflicts. If we can design a refagtaware merge algorithm that
works for regular software development, the same algorithm can be useslge refactorings and edits in

components and applications.

5.1.2 The Need for a Refactoring-aware Merging Algorithm

Automated refactoring tools have become popular because they allovapromgrs to change source code
quicker and safer than manually. However, refactoring tools make partidemands on traditional, text-
based Software Configuration Management (SCM) systems.

SCM systems work best with modular systems. Different programmers tenorkoon different mod-
ules and so it is easy to merge changes. But refactorings cut acrosgenbodindaries and cause changes

to many parts of the system. So, SCM systems have trouble merging refastoring
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First, SCM systems signal a conflict when two programmers change the sa&noé éiode even if each
just changes the name of a different function or variable. Secondbésdd SCM systems are unreliable.
They report merge conflicts only when two users change the same linelef eétowever, a merge might
result in an incorrect program, even when the changes are not oarttelse. This is especially true in
object-oriented programs. Revisiting the example in Fig.5.1, if one user renamwietual method while
another user adds a new method in a subclass, even though thesescranget lexically near each other,
textual merging could result in accidental method overriding, thus leadingexpected runtime behavior.

This chapter describes MolhadoRef, a refactoring-aware SCM f¥er, dmd the merge algorithm at its
core. MolhadoRef has an important advantage over a traditional testH&SM. MolhadoRef automati-
cally resolves more conflicts (even changes to the same lines of codeQudgeit takes into account the
semantics of refactorings, the merging is also more reliable: there are nale@mprs after merging and
the semantics of the two versions to be merged are preserved with respafatctorings.

Correct merging of refactorings and manual edits is not trivial: edits eBar to old program entities
as well as to newly refactored program entities. MolhadoRef usesplation-base@pproach [LvO92]:
it represents a version as a sequence of change operations (iafgcend edits) and replays them when
merging. If all edits came before refactorings, it would be easy to mergeviheersions by first doing
a textual merge, and then replaying the refactorings. But edits andaefes are mixed, so in order to
commute an edit and a refactoring, MolhadoReErtsrefactorings. Moreover, refactorings will sometimes
havedependencesetween them.

MolhadoRef uses Eclipse [Ecla] as the front-end for changing codd# @rstomizes Mol-
hado [NMBTO05], a framework for SCM, to store Java programs. Altlotige merging algorithm is in-
dependent of the Molhado infrastructure and can be reused with o@idrifackends, building on top of
an ID-based SCM like Molhado allows our system to keep track of thetmfat entities. When evaluating
MolhadoRef on a case study of three weeks of its own development andjthone controlled experiment,
we found that MolhadoRef merges more safely and more automatically thann®@W& never losing the
history of refactored entities.

MolhadoRef merges edits using the same three-way merging [MM85] of tesdebSCMs. It is when
MolhadoRef merges refactorings that it eliminates merge errors and essag merge conflicts. So the

more that refactorings are used, the more benefits MolhadoRef provides
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This chapter makes the following contributions:

e it presents an important problem that appears when merging refactmdedrc multi-user environ-

ments
e it presents the first algorithm to effectively merge refactorings and editations

e it evaluates the effectiveness of refactoring-aware merging on aievald case study and one

controlled experiment

Without losing any power to merge manual edits, MolhadoRef convertstoefiags from being the

weakest link in an SCM system to being the strongest.

5.2 Motivating Example

To see the limitations of text-based SCM, consider the simulation of a LocalMeteork (LAN) shown in
Figure 5.2. This example is used as a refactoring teaching device {DBRJ@ many European universities.
Initially, there are five classesPacket, a superclaset ANNode and its subclasseBri nt Ser ver,
Net wor kTest er, andWor kst ati on. All LANNode objects are linked in a token ring network (via the
next Node variable), and they casend or accept aPacket object. Pri nt Server overridesaccept
to achieve specific behavior for printing tRacket . A Packet object sequentially visits eveilyANNode

object in the network until it reaches its addressee.

Two users, Alice and Bob, both start from versidgnand make changes. Alice is the first to commit her
changes, thus creating versignwhile Bob creates versiov,.

Since methodget Packet | nf o accesses only fields from clasgmcket, Alice moves method
get Packet | nf o from classnodes. Pri nt Server to cont ent. Packet (71). Next, she defines a new
method,sendPacket ( Packet) (72), in classNet wor kTest er. The implementation of this method is
empty because this method simulates a broken network that loses packet& sknid class, she also
defines a test methotest LosePacket (73) and implements it to call methatendPacket (74). Lastly,
Alice renameshor kSt at i on. ori gi nat e( Packet ) togener at ePacket ( Packet) (75). Alice finishes
her coding session and commits her changes to the repository.

In parallel with Alice, Bob renames metho@ri nt Server. get Packet I nf o( Packet) to

get Packet | nf or mati on( Packet) (75). He also renames the polymorphic methgd\Node. send()
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VERSION v0: A LAN Simulation Program

PrintServer.java
package ...;
import ...;
public class PrintServer extends LANNode {
public void print (Packet p) {
String packetInfo = getPacketInfo(p);
System.out.println(packetInfo);
}

public String getPacketInfo (Packet p) {
String packetInfo = p.originator + ": " +
p.addressee+ "[" + p.contents + "]";

return packetInfo;

public void accept (Packet p) {
if (p.addressee this) this.print(p);
else super.accept (p);

}
NetworkTester. java
package ...;
import ...;
public class NetworkTester extends LANNode ({
public void testSendToSelf () {
Packet packet =
packet.addressee =
packet.originator =
) send (packet);

public void accept (Packet p) {
if (p.originator == this)
System.out.println("network works OK");
else super.accept (p);

new Packet
this;
this;

()7

VERSION vl (Alic

PrintServer.java

e) !

public class PrintServer extends LANNode {
public void print(Packet p) {

LANNode. java
package ...;
import ...;
public class LANNode {
public String name;
public LANNode nextNode;
public void accept (Packet p) {
this.send(p);
}
protected void send
System.out.println(name + nextNode.name);
this.nextNode.accept (p) ;

}

(Packet p) {

}
WorkStation.java

1

1

1

1

1

1

1

1

1

1

1

1

1

1

'

1

'

1

'

1

'

1

'

1

'

1

'
package ...;
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public class WorkStation extends LANNode { 1
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public void originate
this;

(Packet p) {
p.originator =
this.send (p);

public void accept (Packet p) {
if (p.originator == this
System.err.println("no destination");
else super.accept(p);

}
}

Packet. java

package ...;

import ...;

public class Packet {
public String contents;
public LANNode originator;
public LANNode addressee;

VERSION v2 (Bob)

PrintServer. java

String packetInfo=[p.getPacketInfo (this)];

}

L
NetworkTester. java

public class NetworkTester extends LANNode {

package ...;
import ...;
public class PrintServer extends LANNode {
public void print (Packet p) {
String packetInfo =
[getPacketInformation (p)];

protected void sendPacket (Packet p) {
3// left empty to drop packets

T

void testLosePacket (boolean losePacket) {
Packet packet = new Packet ();
packet.addressee = new LANNode
packet.originator = this;

if (losePacket) sendPacket (packet);
else send(packet) ;
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LANNode. java

WorkStation.java

public class WorkStation extends LANNode {

public void |[generatePacket |(Packet p) {-. -}
e TS
Packet. java
import ...;

public class Packet {

public String getPacketInfo ()
{
String packetInfo = originator + ":
addressee + "[" + contents + "]";

return packetInfo;

) System.out.println(packetlnfo);T

6
public String|getPacketInfcrmationkPacket P {

String packetInfo = "o+
p.addressee+ "[" + p.contents + "]";
return packetInfo;

}

p.originator + ":
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NetworkTester. java

e 1

public class NetworkTester extends LANNode { 1

public void testSendToSelf() { :

RS 1

sendPacket|(packet) ; 1

1
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1

1
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}
LANNode. java

édﬂlic class LANNode { T7

p.n-rc;tected void (Packet p) {

System.out.println(name + nextNode.name);
this.nextNode.accept (p);
}
}
Workstation. java TS
public class |Workstation|extends LANNode {

}
Packet.java

Figure 5.2: Motivating example. Versiond/, and V, are created in parallel and are
both based onVj. Shaded boxes show the changes in each version: moves method
Print Server. get Packet I nfo to Packet, = and 3 add methods,, adds a call to
sendPacket, 75 renamesWrkStation.originate to generatePacket, 74 renames
Print Server. get Packet | nf o to get Packet | nf or mati on, 7 renamesLANNode. send to

sendPacket , 7z renames clasébr kSt at i on toWor kst at i on.

80



to sendPacket (77). Lastly, Bob renames clag®r kSt at i on to Wor kst at i on (different capitalization
73). Before Bob can commit his changes, he must merge his changes withsAlice’

A text-based SCM system reports merge conflicts when two users changartte line. For instance,
because Alice moved the declaration of methad {hile Bob altered the declaration location of the same
method through renamingy), textual merging can not automatically merge these changes. This is an
unnecessary merge conflict because a tool like MolhadoRef thatsioddrthe semantics of the changes
can merge them.

In addition, because a text-based merging does not know anything thigosyntax and semantics of
the programming language, even a “successful” merge (e.g., when tieene ahanges to the same lines
of code) can result in a merge error. Sometimes errors can be detectwd@te-time. For instance, after
textual merging, the code in metho@st LosePacket does not compile because it calls mettszhd
whose declaration was replaced sgndPacket through a renamerf). Such an error is easy to catch,
though it is annoying to fix.

Other errors result in programs that compile but have unintended chandkeir behavior. For in-
stance, because Alice introduces a new metheddPacket in subclassNet wor kTest er and Bob re-
names the polymorphic methae@nd to sendPacket , a textual merge results in accidental method over-
riding. Therefore, the call insideest SendToSel f to sendPacket uses the empty implementation pro-
vided by Alice) to simulate loss of packets, while originally this method call used the implementation
of LANNode. send. Since this type of conflict is not reported during merging or compilation, see can
erroneously assume that the merged program is correct, when in fanetigeng introduced an unintended
change of behavior.

Figure 5.3 shows the merged program after merging with MolhadoRef. MoRkef catches the
accidental method overriding caused by adding a new methed and renaming another method
(r7) and presents it to the user. The user decides to rename the newly imdoduethod
Net wor kTest er. sendPacket to| osePacket. This is the only time when MolhadoRef asks for user
intervention; it merges automatically all the remaining changes. The merggidveontains all the edits
and refactorings performed by Alice and Bob (e.g., notice that mejko@acket | nf or mat i on is both

renamed and moved).
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THE MERGED VERSION

PrintServer. java NetworkTester. java
public class PrintServer extends LANNode ({ public class NetworkTester extends LANNode ({
public void print (Packet p) { public woid testSendToSelf () {
String packetInfo = Packet packet = new Packet ();
p.getPacketInformation(); packet.addressee = this;
System.out.println (packetInfo); packet.originator = this;

} sendPacket (packet);

Packet.java public void accept (Packet p) {

public class Packet { }

public String getPacketInformation () protected void losePacket (Packet p) {
{ } // left empty to drop packets
String packetInfo = originator + ": " + void testLosePacket (boolean losePacket) {
addressee + "[" + contents + "]"; Packet packet = new Packet ();
return packetInfo; packet.addressee = new LANNode ();
)) packet.originator = this;
LANNode. java if (losePacket) losePacket (packet);

— else sendPacket (packet);
public class LANNode { }

éiétected void sendPacket (Packet p) { Workstation.java
System.out.println (name + nextNode.name) ; .
this.nextNode.accept (p); public class Workstation extends LANNode {

}
} }

Figure 5.3: Resolved motivating example using MolhadoRef.
5.3 Background and Terminology

Our approach to refactorings-tolerant SCM systems is based on a&diffearadigm, calledperation-based
merging[LvO92]. In the operation-based approach, an SCM tool recordsgbeations that were performed
to transform one version into another and replays them when updatingt teetiséon. An operation-based
system treats a version as the sequence of operations used to create it.

Our goal is to provide merging at the API level, that is, our merging algoritinms &or a correct usage
of all the APIs. For this reason, we distinguish between operations tleat #fie APIs and those that do
not. MolhadoRef treats a version as composed of the following three tagresa API refactorings, API
edits, and code edits. MolhadoRef handles the following API refactarieggme package, rename class,
rename method, move class, move method, and changing the method signaseavghe among the most
popular refactorings found in previous studies [DJ06]). Molhaddfaeflles the followind\PI edits added
package, deleted package, added class, deleted class, added reetaratidn, deleted method declaration,
added field declaration, deleted field declaration. Any other types of editategorized asode edits

Code edits do not have well defined semantics, making it difficult to merge toeractly. API edits

have better defined semantics. But refactorings are the operations wittogtievell defined semantics, so
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the ones that can benefit the most from operation-based merging fareeiMolhadoRef merges code edits
textually and since it is aware of the semantics of refactorings and API &ditsrges them semantically.

We regard the program changes as source-to-source prograsfotraations. When necessary, we
make the distinction between refactoring$ &nd edits §). Refactorings are transformations that preserve
the semantics, while edits usually change the semantics of programs.

We remind the reader about some of the terminology introduced in Section dératidns usually
have preconditions, and they can be composed (denoté&d’hy Operations cacommute conflict or be
dependen{denoted by<p) upon other operations. For exampte,andrs from our motivating example
commute. Definition 3 describes conflicts that produce compile errors. oltef also catches some con-
flicts that produce run-time errors. MolhadoRef currently catchesictsithat involve method overriding,
such as the accidental method overriding betweesnd;.

An example of dependence is the renaming of methadrkStation.originate to
gener at ePacket done by Alice ¢5) and the renaming of clasgér kSt ati on to Workstati on
done by Bob {g). If 75 is played first, the replaying of; is not possible because at this time the fully
qualified namenr kSt at i on. ori gi nat e no longer exists, thugs <p 7s.

This dependence betweenandrs exists because current refactoring engines are based on the names of
the program entities, and clagér kSt at i on no longer exists after replaying. If the refactoring engine
used the IDs of the program elements, changing the names would neeea posblem [DNJO6]. To make
name-based refactoring engines be ID-based requires rewriting gireee his is unfeasible, so the next
best solution is temulatelD-based engines.

To make the current name-based refactoring engines emulate ID-bassdtbere are at least two
approaches. The first is to reorder the refactorings (e.g., rename dnathlSt ati on. ori gi nat e()
before rename classnor kSt ati on). The second is to modify the refactoring engine so
that when it changes source code, it also changes subsequetorniefgs. For example,
during the replay of renaming clasgorkStation to Workstation, the refactoring engine
changes the subsequent refactorRenanmeMet hod( Wor kSt ati on. ori gi nate, gener at ePacket)
to RenaneMet hod(Wor kst ati on. ori gi nate, generat ePacket). Our merging algorithm uses both
approaches.

Consider a scenario where Alice renames metinbdn superclass\ (call it operationp;), and Bob
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desires to overridé. ml by adding a methodti in subclas® (call it operatiorns). Applying these two op-
erations in either order produces a valid program. However, only aler preserves Bob’s intent: applying
the edit followed by renaming the method in the superclass preserves thigiogerelationship since the
renamingp; also updates the edit; (renaming a method updates all overriding methods in a class hierar-
chy). The other order, the renamipg followed by the editr; would result in a program that compiles,

but B. mL no longer overrides the superclass method, violating Bob’s intent. Thaig tha dependence

o1 =<p p1-

5.4 Merging Algorithm

5.4.1 High Level Overview

We illustrate the merging algorithm (see pseudocode in Fig. 5.4) using the rAlNation example pre-
sented earlier. The details of each module are found in the later subsections

The merging algorithm takes as input three versions of the softwareionérs is the base version
andV; and V4 are derived fromlj. In addition, the algorithm takes as input the refactorings that were
performed inV; and inV5. These refactoring logs are recorded by Eclipse’s refactoring engjime output
is the merged versioiy,,,erged, that contains edits and refactorings performetijimndVs.

Step #1 detects the changes that happen&d andV; by performing a 3-way comparison betweén
V5 andV,. From these changes and the refactoring logs, it categorizes editsfaotbrings operations. For
example, inV] it detects two added methods,andrs. In V5 it detects no edits but only refactorings.

Step #2 searches for compile and run-time conflicts in API edits and rafeggorin our example it
detects a conflict between the add of a new metheth V7, and the rename method refactoringin V5.
This conflict reflects an accidental method overriding. The conflict isged to the user who resolves
it by choosing a different name for the added method (in this tasePacket instead ofsendPacket ).
The algorithm also searches for possible circular dependences bebpeeations performed if; and
operations inV,. If any are found, the user deletes one of the operations involved inytie ¢n our
example there are no circular dependences). This process of defsdiingg continues until no more
conflicts or circular dependences remain.

Step #3 inverts each refactoringlifh andV, by applying another refactoring. For instance, it inverts the
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INPUT = {V_.2, V.1, V.0, refactoringLogg

/I Step #1 Detecting Operations

Operations ops=-3wayComparison(\2,V_1,V.0)

Operations refactorings= detectRefactorings (refactariogs)
Operations edits= detectEdits(ops, refactorings)

/Il Step #2 Detecting and Solving Conflicts and Circular Dagdences

repeaf
Conflicts conflicts = detectConflicts (edits, refactorgs)
{edits , refactoring$= userSolvesConflicts{(edits, refactoringg, conflicts)
Graph operationsGraph = createDependenceGraph(refdogsr, edits)

{refactorings , edits, operationsGraph= userRemovesCircularDependences(operationsGraph)

} until noConflictsOrCircularDependences(refactoringsedits , operationsGraph)

I/l Step #3 Inverting Refactorings

Version V_1l_minusRefactorings= invertRefactorings (¥, refactorings)

Version V_2_minusRefactorings= invertRefactorings (&, refactorings)

I/ Step #4 Textual Merging

Version V_mergedminusRefactorings= 3wayTextualMerge (V2_minusRefactorings ,
V_1_minusRefactorings ,\0)

/I Step #5 Replaying Refactorings

Operations orderedRefactorings= refactoringsTopologi®ort(operationsGraph)

Version V.merged= replayRefactorings (VhergedminusRefactorings, orderedRefactorings)

OUTPUT = {V_merged

Figure 5.4: Overview of the merging algorithm.

move method refactoring, by moving methodjet Packet | nf o back toPri nt Ser ver, and it inverts the
rename class refactoring by renaming/or kst at i on back towr kSt at i on. By inverting refactorings,
all the edits that were referencing the refactored program entities ar&egitllin place, but changed to
refer to the old version of these entities. This step produces two softwarpanentsy, ¢ *<**rn9< gnd
y, Refactorings “that contain all the changes i, respectively,, except refactorings.

Step #4 merges textually (using the classic three-way merging [MM85]) aAfi@nd code edits from
y, fefactorings gngy,-Refactorings - Since the refactorings were previously inverted, all same-line conflicts
that would have been caused by refactorings are eliminated. For exdngitksPri nt Server. pri nt
there are no more same-line conflicts. Therefore, textual merging ofembtdecan proceed smoothly. This
step produces a software component, cawgﬁ’ef actorings,

ged

Step #5 replays of_ e/actorings the refactorings that happenediin andVs,. Before replaying, the

merged

algorithm reorders all the refactorings using the dependence relatiReyslaying the refactorings incor-
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porates their changes in fggggcw”"gs, which already contains all the edits. For example, replaying a
method renaming refactoring updates all the call sites to that method, includironés introduced by

edits.

5.4.2 Detecting Operations

To detect refactorings, API edits and code edits, the algorithm takes aistimgpsource code of the three
versionsly, V1, V,, along with their refactoring logs. Recent extensions to refactoring eageng., [Eclb])
log the refactorings at the time they were performed. This log of refac®rngaved in a configuration file
and is stored along with the source code. Since our algorithm is implementadedigse plugin, it has
access to this log of refactorings. Even in cases when such a log ofaf@s is not recorded, it can be
detected using RefactoringCrawler [DCMJO06], a tool for inferringcédrings.

To detect the API edits and code edits, the algorithm employs a three-wawglteatnparison(a two-
way comparison cannot distinguish between additions and deletions [J)ei®2 comparison (line 5 in
Fig. 5.4) detects lines, files, and folders that were changed. From thigv@hinformation, the algorithm
constructs (line 7) the higher level, semantic API edits (e.g., add method)rbygand correlating the
positions of changed tokens with that of changed lines.

Even though the scope of our merging is at the API level, to correctly siggrapile- or run-time
conflicts, the algorithm detects a few edit operations that are below the ¥d?l Tehese include add/delete
method call, add/delete class instantiation, add/delete class inheritance|etddigeecast. From this infor-
mation, the algorithm is able to detect conflicts like the one appearing if Alice deletenethod declaration
accept and Bob adds a method calldacept .

Some of the edit operations overlap with or are the side effects of refagsor For example, after
renaming clas$\or kSt at i on to Wor kst at i on, a textual comparison rendenér kSt at i on as deleted
andWor kst at i on as added. Using the information from the refactoring logs, the algorithramis¢hese
two edits since they are superseded by the higher level refactoringtmper

The output of this step is the list of change operations (refactoringsdits] that happened in each of

V1 andVs.
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5.4.3 Detecting and Solving Conflicts and Circular Dependeses

Detecting Conflicts. Next, MolhadoRef detects conflicts between operationgjimnd V5. For this, it
uses aonflict matrix(the companion tech report [DMJNO6] describes all its cells). For anykinds of
operations, the matrix gives a predicate that responds whether théiopgi@nflict. This matrix includes
refactorings, API edits, and the code edits that are currently handlethalloRef instantiates the conflict
matrix for the concrete operations detected in the previous step and sigyatemlicts between these
operations.

Next we present the content of one single cell in the conflict matrix, namelyc#ise when; is
RenameMethod(, m2) and7; is RenameMethodf{s, m4). These two renamings result in a conflict if
(i) the source of both refactorings is the same program elemente.g:,ms3) but their new names would
be different, or (ii) the source of both refactorings are differengpam elements but the destination of both
refactorings is the same program element (exg@.~ m4). In addition, due to polymorphic overriding, we
must also consider the case when two methods are not the same programt éheitnene method overrides
the other.

When the source of both refactorings are the same (i), if methqdandmg are in the same class, there
would be a compile-time conflict since the users want to rename the same metkoghdift If the methods
m1 andmg are overriding each other, renaming them differently results in a run-timiictdoecause the
initial overriding relationship would be broken. When the destination of theéfaxtorings is the same (ii),
if methodsm; andms are in the same class, renaming them to the same name results in a compile-time error
(two methods having the same signature and name). If methgdmdmg are not in the same class and
do not initially override each other, renaming them to the same name resultsnirtimeiconflict because
of accidental method overriding.

More formally, using first-order predicate logic, Fig. 5.5 describes tmeerh of the RenameMethod /
RenameMethod cell in the conflict matrix. Similar formulae describing the remateiitgin the matrix are
in a companion tech report [DMJNOG6]. The predicates in each cell anpeted “by hand”, but they are
carefully revised.

Although the matrix and its predicates describe operations independepiadfi@ular program, in this
step MolhadoRef instantiates it for the program under analysis and itseteraperations detected in step

#1. For example, MolhadoRef detects the accidental method overridiriictbetweenr andr; in the
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hasCon flicts(RenameM ethod(m1, m2), RenameMethod(ms, m4)) =
((m1 = ms3 V overrides(mi,m3)) A (simpleName(mz) # simpleName(ma)))
Vv

((m1 # ms A —overrides(mi, m3)) A (ma2 = maq V overrides(ma, myq)))

Figure 5.5: The RenameMethod / RenameMethod cell in the conflict matrix.

motivating example. This conflict is presented to the user who can decidelsmve it.

Detecting Circular Dependencesin this step, the merge algorithm also creates the dependence graph
(line 13 in Fig. 5.4) between operations performed in the two versions to bgecheinitially, there is a
total (i.e., linear) order of the change operations in each version, giwéime time sequence in which these
operations were applied. However, when merging, the operations aaplaged in any order, unless there
is a dependence between them. Thus, the total order can be ignoredrimfapartial order, induced by
the < p relation.

To create this partial order, we represent each operation as a nodg#rgcted graph, called thae-
pendence graphWhent; <p 7;, the algorithm adds a directed edge froprto 7;. To find out the<p
dependences, the algorithm usedegpendence matriwhich describes dependence relations between all
kinds of operations (similar to how theonflict matrixdescribes conflicts). MolhadoRef instantiates the
dependence matrix for the concrete operations in the versions to be mavipdicadoRef places all the
concrete operations in the dependence graph and adds dependgesaising the information from the
dependence matrix.

Next, the algorithm searches for cyclic dependences in the depengiepte There can only be cycles
between operations from different users, not between operatiamstiie same user because for each user it
was initially possible to play all the operations. Figure 5.6 shows a scenaerewacycle appears between
operations from two users. Initially, the base version contains one alagth one methodA. mi. The
operations on the left hand side are performed by Bob, the one on théaigth side by Alice. Bob renames
classA to B, then adds a subclas®f B. Next, in classC Bob adds a method with nam& which overrides
the method in the superclaBsIn parallel with Bob, Alice renames methadnt to n2.

The arrows on Bob's side indicate the original order in which the opeatak place. The arrow from

Alice’s rename method to Bob’s renaming the class, points to a dependersesldsy the current refactoring
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RenameClass(A, B)
L
P

2
RenameMethod (A.m1, A.m2)

Add subclass C::B
c

1

Add method C.m1,
o overriding B.m1

2

Figure 5.6: Circular dependence between operations from two usa@vg\represent the direction of the
dependences (e.g., add method C.m1 must be applied before renaming mettigdiLeft hand side shows
operations from Bob (with blue color), right hand side shows operafions Alice (with orange color).

engines. The refactoring engines use the fully qualified names to identifgrdggam elements to be
refactored, therefore, renaming the methodi must be performed before renaming its class declaration
A, otherwise the refactoring engine can no longer find the element. The arrow from Bob’s adding
methodC. i to Alice’s renaming the superclass method A.m1 points to another dependérrcsubclass
method must be added before the renaming of the superclass meethibduch that when replaying the
RenaneMet hod( A ml, nR), italsorenames€. ni (playing them in a different order would cause the two
methods to no longer override each other).

After it finds all cycles, MolhadoRef presents them to the user who mastsghhow to eliminate cycles
(read next subsection). Assuming that there are no more cycles, afltigns are in a directed acyclic
graph.

User-assisted Conflict and Dependence Resolutio@ircular dependences and compile and run-time
conflicts require user intervention. To break circular dependencesjstr must select operations to be
discarded and removed from the sequence of operations that angegedlaring merging. Discarding refac-
torings has no effect on the semantics of the merged program bec#agteniags are transformations that
do not change the semantics. Discarding edits can potentially affect thetsesra the merged program.
However, this solution would be used only in extreme cases (we have ngverto such a scenario dur-
ing evaluation). Alternatively, most circular dependences (including tieeio Fig. 5.6) can be solved
automatically by MolhadoRef by inverting the refactorings (see section 5.4.4)

To solve the syntactic or semantic conflicts caused by name collision, the usesetect a different
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name for one of the program elements involved in the conflict. In our LAN ratiig example (Fig. 5.2),
Alice renames methoslend to sendPacket and Bob adds a new method declarati@mdPacket such
that the two methods accidentally override each other. This conflict is btonp Bob’s attention who
can either choose a different name for his newly introduced methodnaguick a new name to supersede
the name chosen by Alice. In the motivation example, Bob chose to renamentysintoduced method
sendPacket tol osePacket. Once Bob chose the new name, MolhadoRef automatically performs this
rename.

The process of finding and solving conflicts and circular dependeaaepeated until there are no
more conflicts or circular dependences (line 15 in Fig.5.4). The algorittvayal converges to a fixed point

because it starts with a finite number of operations and user deletes sonah iteeation.

5.4.4 Inverting Refactorings

Step #3 makes a version df and V; without any refactorings by inverting all refactorings. Inverting a
refactoringp; involves creating and applying anverserefactoring. p; is an inverse op; if pi (p1(P))

= P for all programsP that meet the precondition @f. For example, the inverse of the refactoring that
renames clasa to B is another refactoring that renam@dgo A, the inverse of a move method is another
move method that restores the original method, the inverse of extract metimidesmethod, the inverse
of pull-up member in a class hierarchy is push-down member. In fact, matie aefactorings described
in Fowler’s refactoring catalog [FBB99] come in pairs: a refactoring along with its opposite (inverse)
refactoring.

Given any refactoring, there exists another refactoring that invertogs) the first refactoring (although
such inverse refactoring cannot be always applied because of dht)y. & here is an important distinction
between what we mean by inverting a refactoring and how the populatedfey engines (like Smalltalk
RefactoringBrowser, Eclipse or Intellijldea) undo a refactoring. Torel@se memory usage and avoid re-
computations of preconditions, the refactoring engines save the locattirsofirce code that was changed
by the refactoring. When undoing a refactoring, the engines undo thieesohanges of these locations.

Although efficient, this approach has a drawback: the only way to undtaatoring that was followed
by edits is to first undo all the edits that come after it. This approach is nobRuitar MolhadoRef.

MolhadoRef must be able to undo a refactoring without undoing later tpesa Thus MolhadoRef inverts
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refactorings by creating and executing an inverse refactoring ope@&ttach is another refactoring).

To create the inverse refactoring, MolhadoRef uses the informationdaain the refactoring logs of
Eclipse. Each refactoring recorded by Eclipse is represented byaetaghg descriptor which contains
enough textual information to be able to recreate and replay a refactagkimgng others, the descriptor
contains information such as what kind of refactoring is created, whagipribgram element on which it
operates, what other parameters have been provided by the usgtthiheuJ! (e.g., the new name in case
of a rename refactoring or the default value of an argument in caséofodang that changes a method sig-
nature by adding an argument). Out of this information, MolhadoRef g @aiether refactoring descriptor,
which represents the inverse refactoring. For example, the inverse ofdlie method refactoring descrip-
tor representing in our LAN example, is another move method descriptor representing doefarthat
moves methodPacket . get Packet | nf o back toPri nt Ser ver.

From the inverse refactoring descriptor, MolhadoRef creates and irgtsadiz Eclipse refactoring object.
Once the refactoring object is properly initialized, the refactoring is drelcusing Eclipse’s refactoring
engine.

Inverting a refactoring and executing the inverse refactoring alsogesathe edits. Recall the mo-
tivation example where Bob renames methyad Packet | nf o to get Packet | nf or mat i on. Later he
adds a new method call @et Packet | nf or mat i on. By inverting the rename method refactoring with
the inverse refactoring (renamingget Packet | nf or mat i on to get Packet I nf o), the new call site to
get Packet | nf or mat i on is updated too, while keeping the call site in the same place. Deleting the call
site altogether would have introduced a different behavior, while leavengdh site untouched would have
produced a compilation error.

Probably the most notable aspect of inverting refactorings is that it intlegtslependences between
edits and refactorings, allowing refactorings to come after edits, thusiiigelsaare factoring <p edit
dependence intedit <p refactoring dependence. This has two advantages. First, when replaying refac-
torings in step #5, the fact that refactorings come after edits ensuresltblahinges caused by refactorings
are incorporated into edits. Second, inverting refactorings automaticatik®most of the circular depen-
dences between operations. Recalling the example from Fig. 5.6 with cidepandence, Fig. 5.7 shows
the dependence graph after inverting the rename class refactoringe Nattche edits refer now to claas

instead of3, and there are no more circular dependences.
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RenameClass(B, A)
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Add subclass C::A> o .
o, ([RenameMethod (A.m1, A.m2)

Add method C.m1,
o-averriding A.m1

2

P
RenameClass(A, B)

Figure 5.7: Resolved example of circular dependence from Fig. 5.6rting the rename class refactoring
p1 by applying the inverse refactoring;() breaks the circular dependence.

Just as refactorings have preconditions, inverting a refactoringreasmditions too, and if those pre-
conditions are not met, then a refactoring cannot be inverted. Edits andV, that were applied after
refactorings could break the preconditions of inverse refactoringshahdle such cases, we have three
heuristics: adding program transformations, storing additional informbagéore inverting a refactoring, or
a fall-back heuristic in case that others fails.

Heuristic #1: Renaming a program element. This heuristic renames a program element to
a unique name when name collisions prevent inverting a refactoring. Fampg, if Bob re-
namesPr i nt Ser ver . get Packet I nf o to get Packet I nf or mat i on (75) and later adds a new method
get Packet | nf o in the same class, inverting the rename refactoring in step #3 is not possihleskahe
nameget Packet | nf o is already in use (by the lately added method). MolhadoRef searchestéattiab
name collisions before inverting the refactoring, and executes anoti@nneg to avoid the collision. In this
case, before inverting the refactoring, the algorithm renames the nevdgirted methodet Packet I nf o
to a unique name, sayet Packet | nf 0ABC123 and tags this rename refactoring. Now that there are no
more name collisions, renaming can be inverted. Later, in step #5, after all the regular refactorings hav
been replayed, the algorithm inverts all refactorings marked with tagss, Thienames the new method
get Packet | nf 0ABC123 back toget Packet | nf 0. At this stage, there are no more name collisions be-
causerg would have executed.

Heuristic #2: Storing additional information. This heuristic stores additional information before
inverting a refactoring, since some information can get lost when invertifagtorings. Consider the case

when Bob changes the signature of a metheddPacket by adding an extra argument of type integer
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with the default value 0 to be used in method calls. Later he adds a call site iv@asses the value 7 for
the extra argument. Inverting the refactoring and replaying it naivelyldvioge the value 7 and replace it
with value 0. Before inverting the refactoring, MolhadoRef saves thditwctaf the new call sites and the
values of parameters so that it can restore the same values later whgingefiia refactoring in step #5.

Heuristic #3: Fall-back - treating refactorings as edits.When no heuristic for inverting a refactoring
is found, the algorithm treats the refactoring as a classic textual edit, nahehgfactoring is not inverted
and replayed, but its code changes are incorporated by textual mefdthgugh the advantages of incor-
porating the semantics of the refactoring are lost, the algorithm can alwdspnagress and in the worst
case itis as good as classic textual merging.

The first two heuristics are sufficient to invert all the refactorings in tfaduations we have done. Nev-
ertheless, further evaluations might require developing new heuristi@ttidhother types of refactorings,
or force us to use the fall-back heuristic (heuristic #3). An analysis oéfdttorings currently supported in
Eclipse shows that all these refactorings could be inverted by firsimiegaconflicting program elements

(heuristic #1) or storing additional information before inverting the refaego(heuristic #2).

5.4.5 Textual Merging

Once refactorings are inverted, all the editd/inand V5 that referred to the refactored APIs now refer to
the APIs present in versiory. The algorithm merges textually all files that were changed by edits using the
three-way merging [MM85] that most text-based SCMs use.

All code changes inserted by refactorings that would have causedlsame same-block conflicts are
eliminated due to the fact that refactorings were previously inverted. iiLAN example, although both
users changed the declarationgeft Packet | nf o (; andg), after inverting the refactorings, the call to
methodget Packet | nf o insidePri nt Ser ver. pri nt no longer causes same-line conflict.

Still, if two users change the same lines by code edits (not refactorings)cahigenerate a same-
line conflict requiring user intervention, although MolhadoRef can autoalbtimerge a few more edits
than textual-based merging. For example, if Alice and Bob each add a newdrdshlaration at the same
position in a source file, MolhadoRef merges this automatically using the semairAiesedits. In contrast,
textual-based merging would signal a same-line conflict. However, it is whetiple refactorings affect

the same lines that MolhadoRef shines over text-based merging.
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5.4.6 Replaying Refactorings

Current refactoring engines identify program entities with fully qualifieches. Within a stream of opera-
tions from a single version, names will always be consistent becaulseefactoring works with the current
names of program elements. But when refactorings are merged fromifferedt streams, renamings can
interfere with each other in two ways.

The firstis where the refactorings refer to two different entities, betajthem has a name that includes
the other. For example, the fully qualified name of a method includes the namelakits If one refactoring
renames a class, and the other changes a method in that class, it is impatahée thght method gets
changed. MolhadoRef solves this problem by making sure that the refegg@f a method are performed
before the refactorings that rename its class. More precisely, Moltefdses a topological sort algorithm
[CLRSO01] to reorder the nodes in the refactorings DAG created in step #2

The second is where two refactorings refer to the same entity. Sometimes thisndliat that must
be resolved by the user, such as when the two refactorings changantteeaf the same entity. This case
would have been resolved by step #2. So, the only remaining cases angheitwo refactorings change
the same entity, but in different ways. For example, one refactoring cenlmme a method, and the other
could move it to a new class (e.gg andr;). Changing either the method name or the class name will
invalidate the other refactoring. Mohaldoref solves this problem by modjfyeéfactorings. If a refactoring
from one version is replayed after a rename or a "move method” refagtisam the other version, second
refactoring is changed to use the new name. This lets a name-based systEulifike emulate an ID based
system.

To handle multiple refactorings to the same element, we extended the definitiopearantics of
a refactoring. In addition to source code, a refactoring changesguést refactorings in a chain of
refactorings. Arenhancedefactoring is a transformation from source code and a chain of reilagsoto
another source code and another chain of refactorings. Conceptuallgnhanced refactoring®nhanced
is the pair of a classic refactoring transformatipnwith another transformatioi, that changes subsequent
refactorings in a chain:

0 : Refactorings — Refactorings

pEnhanced =< p, 0>
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Composing an enhanced refactoring with another refactoring chargyeethnd refactoring:

piEnhanced;

pj =< pis0i >3 p; = pi; (0i(p;s))
Each6 transformation is dependent upon the type of enhanced refactoringviftich it is a part.
For instance, @g., transformation applied on a move refactoring changes the parameters mibtiee

refactoring:

Mov(k — p) if p; = Mov(m — p)
Mov(z — p) if Pi = MOU(Z — p)

Applying 6., on an empty chain of refactorings is equivalent to applying an identity fumctio

prszjLLanced(H) = PRen; <9Ren([])) = PRen

Given a chairC' = [p;, pi+1, -.-, pr), @applying & transformation on the whole chafriincorporates the

effect of the renaming into the whole chain:

Oren([pis pit1, s pr]) =
(Oren(pi)); (ORen(pit1)); -5 (ORen(pk))

The presence of transformations elegantly solves cases when multiple refactorings afeesaithe
program element. Figure 5.8 presents the composition of two enhancetbrigfgs, a rename and a move
method, that change the same program elenfritnt Ser ver . get Packet | nf o. Each enhanced re-
factoring is decomposed into the classic refactoring angltitansformation. The enhanced rename method
refactoring changes the arguments of the subsequent move method Hrethatve method refactoring

operates upon elemeRti nt Ser ver . get Packet | nf or mati on.

5.5 Discussion

Our approach relies on the existence of logs of refactoring operatiblmsvever, logs are not always
available. To exploit the full potential of record & replay of refactoringge developed Refactor-
ingCrawler [DCMJO06] to automatically detect the refactorings used to cesiadsv version. These inferred

refactorings can be fed into MolhadoRef when recorded refactoaregsot available.
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Enhanced . Enhanced _
pRen(getPack’et]nfo—>getPacketInformation)7 pIWov(Pv*intServengetPacketInfo—>PacketAgetPacketlnfo) -

_ - (0 Enhanced
= PRen(getPacketInfo—get PacketInformation); ( Ren (pl\/[ov(P'rintSe'r'ueT.getPacketInfOHPacket.getPacketInfo)))

_ . Enhanced
= PRen(getPacketInfo—getPacketInformation); p]\/[ov(P'r'i'ntServengetPacketlnfov'mation%Pack:et.getPacketI’rLformation)

- pRen(getPack’et]nfo—»getPacketInfor'm,ation); (p]\/lov(Pv‘intServe%getPacket]nfov*mation—»PacketAgetPack:etInformation); (el\/lov([]))

= PRen(getPacketInfo— getPacketInformation); PMov(PrintServer.get PacketIn formation— Packet.get PacketInformation)

Figure 5.8: Composition of enhanced refactorings: one refactoring anmes
Pri nt Server. get Packet | nf o, the other refactoring moves this method to clessket .

Although one might expect that circular dependences would requirec&ihadnual editing, in practice
such dependences are rare. Circular dependences can be eliminaieallynay deleting some of the
operations in the cycle, or automatically by inverting refactorings (as sefig.irb.7) or by theenhanced
refactorings (step #5). The enhanced refactorings eliminate depeeslbatween refactorings that change
the same program elements since these refactorings can be replayeamemny

Our merging algorithm discriminates between refactorings and API edits. ugthboth of these oper-
ations have semantics that can be easily inferred by tools, MolhadoRe&iavel replays refactorings only,
not API edits (although API edits’ semantics are taken into account duoinitjct detection). Conceptually,
API edits can be treated the same way how MolhadoRef currently treatsoédfiggs. There are two reasons
why MolhadoRef treats them differently. First, API edits are harder tainkan refactorings since API ed-
its are not behavior-preserving. Inverting asdAPI Met hod by removing the method would invalidate all
the edits that refer to the new method (e.g., method call sites). To fix this, it wegldre inverting also the
code edits (e.g., removing the call sites that refer to new method). SecBhedhs do not have the same
global effect as the API refactorings, because only one user (eegontinthat introduced the new method)
would be aware of the new API, leading to fewer cases of same-line dertfi@n when refactorings are
involved. Since there are far less benefits from inverting and replayitigedits, we decided to treat them
like code edits.

MolhadoRef is built on top of the Molhado object-oriented SCM infrastrudiNMBTO5], which was
developed for creating SCM tools. Molhado is a database that keepsofracitory. MolhadoRef trans-
lates Java source code (all Java 1.4 syntax is supported) into Molhadtusgs. At the time of check-in,

MolhadoRef parses to the level of method and field declaration and ceeltekhado counterpart for each
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program element. The method/field bodies are stored as attributes of teepmrding declarations. For
each entity, Molhado gives a unique identifier. When refactorings ehdifigrent properties of the entities
(e.g., names, method arguments), MolhadoRef updates the correspbdtulirayio entries. Nevertheless,
the identity of program entities remains intact even after refactoring opesafior a detailed description
on implementation, see [DMJNO06] and [DNJO6]).

Can such a refactoring-aware SCM system be implemented on top of a trad@M that lacks
unique identifiers? We believe that with enough engineering, the featkslltadoRef can be retrofitted
on a system like CVS. To retrieve history of refactored elements, it is impgdddeep a record of unique
identifiers associated with program elements. Identifier-to-name maps cavée in metadata files and
stored in the repository along with the other artifacts. At each checkymration, the MolhadoRef CVS
client needs to load these metadata files into memory so that they can be upddtedesult of refactoring
operations. At each check-in operation, these files are stored badkéntepository.

Limitations of MolhadoRef: One obvious limitation is that our approach requires that the SCM be
language-specific. However, we do not see this as a limitation, but aseadffadwe are intentionally
giving up generality for gaining more power. This is no different thanmtihels used in software engineer-
ing, for example, IDEs are language specific (along with all the tools thag+aplan IDE, e.g., compilers,
debuggers, etc.), refactoring tools are all language-specific. 8eadding support in MolhadoRef for a
new kind of refactoring entails adding several cells in the conflict anerm#gnce matrices, describing all
combinations between the new operation and all existing operations. THig @aime-consuming task. We
discovered that new cells tend to reuse predicates from earlier celld) wiaikes them easy to implement.
Cells requiring new predicates are still time consuming to implement. Third, theatoess of the system
depends on the correctness of formulae in the conflict and dependeridees. However, we carefully
revisited those formulae. In addition, multiple experiments and more expemsim@gour system can help

to empirically test the correctness of those formulae.

5.6 Controlled Experiment

We want to evaluate the effectiveness of MolhadoRef in merging comparig well known text-based
CVS. For this, we need to analyze source code developed in parallebtitains both edits and refactorings.

Software developers know about the gap between existing SCM repesitord refactorings tools. Since
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developers know what to avoid, notes asking others to check in beflaretorings are performed, are quite
common. Therefore, it is unlikely that we will find such data in source cefesitories. As a consequence,

we designed a controlled experiment.

5.6.1 Hypotheses

Operation-based merging has intuitive advantages over text-based gngirgie it is aware of the seman-
tics of change operations. We hypothesize that operation-based mergitage effective than text-based

merging. Namely, MolhadoRef:
e H1 automatically solves more merge conflicts
e H2 produces code with fewer compile-time errors
e H3 produces code with fewer run-time errors
e H4 requires less time to merge

than CVS.

5.6.2 Experiment’s Design

We wanted to recreate an environment, similar to the regular program maioggnamere developers add
new features, run regression test suites and make changes in theaseda parallel. However, we wanted

an environment where software developers did not know and woaytatther people working on the same
code base. We randomly split 10 software developers into two groupan& G2, each group containing

5 developers. Each developer in group G1 was asked to implement fé&@krewhile each developer in
group G2 implemented feature MAKOPS. All developers were given the same starting code base. At the
end, we took their code, stored it in both CVS and MolhadoRef and merg&dctimanges using Eclipse’s
CVS client and MolhadoRef.

Demographics We asked 10 graduate students at UIUC to volunteer in a software erigmeentrolled

experiment. We were specifically looking for students that (i) had exteqsivgramming experience, (ii)
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Table 5.1: Demographics of the participants.

Mean | Std.Dev.| Min. | Max
Years Programming 8.35 1.97 5 12

Years Java Programming 4.7 1.72 25| 75
Years Using Eclipse 2.1 1.24 0.5 4

had extensive Java programming experience, and (iii) were familiar withdlyesE development environ-
ment. Table 5.1 shows the distribution of our subject population. Most dslfjad some previous industry
experience, two of them were active Eclipse committers, another one wag tirfee industry consultant.
We asked the subjects not to work for more than one hour. For participatihg study, the subjects
were rewarded with a free lunch. During the study, the subjects did et lwino are other participants and
what we are going to do with their code. We told them to implement the task as if tkish&a regular

development job. When we got back their solutions, their implementations wees all similar.

Tasks Each subject received the initial implementation of the LAN simulation used in otivatiag
example, along with a passing JUnit test case that demonstrated how to itetdr@iaystem. The system
was packaged as an Eclipse project, therefore the subjects had to &sfipse development environment.
Along with the system, the subjects received a one-page document degthnid current state of the system
and the new feature they had to implement. We asked them to write another Hicite that exercises
the feature they just implemented. We also gave them the freedom to charayertd design if they did
not like it by using the automated refactorings supported in Eclipse. Howavy the feature and adding
a test case were mandatory, refactoring was optional.

Task ACK required the subject to change the LAN simulation so that whestandBon node received
a packet, it sends axcknow edgenent packet back to the sender. Theknow edgenent packet should
have its contents set to “ACK”.

Task MAX_HOPS required the subject to fix a problem. In the current implementatidrattieet may
keep on traveling forever if the destination node does not exist. To s@vartblem, if 2Packet has been
traveling around long enough without being consumed by any Node, tigetsidumped/eaten up. “Long
enough” represents the maximum number of nodes tiraic&et is allowed to visit and this needs to be

specified by the user.
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Variables

e Controlled Variables. All subjects used Eclipse and Java. Subjects started from the same version
and had to implement one of the two tasks. All mergings were done by useest éx CVS and

MolhadoRef.
e Independent Variables.Merging with MolhadoRef and merging with CVS.

e Dependent Variables. Time spent to perform the merging, the number of conflicts that cannot be

solved automatically, the number of compile and run-time errors after merging.

5.6.3 Experimental Treatment

Now that we had real data about code developed in parallel, we wanteddge mglementations of ACK
and MAX_HOPS into a code base that would contain both features. We use CVS sext-lberging as the
control group to test whether operation-based merging (with MolhadaofRefore effective.

After we gathered all the solutions implemented by the subjects, we createdhpdhre cross-product
among the two groups of tasks (5 solutions for task ACK, 5 solutions fore&X HOPS, resulting 25
pairs). Each pair along with the base version of the LAN simulation forms attripte each such triplet,
we committed the source code in both CVS (using the Eclipse CVS client) and tlbdted. \We first com-
mitted the base version, then checked out in two different Eclipse projeptaced the code in the checked
out versions with the code for MAXIOPS and ACK tasks, then we committed the version containing
MAX _HOPS task (no merging was needed here), followed by committing the vei@mairing the ACK
task (merging was needed here).

By not asking the subjects to do the merging, we prevented them from kgdhéngoal of our study,
so that they would not make subjective changes that could sabotagettioenewf merging. At the same
time, we eliminated one of the independent variables that could affect thenoeitof merging, namely
their experience on merging with CVS or MolhadoRef. Instead, the fisssanond author (who were both
experts with CVS and MolhadoRef) did all the mergings. To eliminate the memfagt efve randomized
the order in which pairs were merged.

Table 5.2 shows the results of merging with Eclipse’s CVS client versus MokRef.
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Table 5.2: Effectiveness of merging with CVS versus MolhadoRef asrshy the controlled experiment.

Mean | Std.Dev.| Min. | Max
CVS Conflicts 8.04 2 4 11
MolhadoRef Conflicts 2.24 1.23 0 5

CVS Compile Errors 12.08| 8.43 0 39
MolhadoRef Compile Errors 1.04 1.09 0
CVS Runtime Errors 0.75 111 0
MolhadoRef Runtime Errors 0.48 0.58 0

CVS Time to Merge[mins] 17.5 7.56 8 35

MolhadoRef Time to Merge[mins] 4.96 3.55 1 17

5.6.4 Statistical Results

After applying analysis of variance (ANOVA) using the Paired Studentést-and Fisher’s test, we were
able to reject the null hypotheses and accept H1 (MolhadoRef automatcdys more conflicts), H2
(MolhadoRef produces fewer compile-errors), and H4 (it takes lessttmeerge with MolhadoRef), at a
significance level ofr = 1%. We were not able to reject the null hypothesis for H3 (MolhadoRedfyres

fewer runtime errors) at = 1% level.

5.6.5 Threats to Validity

Construct Validity. One could argue why we chose number of merge errors and time to merge as the
indicators for the quality of merging. We believe that a software tool shoalegase the quality of software

and the productivity of programmer. Compile- and run-time errors both me#se quality of the merged
code. Number of conflicting blocks measures indirectly how much of the tegadwuis taken care by the

tool while the time to merge measures directly the productivity of the programmer.

One could also ask why we did all the merging ourselves instead of usinghfexts. Partly we wanted
to eliminate confounding the effect of tool and the experience of mengeitcecontrol the number of direct
variables to a manageable size. We were experts with both CVS and Molefaduafere as our subjects
would not have any experience with MolhadoRef. In addition, the subjiédttsot know that their solutions
would be merged. This way we simulated an environment where the kindsanfehk are not limited by
whether or not they can be easily merged, but where programmers hsoleite freedom to improve their

designs.
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Internal Validity. One could ask whether the design of experiment and the results trulysespra
cause-and-effect relationship. For instance, since we were the medyeho merged subjects’ solutions, the
repetition of experiments could have influenced the results. To eliminate the meffemt, we randomized
the order in which we merged pairs of solutions. In addition, we split the mgtgsks into several clusters,
separated by several days. Another question is whether the persanevged with MolhadoRef was better
at merging than the person who merged with CVS. Before doing the mergpegiment, we tried a few
cold-run merging experiments and both persons involved in merging (tharidgssecond author) had the
same productivity.

External Validity. One could ask whether our results are applicable and generalizable terrange
of software projects. We only used one single application and the inpet dedeloped in parallel was
produced using Eclipse and Java. Maybe by using IDEs which do attréerefactorings, the programmers
will make fewer refactorings. Although the presence of refactoringsemiently integrated within an IDE
can affect the amount of refactoring, we noticed cases when subgfatdared manually. Also Java is a
popular programming language and Eclipse is widely used to develop Jayaprs.

The subjects of our experiment are all graduate students. On oneth&ni, an advantage because
the subject demographics are relatively homogeneous. On the otherusanalf students limit our ability
to generalize the results to professional developers. However, flclak at Table 5.1 shows that the
subjects had reasonable experience, most of them had worked in ynblefire coming to graduate school.
Notably, two of them had several years of professional consultingpeogtamming experience.

Reliability. The initial base version along with the students’ solutions can be found diMiok, so

our results can be replicated.

5.7 Case Study

Most of the development of MolhadoRef was done by two programmers girgpppgramming fashion
(two people at the same console). However, during the last three wieksyo programmers ceased
working on the same console. Instead, they worked in parallel; theytoedaicand edited the source code as
before. When merging the changes with CVS, there were many same-liftietsoift turned out that a large
number of them were caused by two refactorings: one renamed a g&RtralssLi ght Ref act ori ng to

Oper at i on, while the other moved the API classght Ref act or i ng to a package that contained similar
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abstractions.

When merging the same changes using MolhadoRef, far fewer conflicts. otable 5.3 presents the
effectiveness of merging with CVS versus MolhadoRef. Column ‘confttsws how many of the changes
could not be automatically merged and require human intervention. For C¥¢8& &ne changes to the same
line or block of text. For MolhadoRef these are operations that cannattoenatically incorporated in the
merged version because they would have caused compile or run-time étext columns show how many
compile-time and run-time errors are introduced by each SCM.

Table 5.3: Effectiveness of merging with CVS versus MolhadoRef assty the case study. First rows
show how many conflicts could not be solved automatically and requiredniserention. Next rows show

the number of compile- and runtime-errors after merging with each systerrdvaspresent the total time
(including human and machine time) required to merge and then fix the merge erro

MolhadoRef| LAN Simulation
Case Study Example

CVS Conflicts 36 3
MolhadoRef Conflicts 1 1

CVS Compile Errors 41 1
MolhadoRef Compile Errors 0
CVS Runtime Errors 1
MolhadoRef Runtime Errors 0
CVS Time to Merge [mins] 105 5
MolhadoRef Time to Merge [mins]| 2 1

Table 5.3 shows that MolhadoRef was able to automatically merge all 36 sansfifiets reported
by CVS. MolhadoRef asked for user assistance only once, namelybdtiemevelopers introduced method
get I D() in the same class. MolhadoRef did not introduce any compile-time or run-timeseashile
CVS had 48 such errors after “successful” merge. In addition, it t@&kninutes for the two developers to

produce the final, correct version using CVS, while it takes less than twatesito merge with MolhadoRef.

5.8 Summary

Upgrading component-based applications to use the latest version of cempgam be seen as a special
case of software merging. The upgrading tool needs to merge refgs@m edits on the component side,

with those on the application side. In addition, it needs to identify the mergeiatsrifiat require user
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intervention.

Because refactorings can potentially change many parts of a prograneréate problems for current
text-based SCM tools. These SCM systems would signal merge conflictathbé@utomatically resolved
by a refactoring-aware merging algorithm. In addition, they do not sigealastic conflicts, but only
syntactic conflicts in cases when the changes are on the same lines of code.

We present a novel SCM system, MolhadoRef, that is aware of prograities and the refactoring
operations that change them. MolhadoRef uses the operation-basedappo record (or detect) and
replay changes. By intelligently treating the dependences between niffgrerations, it merges edit and
refactoring operations effectively. In addition, because MolhadaRkatvare of the semantics of change
operations, a successful merge does not produce compile or runtiong. err

The reader can find screenshots and download MolhadoRef at [Mol].
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Chapter 6

Refactoring-aware Binary Adaptation of
Evolving Libraries

6.1 Introduction

Our previous chapters, as well as most previous solutions to automataiggof clients advocate that (a)
source code of clients [CN96,RH02,HDO05, BTFO05] or (b) bytecddad8, WSMO06] of clients be changed
in response to library APl changes. However, this is not always desstbr example, Eclipse IDE [Ecla]
ships with many 3rd party clients that extend the functionality of the IDE. Tlésats are distributed
in bytecode format only, without source code, and, for legal reastave software licenses that prohibit
changing the bytecodes of clients.

Rather than waiting for 3rd party client developers to update their clientsieviee the library APIs
change, we propose that clients are automaticdligldedirom the API changes in the library. Our solution
restores théinary compatibilityof the library: older binary clients continue to link and run against the new
libraries without changing or recompiling the clients. It automatically geneeatefsctoring-aware com-
patibility layer using the refactoring trace recorded by the refactoring engine uste tiprary developers;
alternatively, the trace can be inferred using our previous tool, Refag@rawler [DCMJO06], thus no need
to manually annotate libraries. This compatibility layer automatically restores libraBl compatibility
while giving library developers the freedom to improve the library APIs.

This chapter presenReBA our refactoring-aware binary adaptation tool. ReBA has several glissin-
ing features that make it practical for modern large software systems smumf core libraries and many

3rd party clients. We designed ReBA to meet the criteria that we believequizad for modern systems:

e Binary clients: the solution should work with the binary version of the clients. This is desirable
because large systems (e.g., IDES) often do not own the source c8d drty clients that extend

the functionality of the system.
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Figure 6.1: Overview of our approach (arrows show dependeretesebn modules). (a) Library and client
are compatible. (b) API changes in library break compatibility. (c) ReBAegaties an adapted-library that
supports both the old and the new APIs. (d) From the adapted-libraBA Rarves out a client-specific
compatibility layer. The old client loads the restored APIs from the compatibilitgriland the APIs not
changed from the new library.

e Dual Support: Consider a large system like the Eclipse IDE that ships with core librarieSahd
party clients. Some clients are updated regularly to use the new versionsaoifeli) but others are
not. A solution must allow both old and updated clients to simultaneously use theemsion of the

libraries and be included in the shipped product.

e Preserve Edits the proposed solution should preserve the edits (e.g., performancevengents or
bug fixes) of the library. This is important because old clients can benefit the enhancements in

the library.

e Preserve Type Information: A known problem with compatibility layers using the Adapter pat-
tern [GHJV95](also known as Wrapper) is that object identity bredksesadapter and the adaptee
are two different classes. We want to ensure that old clients that useidppdity, or equality com-

parisons (e.gi,nst anceof , ==, orequal s) would still work.

Figure 6.1 shows an overview of our solution. ReBA works in two main stdgest, it creates a version
of the library, callechdapted-library(details in Section 6.4). The adapted-library contains the same code as
the new version of the library, but it supports both the old and the new.A&dsond, from this adapted-
library ReBA carves a custom-made, client-sped@mpatibility layer(details in Section 6.5) using a static
analysis technique based paints-toanalysis [Wei80].

This technique greatly reduces the size of the compatibility layer, while oseceative static analysis

ensures that an old client loads at runtime only classes that are baskeaamgbatible. The compatibility
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layer allows both old and new clients to run simultaneously with the refactoreaylibm addition, since
the compatibility layer uses the same class names that the old client expects ethpréserves the type
information and identity of the adapted classes.

This chapter makes three major contributions:

1. An innovative solution. Our solution automatically generates a compatibility layer for a library that
allows both the old and new interface to be used in the same system. It doesjuioé programmers to
annotate their library, but builds the compatibility layer using information ressbiay a refactoring tool. It
uses points-to analysis in a new way to minimize the size of the layer.

2. Implementation. ReBA, our concrete implementation works for Java programs. ReBA is imple-
mented as an Eclipse plugin, therefore it is conveniently integrated into théywisled Eclipse IDE. To
minimize the size of the compatibility layer, we implemented the points-to analysis usihg\\NAAL],
an analysis library from IBM Research.

3. Evaluation. We have used ReBA to generate compatibility layers in different scenagesSec-
tion 6.7). First, we evaluated ReBA on the data obtained from a controllegfiexgnt with 10 different
developers. Second, we evaluated ReBA on three Eclipse libraries whiehrefactored by Eclipse devel-
opers. For both scenarios we used ReBA to generate and apply compdtl#ity to a comprehensive test
suite created for a pre-refactoring version of the library. After applgior compatibility layers, the tests
ran successfully. Profiling shows that the memory and running oveihrgsabed by our solution is small.

ReBA and all our experimental results are publicly available online from ##2Rveb page:

http://netfiles. uiuc.edu/di g/ ReBA

6.2 Motivating Examples

We show three examples of API changes that cause problems for clidrgse Examples are taken from
real world case-studies, namely libraries that make up the official distribafi&clipse IDE [Ecla].

With respect to how ReBA generates the compatibility layers, API changelsecaeparated into three
categories which are mutually exclusive and cover all cases: deletidgkBlsf method-level API refactor-
ings, and refactorings that change the names of classes (details in 8eljtiéach of the examples below
belongs to one of the three categories. The first three examples illustrategtidor the adapted-library,

the fourth example illustrates the need to reduce the size of the adapteg-librar
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/'l version 20070329 before refactoring /1 version 20070405 after refactoring
cl ass RefactoringExecutionStarter { cl ass RefactoringExecutionStarter {
voi d startCl eanupRef actori ng( voi d startCl eanupRef act ori ng(
| Conpi |l ationUnit[] cus, | Conpi |l ationUnit[] cus,
bool ean showwW zard, Shell shell) { bool ean showw zard, Shell shell,
| d eanUp[] cl eanUps,
I G eanUp[] cleanUps= O eanUpRef actori ng. String actionNanme) {
creat eC eanUps();
for (int i=0; i < cleanUps.length; i++) for (int i=0; i < cleanUps.length; i++)
refactoring. addd eanUp(cl eanUps[i]); refactoring. addCl eanUp(cl eanUps[i]);
} }
} }

Figure 6.2: Example of ChangeMethodSignature refactoring in pludin ui . Two new arguments were
added:cl eanUps was previously a local variable and is now extracted as an arguangritonNamne is a
brand new argument.

Deletion of APIs. Inlibraryj f ace. t ext version 20060926 (format yearmonthday), claissf Appl i er
is deleted. There is at least one cliemt; kbench. text edi tor. test s that uses this class. As a result of the
deletion ofDi f f Appl i er, any version of this client prior to 20060926 no longer works with the mewe
version of the library. To make this change backwards compatible, ReB#teas a version of the library,
which we call adapted-library, whei@ f f Appl i er is added back. Other than adding a dependency
between the test client and the adapted-library, ReBA requires noehémthe client.

Method-level refactorings. In library jdt.ui version 20070405, the signature of method
Ref act ori ngExecuti onStarter. startC eanupRef act ori ng changed from three arguments to five
arguments (see Fig.6.2). The library developers provided defaults/fduthe two new arguments such that
calling the 5-argument method with the default values would behave like thimpseversion with 3 argu-
ments.

There is at least one client broken because of this API change, theytelint; dt . ui . test s. To shield
this client from the change, ReBA generates an adapted-library corganiersion of dt. ui where the
original method with 3 arguments is restored. The method merely delegates tewheersion with 5
arguments, and passes the default values for the extra argumentiy(6e®) FBecause the adapted-library
delegates to the latest implementation of the method, old clients can benefit frampttoeements in the
library. When supplying the compatibility layer to the old client client, all tests naesssfully.

Refactorings that change Class nameslin library workbench. texteditor version 20060905, class
Levenst ei n was renamed tbevensht ei n (notice an extra “h” character). There is at least one client,

wor kbench. texteditor. tests that is broken because of this change. ReBA generates an adapgay-libr
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/I Adapted Library Class
class RefactoringExecutionStartef

/!l ReBA adds this method with the old signature
void startCleanupRefactoring (ICompilationUnit[] cus,
boolean showWizard, Shell shell){
return startCleanupRefactoring (cus, showWizard, shell,
CleanUpRefactoring.createCleanUps () ,"Cledp”);
}

/I'new method with 5 arguments
void startCleanupRefactoring(ICompilationUnit[] cus,
boolean showWizard, Shell shell,
ICleanUp[] cleanUps, String actionNamej
//same implementation as in the
/Inew version of the library

Figure 6.3: Compatibility layer generated for ChangeMethodSignaturetoeifag in libraryj dt . ui .

where the class nam@vensht ei n is reverted back tbevenst ei n (all other code edits inevensht ei n
are preserved). Because the adapted-library consistently usesrtbecksess names that the old client ex-
pects, client code that uses type checking (émgst anceof ) or makes use of object equalityqual s) or
object identity €=), still runs as before, without requiring any changes to the client.

The need for carving: After creating the adapted-library, in order to enable both upgradedldrdients

to run simultaneously, one needs to keep both the adapted-library andathesrsgon of the library. This
can result in doubling the memory consumption.

To alleviate this problem, once it generated the adapted-library, ReBA&<ant a client-specific com-
patibility layer which is much smaller than the adapted-library. Recall our pueveéaample where ReBA
generated the adapted-library by reverting the renamed ckasmsht ei n back toLevenst ei n. Fig-
ure 6.4 shows some classes in the adapted-library thatassenst ei n. A client can useFact ory to
create instances afevenst ei n class.Fact ory has a direct source referenceltevenst ei n, therefore
Fact ory needs to be in the compatibility layer. If it was not in the compatibility layer, the clientld
load the version ofact or y from the new library wher€act or y creates instances bévensht ei n, thus
breaking the client.

The other library class| ndi rect, does not appear to have a reference_Lévenst ei n. Does
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class Factory {
Levenstein create
return new Levenstein ();

}
}
class Indirect {
Object m() {
Factory factory =new Factory ();
return factory.create ();
}
}

Figure 6.4: Library classes that uisevenst ei n.

I ndi rect needs to be put in the compatibility layer? Yes. Although the source codeddfr ect does
not have a reference tevenst ei n, its bytecode does. This is because the method call ¢at e in the
bytecode ofmis replaced by the method descriptor toreat e. Bytecode method descriptors contain not
just the method name and arguments, but also the return type [LYO1]. fétesrén order to restore the
backward compatibility, the version bhdi r ect that is compiled withLevenst ei n needs to be put in the
compatibility layer, otherwise a runtime error “method not found” is thrownBReses a points-to anal-
ysis (details in Section6.5) to find out all classes in the adapted-librarydhatkeger toLevenst ei n, thus

it finds bothFact ory andl ndi r ect and adds them to the compatibility layer. The carved compatibility

layer contains onlyevenst ei n, Fact ory, andl ndi r ect .

6.3 Overview

6.3.1 Background Information

During library evolution, most changes add new API methods and clasaeddmot affect old clients.
Therefore, we distinguish between API changes that are backwamgsatible (e.g., additions of new APISs),
and those that are not backwards-compatible (e.g., deletion of APl metieodsning API classes). Since
only the latter category affects old clients, from now on, by API changesafer to those changes that are
not backwards compatible.

Besides refactorings, libraries evolve through edits. We distinguish batiel edits(e.g., edits that

change the APIs) ancbde editsncluding all remaining edits (e.g., performance improvements, bug fixes).
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Code edits in general have less defined semantics, making it harderlfotd@utomatically reason about
them. ReBA preserves in the adapted-library all code edits from the laesson of the library, and adapts
the API deletions and API refactorings. Refactorings preserve thengiesiabut edits do not. Although
ReBA intends to ensure that old binary clients run “correctly” with the newsigas of the library, because
of the edits, we cannot give such strong semantic guarantees.

In the current implementation, ReBA supports these refactorings: renackage, rename class, re-
name method, rename field, move method to different class, change methatlissgencapsulate field
with accessor methods. These refactorings are some of the most filgaqpesurring refactorings in prac-
tice [DJ06]. The API edits that ReBA currently supports are: delete gggkdelete class, and delete

method.

6.3.2 High-level Overview

This section gives an overview of each of the two stages of our solution.

Creating the Adapted Library  One approach to creating a backwards-compatible, adapted-library, is to
start from the new version of the library and undo all API changes, imawerse order in which they hap-
pened. Although simple, this approach has two limitations. First, one needsd¢tivady undo refactorings
while ignoring API additions. There can be dependences betweernaefgs and API additions, so un-
doing one without the other is hard. Second, from a practical point ®f, ¥@ols that record API changes
might not store all the information required to undo an API change. Fanpba Eclipse refactoring logs
do not store enough information to undo deletions.

Therefore, ReBA does not undo API changes on the newer vergitredibrary, but it replays the
(modified) API changes on the old version of the library. When replayiegAtRl changes, ReBA alters
them such that they preserve the backwards compatibility (e.g., a deletgiopéas not replayed, and a
rename method leaves a delegate).

Figure 6.5 shows an overview of creating the adapted-library. Theitlgotakes as input the source
code of the new and old versions of the library, and the trace of APlggsathat lead to the new ver-
sion. These API changes can be retrieved from an IDE like Eclipssi¢veB.3) that automatically logs

all refactorings and deletions. Alternatively, APl changes can beradarsing our previous tool Refactor-
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INPUT: Librarynew, Libraryoud » Avivrary = (R1, Ra, ..., Ry)
OUTPUT: Adapted Library
Creating AdaptedLibrarpegin
AdaptedLibrary = Libraryyew
forEach(Operation opA riprary)

Operatiorp = pr eser ved dAPI (op)

Libraryoiq =r epl ayQper at i on(op, Libraryoiaq)
endForEach
AdaptedLibrary +=copyRest or edEl enent s(Libraryoiq)
AdaptedLibrary =r ever seC assNanes(Adapted Library)
end

~No o0 WDN B

Figure 6.5: Overview of creating the Adapted-Library.

ingCrawler [DCMJO06].

ReBA starts from the old library version and processes each librarycA&tige in the order in which
they happened. For each API change ReBA creates a source transformatiop, that creates the refac-
tored program element and also preserves the old element. Recallingaouplexn Fig.6.2, ReBA creates
another change signature refactoring which keeps both the old andwieethod (the old method merely
delegates to the new method). Then ReBA replaysthteansformation on the old version of the library.

Once it processes all API changes, ReBA copies the changed pradeanents fronLibraryo;q to
AdaptedLibrary. Although theAdaptedLibrary starts as a replica of the new library version, with each
copying of program elements from the modifieéhraryoq, it supports more of the old APIs.

The compatibility of classes with changed names cannot be restored bngopyt only by restoring
their names. This is done by reversing refactorings that changed elas=snFor example, ReBA restores
the API compatibility ofLevensht ei n in our motivating example by renaming it backltevenst ei n.

At the end, the adapted-library contains all the APIs that the old clientresyurhe algorithm processes

refactorings from different categories differently. Section 6.4 pressene example from each category.

Carving the Compatibility layer To optimize for space consumption, ReBA constructs a client-specific
compatibility layer. The customized compatibility layer consists of classes whBsedmpatibility was
restored in the adapted-library, as well as those classes that aredffgcthis change. Some classes are
directly affectedfor example, a class that has a reference to a renamed class. Otkes @dagndirectly

affected for example classes that do not have a source reference, but diyieeode reference to the
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INPUT: AdaptedLibrary, client, Apiprary = (R1, Ra, ..., Ry)
OUTPUT: Compat Layer
Carving the Compatibility Layelbegin
CompatLayer = ®
Graph pointsToGraph =
bui | dPoi nt sToG aph(AdaptedLibrary, client)
forEach(Operation opA rirary)
Class[] classesget ChangedC assesFr omop)
Set reachingClasses =
get Reachi ngNodes(pointsToGraph, classes)
Compat Layer = append(Compat Layer, {classes, reachingClas$gs
endForEach
end
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Figure 6.6: Overview of carving the compatibility layer.

restored class. Recalling our example from Fig. 6.4, ReBA needs to pug icotimpatibility layer both
Fact ory (directly affected) antindi r ect (indirectly affected), in order to restore the binary compatibility.

To find both directly and indirectly affected classes, and to keep only ttlasses that a specific client
can reach to, ReBA usespmints-toanalysis. Points-to analysis establishes which pointers, or heap ref-
erences, can point to which variables or storage locations. Figure\@&$§ gnh overview of how we use
points-to analysis to determine the direct and indirect affected classedettiks of the analysis are found
in Section 6.5.

Starting from the client, ReBA first creates a directed graph (see Fig.6dyewnodes are library classes
reached from the client and whose edges are points-to relations. EB#hiRratively processes each API
change and determines the classes that are changed due to restoribgdkeiards compatibility. ReBA
traverses theointsToGraph and gets all other library classes that can reach to the restored cl&sses.
each refactoring, the compatibility layer grows by adding the classes thathanged as well as their

reaching classes.

Putting it all together  Next we show how an old client is using the compatibility layer along with the new
version of the library. First we give a gentle introduction to how classesoaded in Java. ReBA does not
require any special class loading techniques, thus it enables anythadyses the standard class loading to
benefit from our solution.

In Java, classes are loaded lazily, only when they are needed. Ciasslesded by &lassLoader
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When running a client, one has to specify GlassPaththat is the places where the bytecodes of all classes
are located. The ClassPath is a sequence of classpath entries (e.desJéolflers with bytecode files),
each entry specifying a physical location. When loading a class, thel©kdsr searches in each entry of
the classpath until it can locate a class having the same fully qualified name sesaticbed class. In case
there are more than one class that match the fully qualified name, the Classlozattethe first class that
it finds using the order specified in the class path entries.

After creating the compatibility layer, ReBA places it as the first entry in thesPlath of the client.
Thus, at runtime, when loading a class, the ClassLoader searchemniosg the classes located in the
compatibility layer.

Suppose that the old client asks for a class whose API compatibility waseédip ReBA. The Class-
Loader finds this class in the compatibility layer and it loads it from there. Eweungh a class with the
same name (but which is not backwards compatible) might exist in the newyliberause the ClassPath
entry for the compatibility layer comes before the entry for the new libraryClhssLoader picks the class
from the compatibility layer.

Now suppose that the client searches for a class that is backwardstiol@gven in the new version
of the library and is not present in the compatibility layer. The ClassLoaghkackes for this class in the
compatibility layer; it is not found here, and the ClassLoader continugstsag in the new library where
it finds the required class.

Now suppose that we have both an old client and a new client running tdeygelhe compatibility
layer allows the old client to load classes that are backwards compatiblsaghee above. As for the new
client, since it does not have the compatibility layer among its ClassPath entrwas, anly load classes

from the new library.

6.4 Creating the Adapted Library

This section describes how the adapted-libraries are generated bytmgone example from each of the
three categories of APl changes. We use the same examples as in outingpgeation (Sec. 6.2). This
section presents one example from each category of API changes.

Delete API class, delete method, and delete package form the Deletion ofad®jory (Subsec-

tion 6.4.1). Rename method, change method signature, move method, repthoeféieences with access
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method belong to Method-level category (Subsection 6.4.2). Rename wglass, class, rename pack-
age, and move package belong to the category that changes the fullyeguaéifnes of classes (Subsec-

tion 6.4.3).

6.4.1 Deletion of APIs

For operations belonging to this category, functipreser veQ dAPI (line 3 in Fig.6.5) returns &OP

operation. For example, when processing the operation that deletesDcleissppl i er, ReBA does

not replay the deletion, thus it keepsf f Appl i er in the old version of the library. Later, function

copyRest or edEl enent s copieshi f f Appl i er from the old version of the library to the adapted-library.
Functionr ever seCl assNanes does not process operations belonging to this category, since their API

compatibility was restored previously by functionpyRest or edEl enent s.

6.4.2 Method-level Refactorings

For operations belonging to this category, functipreser ved dAPI returns a new operation. The new
operation is the same kind of refactoring as the original refactoring. Meni addition to replacing the
old method with the refactored method, it creates another method with the samteiségs the old method,
but with an implementation that delegates to the refactored method.

For our motivating example of ChangeMethodSignature (Fig. 6.2) that &ddsarguments to
st art Cl eanupRef act ori ng, the new operation produced pyeser ved dAPI is another ChangeMeth-
odSignature refactoring. Because ReBA is implemented on top of Eclipsedtie Eclipse representation
to create new refactorings. In Eclipse (versiar8.2), when playing a refactoring, the refactoring engine
logs each refactoring and it produces a refactoring descriptor. &fastoring descriptor is a textual repre-
sentation of the refactoring and contains information such as: the typéotoeng, the program element
on which the refactoring operates (identified via a fully qualified name)aamaments supplied by the user
through the Ul (e.g., the new name in case of a rename refactoring).

Functionpr eser ved dAPI takes a refactoring descriptor and it creates another refactoringptesc
In our example, the new refactoring descriptor specifies the same pesees the old descriptor: the type of
refactoring, the input elemest ar t Cl eanupRef act or i ng, the default values for the two extra arguments

(the String literal “Clean Up” and “CleanUpRefactoring.createCleanJpstc. In addition, ReBA adds
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another tag specifying that the original method should be kept and deteghie refactored method. Out
of the new descriptor, ReBA creates a refactoring object and replesysefactoring on the old version of
the library.

Figure 6.7 shows that for the motivating example (Fig. 6.2), funcatimpy Rest or edEl enent s copies
only the restored method with the old signature from the refactored versiba old library to the adapted-
library. ReBA does not copy the method with the new signature from the oldyitRR&call that by construc-
tion, the adapted-library contains all code edits from the new version dbtiaey. Thus, the adapted-library
uses the same implementation of this method as the new version of the libraryc@gdieng the old method
in the adapted-library, because the copied method delegates to the new intptéonesf the method (lo-
cated in the same class), ReBA allows clients to benefit from the improvements(ey fixes, performance

improvements) in the new version of the library.

RefactoringExecutionStarter RefactoringExecutionStarter
startCl. pRef: ing '\ startCl. pRef
(3 arguments){ I_COpy (3 arguments){
return startCleanupRefactoring( _V return startCleanupRefactoring(
5 arguments); 5 arguments);
startCleanupRefactoring startCleanupRefactoring
(5 arguments){ (5 arguments){
/lold implementation /Inew implementation
Refactored Old Library + Old APIs Adapted Library

Figure 6.7: Using the ChangeMethodSignature motivating example (Fig. 6f@hction
copyRest or edEl enent s copies only the restored API elements.

Functionr ever seCl assNanmes does not process operations from this category since their APl com-

patibility was restored previously.

6.4.3 Refactorings that Change Class Names

Operations in this category include all those that change the fully qualifigd @mckage.class) names of
classes. Fully qualified names play a central role in how classes are latdedime; any changes to these
names would cause older clients to fail to load the class. Therefore,ingstbe compatibility of a class
whose name has changed, means restoring the name of the class. Thagioesh@appens in two steps.

For refactorings belonging to this category, functipreser ved dAPI is the identity function, e.g.,
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returns back the original refactoring. Although this operation doesastbre the backwards compatibility,
ReBA still replays it on the old library. This is needed because later refagiocould depend on the names
changed by refactorings in this category. More specifically, later t@fag cannot be executed unless the
previous refactorings were executed. The reason for the depezgleetween refactorings is the fact that re-
factoring engines identify program elements by their fully qualified names pagkage.class.methodName
for a method). For example, given the sequence:

ALibrary = {op1= RenameClass( — B);
opz = MoveMethodB.m — C)}

Refactoringop2 could not discover methdgl munless it looks into clas, thus the renaming must take
place beforep, could proceed.

FunctioncopyRest or edEl enent s does not copy elements affected by this kind of refactorings, be-
cause these elements are not yet backwards compatible. FunetienseCl assNanes is the one that
restores the compatibility of these program elements by creatiengaserefactoring and applying it on the
adapted-library. In our motivating example, functiosver sed assNanes revertsLevensht ei n back to
Levenst ei n by applying a reverse rename class refactoring.

To restore all class names, ReBA creates reverse refactoringsrefeaiorings that change class names.
Then ReBA applies the reverse refactorings backwards, from thepasation inA ..., toward the first
operation.

ReBA creates the reverse refactoring by constructing a new refagaescriptor where it swaps the old
and new names of the class. From this refactoring descriptor, ReBfesraaefactoring object and then

uses the Eclipse refactoring engine to apply the refactoring.

6.5 Carving the Compatibility Layer

From the adapted-library, ReBA carves a smaller, client-specific compatilaijigr. This layer contains
only the classes whose API compatibility was previously restored and thasses from which a client
could reach/load the restored classes. All the remaining classes nebd pagsent in the compatibility

layer, and can be loaded from the new version of the library.
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1class C{

2 void m() {
3 Tt =newT();

4 Object u1 = new U() ;
5 ul =newR();

6 t1.f1=ul;

7

8

Figure 6.8: An example points-to graph.

6.5.1 Points-to Analysis

The heart of this stage is the usepafints-toanalysis to find the set of classéachingthat can “reach”
to classes whose API compatibility is restored. Points-to analysis establiSispointers, or heap refer-
ences, can point to which variables or storage locations. Figure 6.8 itestige creation of the points-to
graph for a simple program.

In Fig. 6.8 allocated objects are marked with squates;(: 7' >) wherei shows the line number where
the object is created] represents the type). Pointers to objects (e.g., references in the Jaiuotegy)
are denoted by named circles, having the same name as the pointer. Didgredennect pointers to the
objects they point to, or to other pointers (e.g., field f1 points to pointer uig)dg-are also connected to
their objects by directed edges.

The points-to analysis that we use is flow-sensitive: it takes into accoamrtier of statements (e.g.,
line 5 “kills” the previous points-to relatioml — s4 : U). The analysis is also field-sensitive: each
instance of a field is modeled with a separate variable. The points-to analgsissisrvative, meaning that
at runtime some pointers “might” point to the computed allocated objects. Havgggdasitives means that
our analysis can add unnecessary classes to the compatibility layer. éfpiwes much more important
that the analysis does not miss cases where a class should be addedtohghility layer.

To build the points-to graph, we use WALA [WAL], a static analysis libragnfrIBM Research. The
example we illustrated shows the points-to graph foimtraproceduralanalysis. When the function has
calls to other functions, WALA does anterproceduraj context-sensitive analysis (e.g., it takes the calling
context into account when analyzing the target of a function call.) To cteraouinterprocedural analysis,

WALA first creates the call graph using teatry-points(e.g., main methods) from the client. WALA does
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Figure 6.9: Example of points-to relations between classes used in Fig.6.8.

not need the source-code of the client or library, it only needs the dgeaf client and library. Using the
information from the call graph, the interprocedural analysis exparfdadion calls. In other words, it
builds the points-to graph by traversing “through” function calls.

From the points-to graph created by WALA, ReBA creates a customizetbpmiigraph where it repre-
sents points-to relations at a higher granularity. Specifically, the custortsgo graph represents points-to
relations only among classes. First, it short-circuits the original pointsagghgsuch that each pointer points
to a leaf object (e.g., it changes— f1 — u; — s5: Rtot; — s5 : R). Next, for each points-to relation
in the short-circuited graph it creates a points-to relation between the diess the pointer is defined and
the class of the pointed object. For the graph in Fig. 6.8, ReBA createsititeqpmgraph in Fig. 6.9 whose
nodes are classes and the edges are points-to relations between classes

Next, for each API change, ReBA determines the set of classes ahamgeder to restore the API
compatibility. Then ReBA searches in its points-to graph for all classes éimatreach” to these changed
classes through the points-to relations. Finally, ReBA putRisa&chingclasses and the changed classes in

the custom-made compatibility layer.

6.6 Discussion

During the first stage when ReBA generates the adapted-library byyneglthe modified API changes,
ReBA only needs access to the source code of the library, not the cliemte $e library developers
use ReBA to generate the adapted-library, ReBA has no problem amgéss library source code. With
each new library version, library developers can ship a signed, trastepted-library that is backwards
compatible. Client developers can use ReBA to carve out a custom compal#yiéty Additionally, library

developers could also use ReBA to generate custom compatibility layerbeiotsdfor which they do not

have access to the source code. For example, large frameworks likeeestip with 3rd party clients for

which the framework providers do not have access to source codipsé&developers could use ReBA to
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accommodate 3rd party clients that make up the official distribution of Eclipse.

In Java, the bytecode of the client contains as much information as theestndle, essentially it is
just another representation. In cases when the source code of clienissiag, one could ask why not
change the bytecodes of clients directly? There is no technical reaspromehcould not refactor the
bytecodes of the client in response to library refactorings. Howevere tmight be several other reasons
why changing the bytecodes is not an option. First, for legal reasewsra proprietary companies and
software licenses forbid any changes in the bytecodes of shipped clieréa some open-source licenses
only allow changes in the source code. Second, even the smallest dnatfigesource code of clients
might require recompilation, thus rendering the previous bytecode paitcvedsgl. Having a bytecode
patch that needs to be recreated and reapplied at each recompilatiomtsf cfia easily lead to expensive
maintenance. Third, the bytecodes could be intentionally obfuscatedacyreasons.

Our approach to adapt libraries is not limited to two consecutive versiontheflibrary, but
works for any two versions of a library. Given three different librasrsions, 1y, V5, and V3, the
adapted-libraries/compatibility layers generated are not stacked on tagchbfagher, but each adapted-
library/compatibility layer works directly with the latest version of the librarystireducing compositional
performance overhead.

To generate a custom-compatibility layer, rather than using our points-tosésahe naive approach is
to search for all classes that have a source code reference to fitecdisses and to put these referencing
classes in the compatibility layer. However, this solution has several disdyes: (i) it requires availability
of source code, (ii) it fails to identify classes that are referenced icitiirésee example ndi rect in
Fig. 6.4), (iii) it adds unnecessary classes. In the example illustrated i6.8Big6.9, if classJis refactored,
the naive solution would add classto the compatibility layer, because it has a direct reference to the
refactored class. This is unnecessary, because Claagnot “escapeU outside of itsmmethod, thus a
client can never get hold of clasdrom classC.

A different alternative to points-to-analysis, is to scan the bytecodeg@dhpted-component and only
put in the compatibility-layer those classes whose bytecodes have champedapproach would work
in a traditional Java application which uses one single class loader. Howewsuld not work when
an application uses multiple modules, each of them having its own classloatietagspath, like in the

Eclipse IDE plugin architecture. ReBA needs to put in the compatibility layen sgene classes that have

120



not changed. The use of points-to analysis is instrumental in finding thasses that do not change at all,
still they transitively refer to the restored classes. Our solution workbdtr the traditional scheme with
one class loader per application, and the more advanced schemes with skags loaders per application.

Although ReBA does not currently handle all refactorings, we examifigdfactorings supported by
the Eclipse IDE and they all could be adapted in a similar way with the one dedadnbthis chapter.
Some Eclipse refactorings are composed of smaller refactorings. FapéxaExtractClass refactoring
which introduces another class in the type hierarchy and moves methodsimtrddiced class can be
implemented by combining refactorings from our second category (methet}-tand refactorings from the
third category (class names). Changes to the type hierarchy need teebden a similar way how we
revert class names.

Although our solution is not language-specific, its implementation is. In ordadapt our solution

to other programming languages, these are the areas which will need tamgedh First, class lookup
mechanism is language-specific. In Java, we place the compatibility layes fustientry in the Classpath.
For example, Smalltalk uses a dictionary to lookup classes, thus the adaptessateed to be placed in the
class dictionary. Second, the points-to analysis uses the WALA librarydies, and an equivalent library
will be needed for the new programming language. A language-specifitsgo analysis can be used to
ensure that all class libraries that can “escape” the adapted-classpieed in the compatibility layer
in order to preserve the type and information identity of objects. Thirdctafimg engines are language-
specific, so Eclipse’s refactoring engine needs to be replaced byeargotbine.
Strengths: Our solution meets all four practical criteria outlined in Section 6.1: it doesi@etl access to
the source code of clients, nor does it require any changes to the clgstdend, it supports both old and
new clients to run against a new version of the library. Third, it preseihve edits in the library. Fourth, it
preserves the type and identity of the adapted classes.

The current state-of-the-practice in library design favors depreg#imold APIs, and removing them
after several iterations. However, deprecated APIs are rarely mandvor example, Java 1.4.2 runtime
library has 365 deprecated methods. Our solution enables libraries t@evithout resulting in the prolif-
eration of APIs. ReBA enables library developers to maintain crisp ARltseatource code level, while at
the binary level, the old APIs are added back automatically for compatibilitpnsas

Limitations: The key aspect of our solution is that instead of putting a wrapper artheritbrary, we give
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it two interfaces, an old APl and a new API. This only works when the twafates are compatible. It is
fine for the interfaces to intersect, but they can not contradict each éibieexample, if library developers
delete method\. n, and then renam& n2 — A. i, it is not possible to support both the old and the new
interface of clas#. Although this might seem like a severe limitation of our approach, in practiceewer
met such conflicting changes.

Our adaptation approach adds some memory and CPU overhead. Hotlievevaluations show that

this overhead is small enough to be considered acceptable.

6.7 Evaluation

The goal of the evaluation is two-fold: (i) we want to assess the effewsa of our solution, and (ii) we

want to assess the efficiency of our solution. More specifically, we teamswer the questions:

e Ql(effectiveness): Does our generated compatibility layer allow oldertslierrun with newer ver-

sions of libraries?

e Q2(efficiency): Is the generated compatibility layer only as large as a etinclient would need?

What is the performance overhead imposed by our solution?

To answer these questions we conducted different studies. Thedilgtis a controlled experiment of
10 developers evolving a LAN library [DR@5] independently. The second study is a suite of case-studies
using ReBA to restore the API compatibility of Eclipse core libraries. We usetbcehensive JUnit test
suites developed by the library provider. If the old tests succeed with thevarsion of the library, it

implies a strong likelihood that a regular client application would succeed too.

6.7.1 Controlled Experiment

We asked 10 developers to independently evolve a version of a LAN simulidiary [DRG"05]. The
library code was accompanied by an automated JUnit test suite. Eachmviebml to implement one of
two features. How they implemented the feature was their choice. In addigeelapers had the freedom to
refactor any APIs in the library, though we did not influence their choiéésrequested that the developers

not work for more than one hour.
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Table 6.1: Demographics of the participants.

H Mean‘ Std.Dev.‘ Min. ‘ Max‘

Years Programming 8.35 1.97 5 12

Years Java Programming 4.7 1.72 25 | 75
Years Using Eclipse 2.1 1.24 0.5 4

Table 6.2: The effectiveness and efficiency of ReBA compatibility layergHe controlled experiment
before/after applying the compatibility layer.

Developer API-Breaking CompileErrors TestFailures MemoryUsed|[B] Memory RunningTime[ms] Running

Solution Changes Before | After Before | After Before After Overhead Before After Overhead
#1 1 ChangeMethodSignature, 6 EncapsulateField 34 0 3 0 1418312 | 1532640 8.06% 14.37 14.02 -2.39%
#2 6 EncapsulateField 29 0 3 0 1417896 | 1532216 8.06% 14.98 14.35 -4.21%
#3 2 ChangeMethodSignature 4 0 2 0 1414864 | 1533584 8.39% 9.65 10.03 3.93%
#4 1 RenameMethod, 2 ChangeMethodSignatute 2 0 1 0 1418648 | 1535296 8.22% 8.7 8.9 2.65%
#5 2 RenameType, 1 RenameField 19 0 3 0 1420400 | 1526888 7.49% 7.86 7.99 1.56%
#6 3 RenameMethod 5 0 2 0 1422376 | 1538616 8.14% 10.0 10.1 1.29%
#7 6 EncapsulateField 29 0 3 0 1419296 | 1532056 7.94% 14.1 13.7 -2.33%
#8 1 DeleteMethod, 1 EncapsulateField 0 3 0 1421480 | 1532968 7.84% 11.4 11.0 -2.98%
#9 3 ChangeMethodSignature 2 0 2 0 1426664 | 1534736 7.57% 7.94 8.26 4.01%
#10 0 0 0 0 0 1358884 | 1358884 0 7.62 7.62 0

Demographics: Although the developers were graduate students, they were matureuprogrs with
several years of programming experience. Most of them had workiedurstry previously (2 of them had
extensive consulting experience, two others were active Eclipse cominiEach developer implemented
successfully the required feature. Table 6.1 shows the demograpluas pdpulation.

Experimental treatment: We took their solutions, and used ReBA to generate a compatibility layer for
each of their solution so that we could run the original JUnit tests.

Results: Table 6.2 shows the number of compile errors and test failures when putgiethér the old JUnit
test suite with the new library. Each row displays the data for a particulai@®sr solution: the number
of errors before and after placing the ReBA-generated compatibility.l&f&sr using the ReBA-generated
compatibility layers, there were no problems for any the 10 solutions. Thelasthows a solution that did
not contain any refactoring nor other API-breaking changes - assecpience, ReBA generated an empty
layer and the original test ran successfully.

To answer the efficiency question, with regards to the minimality of our compatilailigrs, we manu-
ally examined the generated compatibility layers and they contain exactly thesthasthe old tests need.
Removing any class from the compatibility layer would break the API compatibility.

We used the TPTP [eclipse.org/tptp] profiler to measure the memory and tiragwverhead of using

ReBA compatibility layers. To measure the overhead, for each solution weaiyanpgraded the client test
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suite and used it as the base case. The overhead of using the layet ofstiggrading the client is small.
In cases that involve the encapsulation of fields with accessor methodsintivae overhead is negative
because the adapted version directly references the fields, whesgaattored version uses the accessor

methods.

6.7.2 Case Studies

We took three core Eclipse libraries and examined the refactorings esdmutiee Eclipse developers. Each
row in Table 6.3 shows the versions of the library and client. The ch&Mbench. texteditor.tests IS an
older version of an Eclipse test suite comprising 106 tests. The third rowsshio example of an Eclipse
library, core. refact ori ng breaking an Eclipse Ul clientj . ref act or i ng.

Table 6.4 displays the effectiveness and efficiency of the compatibility gmeerated by ReBA. After
using the compatibility layer generated by ReBA, all but one tests passdhefdirst two case studies.
However, the single failing test is a test that was failing even in the scendwoewibrary and tests in
Eclipse are compatible (both have the same version number).

In the third study, since Eclipse CVS repository does not contain any tedteefclient, we could not run
any automated test suite before/after applying the compatibility layer. Honswee theui . ref act ori ng
is a graphical client, we exercised it manually after applying the ReBArgé&atk compatibility layer. All
usage scenarios reveal that the client is working properly.

To answer the efficiency question, we examined the compatibility layer amdi fimat it contains only
the classes that are truly needed by the client. To measure the memory aimdjroverhead, we manually
upgraded the source code of the client to make the client compilable; wehiseggraded client as the
base for comparison with the compatibility layer. The memory overhead is much sindhie case studies
because the compatibility layer is very small compared to the large number sé€l@aseach library.

All experiments were performed on a laptop with Intel Pentium M, 1.6GHzgws®ar, and 512MB of
RAM. The analysis done by WALA is scalable. WALA takes 2 minutes to creaetiints-to graph for

jdt.ui, arelatively large library of 461 KLOC.
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Table 6.3: Eclipse plugins used as case studies.

Library LibrarySize[LOC] client
wor kbench. t ext edi t or 16842 wor kbench. texteditor.tests
v20060905 v20060829 (106 tests)
jface. text 31551 wor kbench. texteditor.tests
v20060926 v20060829 (106 tests)
I'tk.core.refactoring 8121 Itk.ui.refactoring
v20060228 v20060131

Table 6.4: Effectiveness and efficiency of ReBA using Eclipse pluginsiss studies.

Study API-Breaking CompileErrors RuntimeFailures MemoryUsage|[B] Memory RunningTime([s] Running
Changes Before ‘ After Before ‘ After ‘ Before ‘ After Overhead Before ‘ After Overhead
#1 1 RenameClass 29 0 25 1 140003416 | 140004056 | 457*10~ %% 14.746 14.748 0.009%
#2 1 DeleteClass 6 0 18 1 140044056 | 140044072 | 1110~ %% 14.67 14.40 0.09%
#3 4 DelClass, 4 DelMethod, 1 RenaMethod 27 0 12 0 17589288 17589402 | 64810 %% 8.452 8.453 0.01%
2 ChangeMethSig, 1 MoveClass, 1 DelField

6.8 Summary

Managing software evolution is complex, and no technique will be a silvertbuiighe long run, source
code must evolve to be compatible with new versions of libraries. In the almgrhowever, it is valuable
to allow new versions of libraries to replace their old versions without dngnifpe clients that use them.
Our method of binary compatibility, embodied in the ReBA system, allows a librarymalt®neously
support the old and the new APIs. This allows it to be used in a system withupdtéted and non-updated
clients. The producer of the library will make an adapted version thatostgopoth versions of the API,
but which has a lot of redundancy. The consumer of the library then sraakersion of the adapted-library
that eliminates the redundancy by specializing it to the client that is using it. it ras shown by our
evaluation, is a system that is both effective and efficient.

Compared to other binary compatibility techniques, our solution is easy to apglg@es not require
modifying bytecodes. It should be considered by library producecsawmt worried about the cost of library

evolution on their customers.
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Chapter 7

Related Work

This dissertation research spans several areas of software engineldere we provide an overview of
related work grouped by the following areas: studies of API evolutidactering, automated detection of

refactorings, software merging, and binary component adaptation.

7.1 API Evolution

To the best of our knowledge, ours is the first quantitative and qualitativdy about the kind of API
changes that occur in components.

Bansiya [Ban99] and Mattson [MB99] used metrics to assess the stabilitgroéfvorks. Their metrics
can only detect the effect of changes in the framework and not the txecof change (e.g. they observed
that method argument types have been changed between subsegsiemswehereas we observe whether
they changed because of adding/removing of parameters or becausaging the argument types). How-
ever, their empirical analysis is consistent with our findings: most of theggwsoccur as responsibility is
shifted around classes (e.g. methods or fields moved around), cotiabqueotocol changes (e.g. different
method signatures) and new classes are added.

Mattson and Bosch [MB98] identified four evolution categories in fram&sionternal reorganization,
changing functionality, extending functionality and reducing functionalityr findings confirm all four of
the evolutions they have been describing.

Kim et al. [KWJ06] analyze the signature-change patterns when a sefayatem evolves. They con-
sider seven open-source software systems written in C. They conchidééhmost common type of signa-
ture change is parameter addition, followed by complex type change aah@ir deletion.

Tool support for upgrading applications when the APIs of their compisngimange has been a long

time interest. [CN96, KH98, RH02] discuss different annotations within tmponent’s source code that
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can be used by tools to upgrade applications. However, writing suchiaioms is cumbersome. Balaban et
al. [BTF05] aim to automatically replace obsolete library classes with theirmeaumterparts. Component

developers have to provide mappings between legacy classes andleieneents. A more appealing ap-
proach would be if tools could generate this information, therefore regulcgoverhead on the component
producers.

As an alternative to refactorings, Steyaert et al. [SLMD96] introdueentition of Reuse Contracts to
guarantee structural and behavioral compatibility between framewodksistantiations. On the same line,
Tourwe and Mens [TMO03] introduce metapatterns and their associated transitoisnto document the
framework changes. Because of the rich semantics carried in sucmdotation, automated support for
application migration can be possible. We agree that refactoring alonetczoive all the migration prob-
lems. However, automated refactoring is supported by most recent \D&showed that refactorings can

effectively describe over 80% of the breaking API changes that lictuecur during component evolution.

7.1.1 Refactoring

Programmers have been cleaning up their code for decades, but theefantoringwas coined much
later [0J90]. Opdyke [Opd92] wrote the first catalog of refactorivgisile Roberts and Brant [RBJ97,
Rob99] were the first to implement a refactoring engine. The refactoeigydgained much popularity with
the catalog of refactorings written by Fowler et al. [FB®]. Soon after this, IDEs began to incorporate
refactoring engines. Tokuda and Batory [TB01] describe how langfgtactural changes in two frameworks
can be achieved as a sequence of small refactorings. They estimatattmaated refactorings are 10 times
quicker to perform than manual ones.

More recent research on refactoring focuses on the analysestfimating type-related refactorings.
Tip et al. [TKBO3] use type constraints to support an analysis for tefegs that introduce type generaliza-
tion. Donovan et al. [DKTEO4] use a pointer analysis and a set-coristraged analysis to support refac-
torings that replace the instantiation of raw classes with generic classekldgje and Diwan [vDD04] use
various heuristics to convert from non-generic classes to genergesla8alaban et al. [BTF05] propose
refactorings that automatically replace obsolete library classes with thearreunterparts. Component
developers have to provide mappings between legacy classes andplaiements, and an analysis based

on type constraints determines where the replacement can be done. Thow@5s] points out that refac-
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torings in the components result into integration problems and advocateseithéonéanguages that would

allow developers to create customizable refactorings that can upgrplieatipns.

7.2 Detection of Refactorings

Tool support for detecting and classifying structural evolution has/spd mostly from the reengineering
community. Detection of class splitting and merging was the main target of thenttoas. Demeyer
et al. [DDNOOQ] use a set of object-oriented change metrics and heulttististect refactorings that will
serve as markers for the reverse engineer. Antoniol et al. [APM8&d]autechnique inspired from the
Information Retrieval to detect discontinuities in classes (e.g., a class piased with another one, a
class was split into two, or two classes merge into one). Based on Vectoe $paine similarity, they
compare the class identifiers found in two subsequent releases. dheeiiéf class, saResol ver, was
present in versiom but disappears in version+ 1 and a new clasSi npl eResol ver appears in version
n + 1, they conclude that a class replacement happened. Godfrey andsZ05] are the closest to the
way how we envision detecting structural changes. They implemented a &balaih detect for procedural
code some refactorings like renaming, move method, split, and merge. \Wheeestart from shingles
analysis, they employ origin analysis along with a more expensive analysialiographs to detect and
classify these changes. Rysselberghe and Demeyer [RD03] useefitlding tool (Duploc) to detect
methods that were moved across the classes. Weissgerber and Diebb]\Afialyze subsequent versions
of a component in configuration management repositories to detect mifigstand later use code-clone
detection to refine the results. Kim et al. [KPEJWO05] propose an algorigwadon heuristics to detect
rename method refactorings between two versions of a software. Thajghg similarity factors to detect
these refactorings. Xing and Stroulia [XS06] detect refactorings esid level from UML diagrams using
the structural changes between the two versions of the diagrams.

Existing work on automatic detection of refactorings addresses some oé¢las of reverse engineers
who must understand at a high level how and why components evolvethisoeason, most of the current
work focuses on detecting merging and splitting of classes. Howeverdar to automatically upgrade
component-based applications we need to know the changes to the ARko@ucomplements existing
work because we must look also for lower level refactorings that taffex signatures of methods. We

also address the limitations of existing work with respect to renamings and intiséuced by multiple
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refactorings on the same entity or the noise introduced by the deprepédea@emove cycle in the open-

world components.

7.2.1 Shingles Encoding

Clone detection based on Shingles encoding is a research interest ifi@tisdike internet content manage-
ment and file storage. Ramaswamy et al. [RILD04] worked on automatictabetedt duplicated fragments
in dynamically generated web pages. Dynamic web pages cannot balcadh@erformance can be im-
proved by caching fragments of web pages. They used Shinglesisgdodietect fragments of web pages
that did not change. Manber [Man93] and Kulkarni et al. [KDLTO#4]moy shingles-based algorithms to
detect redundancy in the file system. They propose more efficient stafegg eliminating redundancy. Li
et al. [LLMZ04] use shingles to detect clones of text in the source cbdperating systems. Their tool,

CPMiner, further analyzes the clones to detect bugs due to negliggnaodppaste.

7.3 Software Merging

According to Mens [Men02], software merging techniques can be dissihgd based on how software
artifacts are represente@iext-basednerge tools consider software artifacts merely as text (or binary) files.
In RCS and CVS [Mor96], lines of text are taken as indivisible units. Res{s popularity, this approach
cannot handle well two parallel modifications to the same line. Only one of thentwdifications can be
selected, but they cannot be combin8gintacticaimerging is more powerful than textual merging because
it takes the syntax of software artifacts into account. Unimportant conflicis as code comment or line
breaks can be ignored by syntactic merger. Some syntactic merge toodsdioquarse-trees or abstract
syntax tree [Ask94, Gra92a, Yan94]. Other are based on grapbe9d®) RW98]. However, they cannot
detect conflicts when the merged program is syntactically correct butnsieadly invalid. To deal with this,
semantic-basetherge algorithms were developed. In Wesfetchtel's context-sensitiveertmot[Wes91],
an AST is augmented by the bindings of identifiers to their declarations. Miv@naed semantic-based
merge algorithms [Ber94, HS77, YHR92] detect behavioral conflictsgudependency graphs, program
slicing, and denotational semantics.

Operation-based Merging The operation-based approach has been used in software merdim@qE

LCDK89, LvO92, Men99, SS04]. It is a particular flavor of semantisdzthmerging that models changes
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between versions as explicit operations or transformations. Operagadhmerge approach can improve
conflict detection and allows better conflict solving [Men02]. Limgdeal. [LvO92] describes a theoreti-
cal framework for conflict detection with respect to general transftoms. No concrete application for
refactorings was presented. Edwards’ operation-based framealetekts and resolves semantic conflicts
from application-supplied semantics of operations [Edw97]. GINA [BJ&@&d aedomechanism to apply
one developer’s changes to the other developer’s version. Theaghphas problems with long command
histories and finer granularity of operations. The departure point dhadlmRef from existing approaches
is its ability to handle the merging of changes that involve ietactoringandtextual editing

Similar to MolhadoRef, Ekman and Asklund [EAQ4] present a refactoawgre versioning system.
Their approach keeps the program elements and their IDs in volatile memasgltwing for a short-lived
history of refactored program entities. In our approach, programesiés and their IDs are modeled in the
SCM and stored throughout the lifecycle of the project, allowing for a dlbistory tracking of refactored
entities. Also, their system does not support merging.

As described, fine-grained and ID-based versioning have beposed before by others. However, the
novelty of this work is the combination of semantic-based, fine-grainethaé®d SCM to handle refactor-
ings and high-level edit operations. To the best of our knowledge revprasenting the first algorithm to

merge refactorings and edits. The algorithm is implemented and the firsieaxpes are demonstrated.

7.4 Binary Component Adaptation

There are several previous solutions [PA91, FCDR95, KH98, WSEBE7] that aim to restore the binary
compatibility. Purtilo and Atlee [PA91] present a language, called Nimble, tlmtsone to specify how
the parameters of a function call from an old module can be adapted to matokwhsignature of the
function. Nimble handles a rich set of changes in function signaturesdegng of parameters, coercing
primitive types into other primitive types, or it can project a subset of theraegts. Nimble works for
procedural languages, whereas ReBA is an approach for OO lgegiu@ihe function signature changes in
Nimble are similar with the ChangeMethodSignature refactorings. In additeBARuUpports other types
of API changes.
Keller and Hlzle [KH98] present BCA, a tool that automatically rewrites the bytecofldava clients

using information that a user supplies in delta files. BCA compiles the delta fitkawtomatically inserts
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the bytecode patches into bytecodes of clients before loading the cliesggladthough BCA can handle a
large range of API changes, it requires that developers use the B@Ailer and class loader. For security
and legal reasons, developers are reluctant to use solutions thiaergzanging the bytecodes.

The Adapter/Wrapper [GHJV95] pattern adapts a class’s interface intdréace that a client expects.
The adapter/wrapper object delegates to the adaptee/wrapped objéxtsollhion works fine when the
client code can be changed to use the wrapper wherever it used tivabadlgss. However, the adapter
pattern has problems when restoring the binary compatibility. Because tppeavrand the wrapped object
need to have different names, their identity and type information is diffe@rmnts could potentially end
up with objects of the wrapper as well as wrapped objects, dependingpeter the client instantiates the
wrapper directly, or it gets an indirect instance from the library. Compgatie wrapper and the wrapped
through==ori nst anceof would not work.

Warth et al. [WSMO6] present a technique based on expandersnéegsaare wrappers automatically
generated from annotations provided by the user. However, exfsaideonly available in code that explic-
itly imports them, thus this technique requires that client code knows a prioutdbhe expanders. Being
based on the Adapter pattern, expanders suffer from the loss of identityype information.

Savga and Rudolf [SRO7] overcome the above limitation by ensuring that(ithpper has the same
type information as the one expected by the client and (ii) the library itself walwdys return only in-
stances of the wrapper objects. To restore the old API of the library tkesgueecomebacksvhich are
program transformations that revert all the API refactorings in the lbiEmis enables old clients to work,
but not new clients. In contrast, our solution does not modify the librang tiew clients continue to work.
Their solution, like ours, preserves the edits in the library. However, fiodiition generates wrappers for
all public classes in the library, whereas our solution generates adeptesks only for the classes that have
changed through refactoring. In addition, our solution handles the delgftiaPls.

We solve the object identity problem in a different way. Rather than creatimgpper and a wrapped
object, we combine the wrapper (the old interface) and the wrapped @ihjectew interface) into one single
class, the adapted-class. In addition, the points-to analysis ensurdkettdient and the compatibility
layer always instantiate the same class, namely the adapted-class, treurgipgesbject identity and type
information.

There is large body of work in the area of bridging components using actiniéd connectors [AG94].
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Architectural connectors can be used to adapt interface mismatchesudtitiaochitectural connectors can
adapt other types of changes besides syntactic interface changbdbayioral, protocol), this approach re-
quires that library developers write formal specifications. From thesgfggations, tools can automatically
synthesize adapters, for example as in [YS97, AINTO7]. ReBA doesnaie any behavioral guarantees
since it handles edits as well, although it ensures that the behavior of the islisot changed with re-
spect to API refactorings in the library. However, ReBA is practicablose it does not require that library
developers write specifications.

Lastly, most previous solutions (except [HD05, SR07]) demand thatyilevelopers write annotation-
s/mappings/specifications that are going to be used by the upgrading tdmiaryldevelopers are usually
reluctant to write such annotations. ReBA harvests the refactoring infammfaom the library’s refactoring

engine, while liberating the library developers from the burden of manuailtingy annotations.
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Chapter 8

Conclusion

API changes have an impact on applications. One might argue that comutavelopers should maintain
old versions of the component so that applications built on those versioimge to run. However, this
results in version proliferation and high maintenance costs for the prodlricgractice, it is application
developers who adapt to the changes in the library.

Evolution of software components is a complex and large topic. No single taddl dandle all its
aspects. For this dissertation we have conducted several investigatiengrst one characterizes changes
in real world components. The next ones build and evaluate a tool-setutmahates upgrades.

We looked at five widely used components and studied what changeddretwe major releases.
Then we analyzed those changes in detail and found out that in the feestadies, respectively 84%,
81%, 90%, 97%, and 94% of the API breaking changes are structeftaylor-preserving transformations
(refactorings). This confirms that refactoring plays an important roledaretiolution of components.

If component refactorings are automatically detected, they can be autoligaticarporated into appli-
cations. A tool like Eclipse can replay these refactorings. The replayns dbthe application site where
both the component and the application reside in the same workspace. |adbjgte refactoring engine
finds and correctly updates all the references to the refactored erttitisajpgrading the application to the
new API of the component.

One way to get sequences of refactorings is to record them in the IDEpr8grammers might refactor
manually, and old versions of components predate refactoring tools.iSomjtortant to detect refactorings
that occurred between two versions of a component. For the purposteating refactorings in real-world
components, syntactic analyses are too unreliable, and semantic anadysessdow. Combining syntactic
and semantic analyses can give good results. By combining Shinglesimpedth traditional semantic
analyses, and by iterating the analyses until a fixed point was discovawedool RefactoringCrawler

detects over 85% of the refactorings while producing less than 10% fadsevps.
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Incorporating component refactorings into an application is a specialafaserging refactorings and
edits from component and application. We developed a novel SCM systethatibRef, that is aware of
program entities and the refactoring operations that change them. Mé&lbadses the operation-based ap-
proach to record (or detect) and replay changes. By intelligently treatindethendences between different
operations, it merges edit and refactoring operations effectivelydditian, because MolhadoRef is aware
of the semantics of change operations, a successful merge doesdatg@icompile or runtime errors.

As an alternative to changing application source code to accommodate thgeshia components,
we developed ReBA, a tool that automatically generates a compatibility layeeé&etaomponent and
application. This layer is automatically generated from the trace of compaefantarings and enables old
applications to run along with the refactored version of the component, witbquiring any changes to the

application.

8.1 Making a Difference

This dissertation is about solving practical problems; our goal is to infei@amd improve the lives of
software developers. The ultimate test for impact is whether industry adogt$urther perfects these
techniques and prototypes. We believe that research prototypes agdikety to be tried and used by
industry (open-source and commercial) when they are convenientlypimiaied in integrated development
environments (IDEs) such as Eclipse. This is why our toolkit is integratécenwith the Eclipe IDE.
Thus, we expect to have a large customer base. We expect this will otiheliginning. The user base
will grow and we will learn a lot from users.

Some of our tools have already been downloaded by several hunevetbders, others by millions
of developers (the record-and-replay refactoring engine in Eclipsk) have received good reports from
researchers who use our tools at four different institutions (Nortlol®ar State University, University of
Montreal, Portland State University, lowa State University). One toola&efingCrawler, has been further
extended [TDX07] at North Carolina State University. Refactoring@aig used in industry (CuramSoft-
ware) to validate that the release notes contain all APl changes in a giease.

Inthe long run, our solutions will only be picked up by the masses if they &nadinced by the IDEs. We
maintain close relationships with companies that develop IDEs. Most notalslgotiaboration with IBM

Zurich led to the integration of record-and-replay feature in the offieil@ase of Eclipse. Both Microsoft
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and IBM have shown a lot of interest for integrating our refactoringr@goftware merging algorithm into
the IDEs they develop. In addition, IBM is particularly interested in ReBA,amlaptation tool; in fact the

idea of generating adapters between new versions of components arediihs of applications came out
during a summer internship with the developers of Eclipse IDE. We plan torewtu current relationships

and assist IDE producers in turning our solutions into industrial-strengttupts.

8.2 Future Work

8.2.1 Toolkit Evaluation

Although we evaluated individual tools, we plan to evaluate how the wholeitawlgacts the practice of
component-based software development. The goal of future evaluatio-feld: (i) we want to asses the
impact of our solutions upon application developers and (ii) componeeia@ers. More specifically, we
want to answer these questions:

First, how much of the effort spent on upgrading component-basditaipns can be saved? We plan
to evaluate how the whole migration toolkit eases the task of the application gevelben upgrading to
a new version of the component. We plan to compare the productivity ofteotgmnoup against that of a
group that uses our toolkit.

Second, how would component developers evolve the component'sidesénn, because of this power-
ful upgrading technology, they do not have to worry about backsvaodnpatibility? We will observe what
kind of changes component designers make when they do not have rip abmut breaking the compati-
bility with existing applications. We hypothesize that the availability of such pfulkapgrading tools will

encourage component developers to further refactor their desigessasier to understand and reuse.

8.2.2 Algebra of Program Transformations

One of the problems with the current implementation of refactoring tools is tma¢times the analysis
they perform is too ad hoc. This makes it hard to analytically derive theyselfiecks that an upgrading
tool needs to perform. A possible approach to put refactorings on amgoreus track is to view them as
algebraic functions, similar to the terms used in architectural metaprogramminguligefgat07]. We plan

to revisit all transformations that we encountered in real world comporentexpress them as algebraic

135



functions.

Developing an algebra of program transformations helps us to mechaerizaftity checks that an
upgrading tool performs. Currently, we hardcoded such checksiftictcand dependency matrices. Once
the API changes are defined as algebraic functions, an upgradirgptddicheck whether their composition

is valid.

8.2.3 Checking The Behavior of Upgraded Applications

With respect to the API changes caused by API refactorings, our tosigethat the upgraded application
has the same behavior before and after the upgrade. However, s8Bigdegural changes, new versions of
components might contain behavioral changes. Upgrading an applicatibribeat it takes into account the
behavioral changes is a much more ambitious topic. With respect to belavianges, ensuring that an up-
graded application runs correctly is in general undecidable or infea3ibie would require that developers
write full formal specifications of each change they make. In the abssfrsaéch complete specifications,
our upgrading tools cannot guarantee that the upgrade is succésssulequiring that application develop-
ers run a regression test suite after the upgrade.

In the future, we plan to complement our approach with a lightweight apprimeinfer specifications
in components. We plan to use a tool like Daikon [Ern00] to dynamically disqoragram invariants in
components. Any discrepancy in the invariants before and after thadpgs brought into the attention of
the human who can decide how to change the application to make up for trgedhdrehavior. We believe
that programmers enjoy working on behavioral upgrading tasks thattetiectually stimulating; as for the
tedious structural upgrading tasks, it is best if they are done by congpiliieis dissertation shows that it is

both practical and safe to automate the structural upgrades.

8.2.4 Handling Other Program Transformations

Other program transformations can be dealt with similarly with how this dissertdgials with refactorings:
detecting, merging, and adapting to them. Next, we will work on one of the maidgref computing: the
adoption of parallel computing to make use of today’s multi-core architectlitesre is an urgent need to
parallelize existing programs. Traditionally, this is either done by hand ortiskebndone by computers.

But there is third way. Refactoring tools have shown that the human canedord¢fative part (making
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the decision of what to parallelize), while the machine does the bookkeeghiegking the safety of the
transformation and carrying it out). We plan to apply the techniques deaelfop this dissertation to the

problem of retrofitting parallelism into existing programs.

8.3 Final Remarks

Traditionally, the programming task has been thought of as turning requitsroe specifications into an
executable program. In the 21st century, most programmers are traimsjmld versions of a program into
new versions. Only a fraction of these changes are refactoringall ofithem are program transformations.
Over time, the percentage of program transformations that are automatedcngthse. Our work on
refactoring is a model of what will need to be done for any kind of progitensformation. Although the
interactive tools in the IDE can record the transformations, there will still beeal for detecting transfor-
mations. There will also be a need to merge sequences of program traastms. In a large system, some
parts will not be transformable, and some sort of adapter will need todziped. Although the solution

details might change, the problems that we have worked on in this dissertdtioantinue to be important.
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