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Abstract

As opposed to static analysis, in which source code is inegen order to in-
crease program understanding, dynamic analysis condeenactual execution of a
program and the collection of runtime data. Several stiasem retrieve dynamic in-
formation exist, including source code instrumentatiod #re use of a customized
debugger. Since the execution of a program is traced, onde&iprovided with de-
tailed information on important aspects such as polymarptand late binding. This
detailed information, however, comes at a price. A majomthack of dynamic anal-
ysis is the vast amount of data produced. Visualizationstoeled to deal with this
problem by, for example, applying certain abstractionsriteofor the information to
become human-readable. In this research, we developedstishalization tool that
visualizes the execution of programs through sequenceatizssy JRET. We describe
the strategy used, show how it attempts to tackle the afanéormed problem, and
illustrate its contribution to program comprehension tiglo a case study.
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Chapter 1

Introduction

Over the past two decades, particularly since the intrédimiaif the object-oriented pro-
gramming paradigm in mainstream software application ldgveent in the early 1990s,
software systems have grown in size and complexity. As aemprence, maintaining such
systems has become an increasingly time-consuming aneh&xpeprocess. It is for this
reason that the understanding of the structure and behaisoftware systems has become
more and more important. In order to fully comprehend an ailjpeiented application,
proper documentation should be available. Neverthelessnot unusual that no documen-
tation exists and if it does, it is often either of poor qualitr out of date. An adequate
solution in this regard is the use of reverse-engineerigbnigues to reconstruct design
artifacts. Two variants can be distinguished: reversenemging based on static analysis
and dynamic analysis. Whereas modern CASE tools usuallysstiphe former, i.e., stati-
cally reconstructing design artifacts (e.g., Rational&j&5] and Together [68]), the latter
is much less frequently found.

Static analysis concerns analyzing a system’s statictstieior capturing a system’s be-
havior by means of inspecting the code. A comparison of amtres for the reconstruction
of static structures based on static analysis is present¢88j. Various approaches to
statically capture a system’s behavior are given in [58,59], Static analysis can be ap-
plied to both procedural and object-oriented softwareesyst However, when it comes to
OO0 systems, statically reverse-engineering and undelisgthe behavior is more difficult

compared to their procedural counterparts. This is bedagae be troublesome or impos-
sible to ascertain the runtime type of an object referenceslyg source code alone due to
OO features such as inheritance, polymorphism and dynaimiting. As a consequence,
determining beforehand which method is going to be exeataedoe a serious problem.

Dynamic analysis, on the other hand, concerns the actualigga of a system and the
collection of runtime data. As such, runtime objects candteated, thus making it possi-
ble to expose occurrences of polymorphism and late bindingpntrast to static analysis.
The produced execution traces contain very detailed irddion on how a system operates.
This detailed information, however, comes with a seriougrggde. When considering
object-oriented systems, a typical execution involvesymtifierent objects communicating
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with each other. The vast number of interactions yieldsesabat quickly tend to become
relatively complex for the reconstruction of comprehelesibesign artifacts. For example,
when generating interaction diagrams (e.g., UML sequeiaggams [44] or UML collabo-
ration diagrams [43]) from these traces, some form of abitrahas to be applied in order
for the diagrams to become human-readable. Another drdwdfatynamic analysis is that
its result depends on how a system is executed. It is therekecessary to define appropri-
ate execution scenarios.

UML sequence diagrams are a potentially useful means t@Nzgua system’s behavior
[50, 60]. They are easy to read because the chronologicel @sdntuitive. However, as
already stated, dynamically reverse-engineered sequisgeams tend to become too large
if no abstractions are applied. Sequence diagrams arelysieaived from use cases, but
they can be derived from scenarios as well. In the latter,dhgy are often referred to
as scenario diagrams. Consequently, a scenario diagramoimewhat simplified version
of a sequence diagram in that it depicts a specific scenatioerthan a generalization of
multiple scenarios like in a use case.

In this thesis, we elaborate on a tool that is able to recocsgequence diagrams using
dynamic analysis. We have developed it during this reseanthnamed it JRET, which
stands for Java Reverse-Engineering Tool. To overcomazbgroblem, we implemented
several abstraction techniques which are explained intehdp As far as the execution of
the system-under-analysis is concerned, we usedtkst cases to represent the different
input scenarios. This choice is based on the following:

e JUNIT tests are a useful starting point for program compreherdi8h The (unit)
tests effectively decompose a system’s functionalitiesorddver, input scenarios
come for free when a test suite is available.

e Test cases are advocated as a form of documentation in AgitelBpment methods
such as exXtreme Programming (XP) [47, 15, 18]. PracticAkbysame goes for Test-
Driven Development (TDD) which is related to XP [5].

The process of dynamic reconstruction of sequence diagcam®be divided into the fol-
lowing stages:

1. Creating traces

2. Applying abstractions

3. Visualizing the data

We dissect and describe our tool in terms of these three staljext, we illustrate its
contribution to program comprehension through a case stlitlis case study includes a
quantitative as well as a qualitative experiment using alyidnown open source program:
CHECKSTYLE [11]. The quantitative experiment involves gathering datiethe need for
abstractions, as well as a measure of the effectivenesgiotigaabstraction techniques. In



Introduction

the qualitative experiment, on the other hand, we demdestraw JRET facilitates soft-
ware maintenance. Specifically, we illustrate how JRET &fiap the implementation of
two new features in the IEECKSTYLE framework.

Research questions

With this research we seek to answer the following reseanelstipns:
e How urgent is the need for abstractions?
e Which abstraction techniques are effective?
e Are sequence diagrams generated by JRET useful for softwairgenance?

The answers to these questions are presented in chapter 6.
Structure of the thesis

This thesis is organized as follows. The next chapter deserielated work in terms of
existing approaches to dynamically reconstruct (seqyetiegrams. Chapter 3 outlines
techniques for the collection of runtime data from Javaveafé. Chapter 4 dissects and
describes JRET. A case study is presented in chapter 5 aatly,fiwe conclude our work
and give directions for future research in chapter 6.






Chapter 2

Related Work

There is a great deal of ongoing research regarding theliatian of program behavior.
Various approaches have been developed to capture a systehavior through static anal-
ysis [58, 37, 59, 42]. As far as dynamic analysis is concerddfgrent existing approaches
are described in the following sections. Section 2.1 oedliten existing approaches to re-
construct sequence diagrams from a running program. Rtthrarelaborating them all in
more detail, we made a selection of six approaches in ordpreent this section from
becoming too bulky. We picked the following: 1SVis, ShimB@dasight, JAVAVIS, the ap-
proach by Briand et al., and the SDR framework. These wersathbased on the following
criteria:

e They were all originally designed to operate on the popubgeai-oriented program-
ming languages Java or C++ [27, 10].

e The techniques have been published.

e The authors clearly state what methods to collect runtinta Have been used, and
what abstraction techniques have been implemented.

In section 2.2, we briefly summarize three existing appreachat reconstruct alternative
diagrams using dynamic analysis. In section 2.3, refeetacwo surveys are given which
evaluate multiple visualization tools. Finally, the chexgs concluded in section 2.4.

Furthermore, although beyond the scope of this researafe spproaches are particularly
interested in concurrent behavior, i.e., threads [45, 8], Yet other papers specifically
deal with distributed systems [65, 8].

2.1 Approaches that reconstruct sequence diagrams

2.1.1 ISVis

The Interaction Scenario Visualizer (ISVis), designed angdlemented by Jerding et al.,
combines static and dynamic analysis [30]. Using ISVisjidssible to browse and analyze
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event traces derived from program executions. In order ¢oraplish this, ISVis provides
multiple views which are capable of displaying vast amouwftgteraction data and for
making abstractions over them. Among these views is thealedcscenario viewcom-
prising theinformation mural[31] and thetemporal message-flow diagram (TMF[R],
the latter being quite similar to a sequence diagram. Inrdadproduce traces source code
instrumentation is used. 1SVis was originally designed perate on programs written in
C++ (i.e., object-oriented software), however, it has shémbe able to handle applications
written in C (i.e., procedural software) as well. Figure @ebicts the ISVis architecture.

View cortrol ——#
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Trace
Anatyzer
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) .. | -
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Analyzer ‘ el N M
[ . ~ '
r Instrumentor IS A
¥ - ‘ foel ~
# ~ ’ K . A
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i file code file ’

Figure 2.1: ISVis architecture.

As can be seen in the figure, tiatic Analyzereads the Source Browser database files
produced by Solaris compilers and generatetatc information file This static informa-
tion file, together with the source code and information degdgy the analyst about which
actors should be instrumented (specified intilaee information filg, is passed to thin-
strumentorin order to generate instrumented source code. The useh#sto compile the
instrumented source code (i.e., externally to the ISVi$)tand execute the system using
relevant test data. Consequently, event traces are gedersiterwards, th@race Analyzer

in ISVis converts these event traces into so-cailteeraction scenariosvhich are stored in

the Program Model

In ISVis, anactor is a syntactically identifiable program unit (e.g., a fuaatian object,

or a data item) which can consist of other actors itself. &l#iter case it is called @m-
posite actor An eventis a discernable unit of program execution (e.g., the inttonaof a
method, function return, object creation/deletion, dafanence, or a specific action speci-
fied by the analyst). Ainteractionis a relation between an event and one or more actors.
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Likewise, aninteraction scenarids a sequence of interactions. As these interaction sce-
narios are created by the Trace Analyzer, the actors indadve also added to the Program
Model. The user is then able to use the views of the ProgrameMogberform the analysis.

A Program Model can be saved to disk in terms of a session filater use.

Tracing

ISVis uses source code instrumentation by a Perl scriptderdio produce runtime infor-
mation [12, 70]. In [32] Jerding et al. present a data stmegtthedirected acyclic graph
(DAG), for the internal representation of traces. This data &iraallows ISVis to scale up
to very large event traces. It is a compact form of the cadl {sehich represents a trace of
method calls) in that it omits duplicate subtrees.

Views in ISVis

In ISVis two views can be distinguished: th@ain viewand thescenario view The main
view lists the actors (including user-defined componenss,fclasses, and functions), in-
teractions as well as interaction scenarios in the Prograxddll Using this view the user
is able to assign colors to actors or interactions. Moreatveontains a shell for textual
information i/0. The main view can be used to open a scenaew for each interaction
scenario in the model. Such a scenario view is depicted iargig.2.

E |

nd design

Iimage Annotations ProtocoRanager Htikity Hotlst | ps ]
Presenlationhana AccessManager Cache htmiw UJildn\!Hisln.l
[

Figure 2.2: A typical Scenario View in ISVis comprising th#1FD (center) and the infor-
mation mural (right).
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As can be seen, a scenario view consists of two diagramsntberiation mural (on the
right) and the temporal message flow diagram (center) [3]L, Ti2e latter is quite similar
to a sequence diagram and is sometimes referred to as aaciiderdiagram, message se-
quence chart (MSC), or event-trace diagram. The columnadh a TMFD represent the
actors and the horizontal lines represent the interacfi@m source to destination actor
[12].

The information mural, on the other hand, depicts a globaindgew of the scenario. It
can be used to navigate through the interactions in the soesrad has proven to be able
to effectively visualize overviews of scenarios contagniundreds of thousands of interac-
tions [31]. In order to accomplish this, it uses some sortrialiasing techniques. When
some data in the information mural is selected, the pagicdata will be visible in the
TMFD and, hence, can be studied in more detail.

Using the information mural the analyst is able to observeua phases in the interaction
scenario including repetitive visual patterns (i.e., liat¢éion patterns in the target program).
Colors assigned to interactions in the main view are vigibtae information mural as well.
Likewise, the same goes for interactions that have beentsdlén the main view. In fact,
both views have a subject-view relationship with the Progkéodel such that any selection
or modification done in one view is immediately reflected ia tther.

Abstractions

The scenario view provides means to apply abstractionsteisialized data. Actors in the
scenario can be grouped by containing file, class, or compawors. For example, the
user can decide to hide the classes that belong to the samsesteri and only show the in-
teractions between this subsystem and the other compoofahtstrace. Consequently, the
resulting diagrams will contain less actors in total. Mot@pthe user is able to define new
scenarios which are added to the Program Model by selectiagppmore (i.e., a sequence
of) interactions. All occurrences of this particular seggee of interactions in the original
scenario are then replaced by a reference to the newly defoegrhrio. Thessubscenarios
are visualized through rectangles which contain all aétmaved in the particular scenario.

Furthermore, ISVis provides means to defatgraction patternsaising an algorithm similar
to regular expression matching. Given an interaction pattee user can search in the sce-
nario for anexact matchactors and interactions match exactly),iaterleaved matcifall
interactions in the pattern occur exactly, but others maintexleaved), aontained exact
match(actors in the scenario contain the actors in the pattechftaminteractions occur in
exact order), and eontained interleaved matct\ nice feature in this regard is the possi-
bility to use wildcards to specify actors, thus allowing theer to formulate more general
search queries. Additionally, instead of specifying a cleguery yourself, it is possible to
let ISVis look for repeated sequences of interactions tbatioin the scenario.
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2.1.2 Shimba

Shimba is a reverse-engineering environment which corstsiegic and dynamic analysis
[66]. The static information is obtained by extracting dimtam Java bytecode using a tool
called JExtractor. The extracted information is visuaizs directed graphs and analyzed
with the Rigi reverse-engineering tool [48]. The runtimémmation is generated by run-
ning the target system under a customized SDK debugger, Ipaiebugger. Finally, the
generated information is viewed as an UML sequence diagsng uhe SCED tool [39].
Using SCED, it is possible to automatically extract staéetdiagrams from the obtained
sequence diagrams. Figure 2.3 depicts the Shimba arclrtect

byte code with Java byte code
breakpoints =~ /7 N~

] i _ ok
VM | (JDebugger | [JExtractor ||
Dynamic system *} Static system
information ) i information
| b | !
SCED 1 i focussing "‘“-._‘%51,7 Rigi
X YA & = = e
sequence | | | [ H o [ T
diagrams \.(\ﬁ -|-|_;_-4 _,: ITIDde shcing. :l L g:g:ahs
E abstraction I .
statechart y ; i
diagrams | Shimba i

Figure 2.3: Shimba architecture.

As can be seen in the figure, Shimba uses Java bytecode asraygtaint for the reverse-
engineering tasks. According to Systa et al. this has thdevantages:

e The program’s source code does not have to be available.

e As Shimba combines static and dynamic analysis, it is gueeanthat both tech-
niques make use of the same (version of the) code.

e Using Java bytecode is straightforward and efficient asitashine independent (i.e.,
all it needs is a JVM).
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A shortcoming of using bytecode rather than source codeibds of potentially important
information, such as comments and conditions of branchiigments.

Static reverse-engineering using Rigi

The semi-automatic reverse-engineering approach of Ritgists of two phases: the iden-
tification of software artifacts and their relations, and #xtraction of design information
and system abstractions. In order to accomplish this Rigg sgveral parsers. The visual-
ization and analysis of the extracted information are madsiple by the Rigi visualization
engine Rigiedit.

The following artifacts are extracted from bytecode: @asinterfaces, methods, construc-
tors, variables, and static initialization blocks. If @ppble, information about return types,
visibility and other access modifiers related to theseaattsf is extracted as well. Further-
more, the following relationships among these artifacesextracted: containment (i.e., a
class contains a method), call (i.e., a method calls anati®hod), access (i.e., a method
accesses a variable), and assignment (i.e., a method sissigitue to a variable).

The static structure of the target software is visualizedugh (directed) dependency graphs
of which the nodes represent the extracted artifacts, andrts represent the relationships.

Dynamic reverse-engineering using SCED

Using the static information generated by Rigi, i.e., bysghg certain classes and/or meth-
ods, runtime information can be generated. In order to aptismthis, breakpoints are set
using the JDebugger tool. Likewise, control statementddif while, do-while, case) can
be detected by setting appropriate breakpoints. When podated code is hit, runtime
information in terms of an event trace is generated. As dtrémisequence diagrams gen-
erated by SCED are visually updated. The JDebugger tooltaiafa stack containing
previously activated classes. This stack is used to retriee sender of a message (i.e.,
caller of a method) in case a certain breakpoint is hit. Furtiore, Shimba provides means
to trace exceptions. If selected by the user, as soon as aptextis thrown, the result will
be made visible in the sequence diagrams.

Control flow statements, e.d.f -conditions, are added to sequence diagrams through so-
calledstate boxeandassertion boxesAs Shimba relies on Java bytecode instead of source
code, the actual conditions cannot be retrieved. Consdguére only information avail-
able in the aforementioned boxes is the line number of thdition in the program’s source
code as well as, for example, whether or not a certain camdi§ satisfied. When needed,
one has to lookup the Boolean expressions in the source ulgthe given line numbers.
Worth mentioning is that the availability of these line refieces requires the source code to
be compiled using a debugging switch.

Let us have a look at the structure of sequence diagramsajeddsy SCED (Figure 2.4).
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Figure 2.4: SCED sequence diagram notation concepts.

As can be seen a SCED sequence diagram can cauaiment boxestate boxesaction
boxes assertion boxesonditional constructgepetition constructsandsubscenariosAc-
tion boxes represent messages sent by an object to itsale Bbxes and assertion boxes
are linked to each other, i.e., the former represent theutixecof some Boolean expression
whereas the latter indicate which clauses of the Boolearesgjpn are actually evaluated
as true. Repetition constructs and subscenarios are usedki® the diagrams more read-
able. They are used to indicate so-calhavioral patternsas stated by Systa et al.. A
subscenario contains a reference to another sequencamiatdius abstracting the actual
sequence diagram from message sequences in the refereageird Shimba uses Boyer-
Moore string matching algorithms to identify these behealipatterns [7].

Combining static and dynamic information

Shimba provides means to use static information to gendget@mic information and vice
versa. It is possible to select components in the Rigi graplosder to generate sequence
diagrams concerning only the selected items. Likewise,aameselect a set of sequence
diagrams in order to generate the related static view. Tiher I calledmodel slicing i.e.,
given a set of sequence diagrams the current model is skicettain a model represent-
ing a specific situation. Moreover, in Rigi the static viewndae raised to a higher level

11
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by selecting nodes and collapsing them into higher levelpmments (e.g., subsystems or
packages). Consequently, using this high-level Rigi grdyghgenerated SCED sequence
diagram will be at a higher level of abstraction as well.

2.1.3 Jinsight

Jinsight is a tool which can be used to visualize the runtietealior of Java programs [54].
According to the authors, De Pauw et al., it is helpful forfpenance analysis, debugging,
and any task in which you need to better understand what yvarprogram is really doing.
In order to trace a program’s execution Jinsight makes usesptcially instrumented Java
Virtual Machine (JVM) or a profiling agent and a standard J\@dpending on the version
of the Java platform. A user is presented with several diffeviews in order to simplify
the exploration of the execution trace. These views areetinduch that it is possible to
navigate from one view to another.

The following views are available: thidistogram view the Reference Pattern viewhe
Execution viewand theCall Tree view The Execution view is quite similar to a sequence
diagram in that it depicts objects and their interactionslevthe vertical axis represents
the time (from top to bottom). Moreover, it is possible to @zomto areas of interest, thus
creating the possibility to examine specific parts in moritleLet us shortly summarize
the functionality of the available views:

e The Histogram view. This view can be used by the user to dprtbrmance bottle-
necks. It shows object references, instantiation, andaggrloollection.

e The Reference Pattern view. This view visualizes the pattéreferences of objects
by arcs and nodes, respectively. To reduce the amount ddviserhead, instances
are grouped by type and reference. It is useful for deteatiegnory leaks, for in-
stance.

e The Execution view. This view represents the program'’s @ti@c sequence. Like
already mentioned, this visualization is quite similarégsence diagrams. Using this
view the user is able to analyze concurrent behavior, thrdadactions, and possible
deadlocks.

e The Call Tree view. This view presents the user with a sumrahout, e.g., the total
number of calls per method and their contribution to thel ttacution time.

Jinsight is a research prototype that was originally desiggmd implemented at IBM’s T.J.
Watson Research Center in 1998. Since 2005 a number of hisitees, including the
execution pattern notation, are used in a plugin that isqfdgclipse’s Test & Performance
Tools Platform (TPTP) Project [17].

Instrumentation and tracing

As already mentioned, Jinsight depends on a speciallyim&nted Virtual Machine, rather
than instrumented source- or bytecode. Moreover, depgradirthe Java platform version,
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Figure 2.5: An Execution view in Jinsight.

a standard JVM is used with a profiler. The user is able to §p#oe amount of time a
target program must run in order to produce a trace. Sincedrean be very large, Jinsight
supports so-callethsk-oriented tracingThis allows users to trace details of a program task
selectively while, at the same time, retaining importamttegtual and sequencing informa-
tion.

Abstraction

In order to abstract from irrelevant data Jinsight providd@srmation exploration tech-
niques Practically, this means that a user can exploit his knogéet structure the visu-
alizations by focusing on specific areas of interest. Fdaimse, the user can select certain
unusual looking invocations of a method, and navigate terotews to investigate the
behavior in more detail, thereby abstracting from irreteéviaformation. Moreover, users
are also able to define their own analysis units, so-calegtution slicesto group related
activities together. Likewise, activities that are outsile scope of study can be excluded.
There are different ways to define execution slices, for gtajra simple point-and-click
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in a certain view, or a full query capability based on statid dynamic attributes of trace
data.

Visualization

As stated before, Jinsight produces four views of which ttezetion view is quite compa-
rable to a large sequence diagram. Figure 2.5 depicts suekeaation view.

The vertical axis represents the time (from top to bottontje €olored stripes correspond
to the executions of methods on objects and are, therefiondasto the object lifelines in
sequence diagrams. The execution stack increases frorafthiie the right. The different
colors of the stripes represent the different classes. Aofstripes, a so-callethne, is
displayed for each thread in the program. In Figure 2.5 only thiread is visualized. The
behavior of each thread is characterized by the followiraguiees:

e The length of each stripe (corresponding to the time spesadai method)
e The number of stripes (representing the stack depth)

e The different colors (corresponding to the classes)

In Figure 2.5 four phases can be distinguished. Figure 22&slhe result when zooming
into the last phase.
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Figure 2.6: Result of zooming into the last phase of the Etxecwiew.
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As can be seen, Figure 2.6 does not differ much from a sequs#iageam. A difference
between them is the variable thickness of the edges (i.essages in sequence diagrams)
that represent the method executions. The thicker suchgmisdthe longer the time spent
executing the specific method. Consequently, in Figure @.iGt | n takes more time to
finish thannext . Another difference is the fact that when going deeper intodall stack,
the edges which represent the messages pretty much stay sartie height, whereas in
sequence diagrams these messages are placed somewhdtdtidhe

2.1.4 JAVAVIS

JAVAVIS is a reverse-engineering environment focussedtds increasing the understand-
ing of object-oriented programming concepts and hence thasational purposes [49]. In
order to trace a program’s execution JAVAVIS makes use of#wa Debug Interface (JDI)
[25]. The execution is visualized through object diagrams @ sequence diagram. The vi-
sualization of the event trace is made possible using thaldiikernel, which is a Java class
library for programming 2D animations with smooth trangawd. Figure 2.7 illustrates the
JAVAVIS architecture.

GUI Control

10 handler

(thread)
Y /
Model
JDWP

connect, suspend. observed
resume, request - VM

A

» IDI

A

Y

A \ event handler

(thread)

h 4

A 4

GUI View based
on Vivaldi Kernel

Figure 2.7: JAVAVIS architecture.

The system contains a control component which detects usetsby listening to actions
regarding Java swing components (e.g., selection of a many @ clicking a button). The

model component contains all data generated by the JDIwlidlee the JDI is used by the
model component for sending commands to the observed pnogréhen the model data
is updated, the view component is updated accordingly. ybems design, hence, follows
the MVC (Model-View-Control) design pattern. The i/o hasidand event handler are put
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in separate threads since i/o operations as well as remevigs from the event stack are
blocking operations. These threads inform the model compbas soon as an event has
occurred.

The Java Debug Interface

As already stated, JAVAVIS uses the Java Debug Interfacete ta program’s execution.
It is part of the Java Platform Debugger Architecture (JP[3%)]. Figure 2.8 depicts the
JPDA.

debuggee

VM

< @ JVMDI - Java VM Debug Interface
back end (native) (native)

communications 4———@DWP-Java Debug Wire Protocol
channel

front end

< ® JDI - Java Debug Interface
user interface

debugger

Figure 2.8: Java Platform Debugger Interface (JPDA).

As can be seen the JPDA consists of three components:

e Java Virtual Machine Debug Interface (JVMDI)
e Java Debug Wire Protocol (JDWP)

e Java Debug Interface (JDI)

The JVMDI is a native interface that each Java Virtual MaeHias to provide in order to
be debugged. The JDWP is the protocol used for communichgbtreen a debugger and
the Java Virtual Machine which it debugs. The JDWP allowsJ¥iMDI to be used from
remote computers. The JDI is an interface which uses JDWRdesa a JVMDI (which
can be located at a remote computer). The specific transmtiamism used by JDI can be
chosen based on the type of connection, e.g., through shegetbry or a TCP connection.

There are three ways to establish a connection between tugger (here: JAVAVIS) and
the debuggee (i.e., target program):
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e The debugger launches the debuggee using the JDI, thus atitaly establishing a
connection between them. This option is the one chosen b\IB/

e The debugger is chosen to be the client which connects tarantlyr active JVM.

e The debugger is chosen to be the server and waits until soMeojéns a connection
to it. This option is only possible if the JVM has been stameth a special option in
order to open a connection to a “waiting” debugger.

The JDI provides means to read the standard output and writeetstandard input of the
debuggee. Furthermore, the debugger is able to registetéi®st in certain events. The
debuggee puts an event description into an event queue mas@oregistered event occurs.
Consequently, the debugger can remove such an event diestiimm the event queue.
The debugger is able to suspend and resume the debuggee. téhgebuggee has been
suspended, the debugger can read all kinds of state inflarmat

JAVAVIS aims at students who want to become familiar withemibjoriented programming
concepts. When running the target program, diagrams arergtedl and updated step by
step. The user is presented with different views and chaimgiéee diagrams are smoothly
visualized. The sequence diagrams are updated as soorr asafople, new objects are
created or methods are executed. The only abstraction cheted by JAVAVIS is filter-
ing out system classes in packages likea. | ang andj ava. util. In Figure 2.9 a sample
JAVAVIS sequence diagram is shown.

[3 Sequence - Diagramm [ _ [O] %] I

/% =

<inity 53
List
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¥
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<inits 57
Listitem

=
4 | »

Figure 2.9: Sample JAVAVIS sequence diagram.
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2.1.5 Approach by Briand et al.

Briand et al. have designed and implemented a prototypectmstruct sequence diagrams
using source code instrumentation [9]. Their approach istmef instrumenting a pro-
gram and running it, thus producing traces. These tracethareanalyzed and visualized
through UML sequence diagrams. In order to accomplish thisrhetamodels have been
designed. On the one hand, we have a metamodel of which ttesteae instances: the
trace metamodelOn the other, we have a metamodel representing the seqdeggams:

the scenario diagram metamodebince traces are generated by a specific execution of the
target program, i.e., a scenario, the eventual diagrameadlel scenario diagramsMap-

ping rules have been defined, using the Object Constrairguage (OCL) [71], in order to
map a metamodel of traces to a metamodel of scenario diagrams

The prototype has been implemented using different progpiagn languages. The instru-
mentation part has been implemented in Perl whereas thefdramation part (traces=-
scenario diagrams) has been implemented in Java. The tamgpiage is C++, although,
according to Briand et al., the prototype can be easily chdrig support other languages,
since the executed statements monitored by the instruti@ngae universal (e.g., method's
entry and exit, control flow structures). Moreover, they eiefocus on instrumentation and
transformation, thereby not addressing the actual vizatidin of the scenario diagrams.
Their intent is to interface with existing UML CASE tools aidport the generated dia-
grams using a data interchange format such as XMl [51].

Scenario diagram metamodel

In order to know what information to trace, first a scenariagdam metamodel has been
created, which is then used to design a trace metamodel.cBnaiso diagram metamodel
is an adaption of the UML metamodel, which is a class diagtahdescribes the structure
of sequence diagrams. This model has been adapted to eagentr@tion of sequence
diagrams from traces. Figure 2.10 depicts the scenarigatimghnetamodel.

As can be seen, messages (abstract ttasage) have aal | er Gbj ect and aCal | eevj ect
which are the source and target, respectively. Both objestsespond to aont ext SD,
which can be amnst anceSD or ad assSD. The former represents runtime objects whereas
the latter represents entire classes (e.g., in case thexetim is at the class level rather
than at the object level). Messages can be categorized feratit categories, that is,
method calls (classet hodMessage), return messages (claBst ur nMessage), or the itera-
tion of one or more messages (claser at i onMessage). A message can contain parameters
(classPar anet er SD) and can be sent under certain conditions (ctassi ti ond auseSD).
ClassCondi ti ond auseSD has two attributes, namely auseki nd to indicate the type of
condition (e.g.jf orwhile) andcl auseSt at enent to indicate the actual condition. Class
Met hodMessage contains an ordered list @6ndi t i ond auseSD instances (aggregation in fig-
ure 2.10) indicating the logical conjunction of conditiptisereby representing the complete
condition under which a message is sent.
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Figure 2.10: Scenario diagram metamodel.

Furthermore, the repetition of a single message is spedifiddet i mes Repeat attribute
in Met hodMessage, whereas the repetition of two or more messages is specifietthed
IterationMessage class. This is necessary since both situations are moddifiedently

in UML sequence diagrams. Finally, the association betwéesage andMet hodMessage

is needed as a message can trigger other messages.

Trace metamodel

Using a Perl script the source code is instrumented by aditiagific statements in order to
retrieve the required information at runtime. Such a statgrproduces a single text line in
the trace file. The following “events” are reported on:

e Method entry and exit. The method signature, the class ofattget object (i.e., the
object executing the method) and its memory address arevet

e Conditions. For each condition statement the kind of staténte.g.,i f) and the
exact condition are retrieved.

e Loops. For each loop statement the kind of loop (esti) €), the corresponding
exact condition and the end of the loop are retrieved.

Using this information it is possible to retrieve the souof@ method call. After all, since
a trace file contains a chronological ordering of eventssthace of a method call simply
is the previous call in the trace file. Moreover, as condgican be nested, the complete
condition under which a call is performed can be detecteddnfopming a logical conjunc-
tion of all conditions that appear before the specific mettedtl Figure 2.11 illustrates the
trace metamodel.
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Figure 2.11: Trace metamodel.

The trace metamodel and the scenario diagram metamodelqglaitk similar. However,
there are some key differences. For example, dleidsodCal | only has direct access to its
cal | ee(j ect (target) but not to itgal | er Qoj ect (source). The latter has to be retrieved
by querying the previous method call. Cla#s hodMessage, on the other hand, has di-
rect access to both its source and target objects (instaficest ext SD). Consequently, the
mapping between both metamodels is not straightforwararder to be able to create an
instance of the trace metamodel, certain pieces of infoaomdtave to be computed from the
trace file, e.g., the complete condition under which a mettaddis performed, repetition
of method calls (loops) and the identification of a return sage for a call.

Consistency rules

Three consistency rules have been derived, expressed @Ghe which associate an in-
stance of the trace metamodel with an instance of the scediagram metamodel. Briand
et al. emphasize that the derived OCL rules only expresstieomis between the two
metamodels. Thus, they are not algorithms, but they proaidpecification and insights
into how to implement such algorithms. These consistendgsridentify instances of
classes\et hodMessage, ReturnhMessage, andlterationMessage (scenario diagram meta-
model) from instances of clasgés hodCal |, Ret ur n, andCondi ti onSt at enent (trace meta-
model), respectively. In Figure 2.12 a sample sequenceatiageconstructed by the pro-
totype of Briand et al., is shown.
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Figure 2.12: Sample sequence diagram.

2.1.6 SDR Framework

The Scenario Diagram Reconstruction (SDR) framework,giesl and implemented by
Cornelissen et al., makes use ofNI test cases as a starting point for the reconstruction of
sequence diagrams [13, 6]. Like in [9], the source code dfttget program is instrumented
in order to produce traces. Likewise, the eventual gengrdiggrams are referred to as
scenario diagramssince they depend on a particular execution (i.e., sc@nafithe target
program. In contrast to Briand et al., Cornelissen et alvideinformation on how these
input scenarios are derived, namely by usingnditest cases [35, 4]. Another similarity
between SDR and [9] is the design of two metamodekcemario diagram metamodahd
atrace metamodelln addition, SDR provides means to apply abstractions gtaices of
the scenario diagram metamodel in order to reduce the vastatrof data generated during
program execution. Figure 2.13 depicts an overview of th& $@amework.

As can be seen the framework can be divided into several coemp®. It contains an

instrumentation component, an abstraction componentaansualization component. As
a consequence, the framework is extensible in that it makésaa separation between the
various stages in the reconstruction process. SDR has bg#amented using multiple

programming languages including Java and Perl.
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Figure 2.13: Overview of the SDR framework.

Instrumentation and tracing

The SDR framework uses Aspect Oriented Programming (AQf)naore particularly As-
pectJ, in order to instrument the target program includisglINIT test suite [2]. Instru-
mentation using aspects has appeared to be very usefud,(dinthe system-under-analysis
does not require any changes to its implementation in omé&ate its execution, and (2)
aspects allow us to specify which statements to trace vewyrately. For example, AspectJ
provides means to report on method calls, method entry /axit constructor calls. More-
over, AspectJ allows us to retrieve information on the ueigbjects involved in certain
method calls, the runtime arguments as well as the actuahretlues, if they exist. Fur-
thermore, using AspectJ it is easy to trace methods by usildgavds and specifying only
part of the name of the specific method to be instrumented. rAsidt, the various stages in
a test case (i.efixture, test executiopresult validation andteardowr) can be easily distin-
guished by exploiting the naming conventions or annotatfonthese stages within JNuT.

The generated traces are saved to disk in trace files usingnenon format describing
the events that can take place during the system’s execuidistinction is made between
the beginnings and endings of method calls, static methit&l ead constructor calls. Fig-
ure 2.14 depicts the trace metamodel.

As can be seen, an execution trace consists of multiple £welnich can be of different
types. For example, a “method start” event consists of a odeithentifier, the caller and
callee object, the actual parameters passed to the methtbekyiexist), and the method
signature. A “method end” event, on the other hand, only isth®f a method identifier
and the actual return value. The other events are simildremhes mentioned above, so
these are omitted in Figure 2.14 in order for the diagramnuaia readable. No information
about conditions or repetitions is collected.

Abstraction

Since tracing the execution of a program inevitably leaditge trace files, abstraction
techniques need to be applied in order for the reconstrigtedario diagrams to become
human-readable. However, as in SDR each test case prodsegei@te diagram, some-
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Figure 2.14: Trace metamodel.

primitive type

times abstractions are not even necessary. This is pantithé case when using small unit
tests. Cornelissen et al. have defined a catalog of abstnacdind filterings in the context
of reverse-engineering of sequence diagrams:

e Constructor hiding. Omit all constructors and their cohtimvs. This is particularly
useful in the fixture (i.e., initialization phase) of compl@UNIT tests.

e Selective constructor hiding. Omit irrelevant construstand their control flows,
i.e., constructors related to objects which are never uBgdloing so, the amount of
information is reduced while at the same time essentiatinétion is kept.

e Maximum stack depth. Omit all interactions above a certéacksdepth threshold,
thus filtering out low-level messages.

e Minimum stack depth. Omit all interactions below a certaiack depth threshold,
thus filtering out high-level messages. This can be usefiltés out start-up mes-
sages.

e Fragment selection by using stack depths. Choose a set bbdsebf interest and,
by selecting appropriate minimum and maximum stack deftlghlight its direct
environment.

e Fragment selection by zooming. Zoom in on areas of interest.

e Pattern recognition. ldentify recurrent patterns of execuand summarize them
(i.e., the involved method calls) by, for example, collagsiechniques.

e Object merging (clustering). Merge lifelines of closeljated (or manually selected)
objects such that their mutual interactions are hided.

23
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e Colors. Use color techniques (e.g., graying out or usinfgidint colors for different
fragments) to distinguish between relevant and irrelepants.

e Getters and setters. Omit simple get- and set-methods.

e Textual techniques. Omit return values when they do not ¢ixés, void methods),
abbreviate full parameters, and abbreviate return values.

Visualization

Cornelissen et al. do not focus on the visualization of thenado diagrams. Their main
focus is on the instrumentation of 3iUr test cases in order to produce trace files (which are
instances of the trace metamodel), converting these itestato instances of the scenario
diagram metamodel, and applying appropriate abstraaidmiques based on runtime met-
rics. Figure 2.15 depicts the scenario diagram metamodel.

seqguence diagram

£
SULcessar
I messange method
actual parameters
0=
value
return value
0.1
zendar receivar
ohject

Figure 2.15: Scenario diagram metamodel.

As can be seen a scenario diagram consists of a sequence sdgasdetween objects.
Each message contains information about its sender angleeobjects, the corresponding
method, the actual parameters, and the return value, iistsexX-urthermore, the metamodel
does not contain information about conditions and repeiti This is because a scenario
concerns a specific situation and it is, therefore, not aatego deal with multiple situations
like in a use case, which is a generalized notation. A sanmggi@ence diagram produced
using the SDR framework is shown in Figure 2.16.
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Figure 2.16: Sample sequence diagram.

2.1.7 Scene

In [40] another tool that uses source code instrumentatioarder to produce diagrams
from a program’s execution is presented. It is called Sc&@ENario Environment). It
is implemented in Oberon [56] and produces scenario diagrafihe target language is
Oberon as well.

2.1.8 Approach by Taniguchi et al.

In [67] a method is proposed to extract compact sequenceatiegfrom dynamic informa-
tion of object-oriented programs. The authors, howevenal@ive information on how the
execution of software is traced. They present four compadtiles, including compaction
of repetitions and compaction of recursive calls, in ordetlie traces to be reduced in size,
thereby producing compact sequence diagrams. The targptdge is Java.

2.1.9 Approach by Delamare et al.

In [14] a method is proposed to generate UML 2.0 sequenceatiagfrom execution traces.
The method is based on state vectors that allow detectiavoptland alternatives within a
single sequence diagram as well as the combination of desesraence diagrams. In order
to trace a program’s execution a debugging tool called dFriacused, which relies on the
Java Debug Interface (JDI). The target language is Java.

2.1.10 Approach by Merdes et al.

In [46] the authors present a thorough study of technolégipions when it comes to
developing a tool for the reconstruction of UML sequenceayidiens from executing Java
programs. They implemented such a tool as well. It uses A3gednstrument the Java
system at load-time (i.e., load-time weaving).

25
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2.2 Approaches that reconstruct alternative diagrams

2.2.1 Approach by Walker et al.

In [69] an approach has been developed for visualizing tlegatipn of an object-oriented
system at the architectural level. It is implemented in $tal&l[64] and instruments the
Smalltalk Virtual Machine in order to capture program beabav Obviously, the target
language is Smalltalk as well.

2.2.2 The Collaboration Browser

In [57] a tool, The Collaboration Browser, is presented &ravering object collaborations
from execution traces. It is implemented in Smalltalk andsusource code instrumen-
tation. Pattern matching techniques are used to applyaabsins in terms of so-called
collaboration patterns. These are similar to the behavii@terns in Shimba as well as the
interaction patterns in ISVis. The target language is Saikll

2.2.3 Approach by De Pauw et al.

In [53] an approach is presented that generates novel viéwiseobehavior of object-
oriented systems, and an architecture for creating andadinigithese views. It uses source
code instrumentation and the target language is C++.

2.3 Surveys

A comparative evaluation of dynamic visualization toolptissented in [52]. The tools are
evaluated on a number of general software comprehensiospauific reengineering tasks.
The authors, however, do not focus on how the execution obgram is traced, or which
abstraction techniques are used. Moreover, they are nitydarly interested in sequence
diagrams.

In [22] a survey of eight trace exploration tools and techesyis presented. The goal
of the authors is to uncover the underlying concepts betiede tools in an attempt to
build a common core of techniques that can be useful for wtaletding the behavior of
object-oriented systems. As such, they present the adyestnd limitations of these tools
and discuss how they can be improved. Although the authorsotdéocus on methods to
trace a program’s execution, they do present several ahietidechniques.

2.4 Conclusion

In this chapter we listed several (surveys involving) émgstapproaches that reconstruct
diagrams using dynamic analysis. As for sequence diagranmarticular, we outlined
ten approaches of which six have been elaborated in moré. dBuaring this survey we
encountered various abstraction techniques includirrggXample:
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e Filtering out system classes (JAVAVIS).

Replacing recurrent patterns by repetition constructinBa, 1SVis, SDR).

Replacing separated repeated patterns by subscenaris (8hienba, ISVis).

Omitting asserts (SDR).

Omitting getters (SDR).

Constructor hiding (SDR).

e Stack depth limitation (SDR).

We implemented a number of the encountered abstractionitgeds in JRET as explained
in chapter 4. When it comes to the collection of runtime d#te,described approaches
make use of techniques like source code instrumentatioraaswstomized debugger. In
order to acquire an overview of the different ways to instenitna program, the following
chapter outlines the available possibilities for collegtruntime data from Java software.
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Chapter 3

Collecting Runtime Data from Java
Software

In this chapter we describe different techniques to retridata from a running Java ap-
plication. These techniques include source code instrtatien (section 3.1), bytecode
instrumentation (section 3.2), and instrumentation ofaihglication’s runtime environment
(i.e., its Virtual Machine, section 3.3). The chapter isdoded in section 3.4.

Figure 3.1 illustrates the symbolic process from sourcetodsequence diagram.

pulilic class Editor |

pablic vaid shawl] | T
Pingram dingian = new Disgrami)

diagram. apen(] 1

source code I

111000 100101 10
111000 100101 10
111000 100101 10

111000 100101 10

byte code execution

Figure 3.1: Symbolic steps from source code to sequenceasiegnodel.
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3.1 Source code instrumentation

Source code instrumentation means inserting code fragmeftén referred to agrobes
into a program'’s source code. For example, one could insitt giatements at the begin-
ning and end of each method, in order to check which runtinjectd exist and how they
interact. An obvious limitation of source code instrumdintais the fact that one must have
access to the source code. Source code instrumentaticralhasian be divided into two
categories:

e Manually instrumenting the source code.

e Instrumenting the source code using aspects.

Obviously, source code can be instrumented manually. Hervévis method is both trou-
blesome and error-prone. Usually some script is used totitteprobes. An example of a
tool providing this functionality is InsectJ [24, 62].

Another approach is using Aspect Oriented Programming (A&@fTel, in particular, As-
pectd [2, 36, 16, 20] to instrument the source code. Aspétted programming provides

a way to add functionality to several classes at once, whédunctionality is managed in

a central place, thaspect These aspects are then “woven” through the source codg usin
a so-called weaver. Thereafter, the result can be compgeasaal. Moreover, Aspect]
provides means for weaving aspects through bytecode, w¥gohill discuss later on. Fig-
ure 3.2 illustrates the weaving process.

source code source code
3 D aspect
Compiler Weaver
EI —_— y Cumpiler—ﬂlﬁl
executahle _— executahle

Figure 3.2: Schematical overview of normal compilationft]le’ersus aspect weaving
(right).

Three important terms in AOP aj&n points pointcuts andadvices Join points represent
places in a program where additional behavior can be addedxémple, before and after
execution of methods as well as before and after callingtoacters. Pointcuts consist of
one or more join points. They are language constructs tlekt quit a set of join points

based on defined criteria. The criteria can be explicit fimnchames or function names
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specified by wildcards. The actual code to be executed abthgpints is called the ad-
vice in AspectJ. It is possible to specify execution of coeéole, after, and around join
points. Consequently, AspectJ provides a flexible way tounsent a Java application. In
Listing 3.1 an example tracer written in AspectJ is shown.

i mport sdr.tracers. SinpleTracer;
publ i c abstract aspect Custonilracer extends SinpleTracer {

prot ect ed poi ntcut theConstructors() :
cal I (org. package..*.new(..));

protected pointcut theCallers() :
cal I (* org.package..*.*(..));

prot ected pointcut startingPoint() :
execution(* org.package..*.nyStartMethod(..));

Listing 3.1: An example tracer in AspectJ.

3.2 Bytecode instrumentation

Bytecode instrumentation means inserting code fragmatasai Java program’s bytecode,
i.e., class files. As opposed to source code instrumenidtiersource code does not have
to be available and is therefore not manipulated. Conselyuene does not have to worry
about the existence of various different versions of thec®aode. Again, AspectJ can be
used to weave aspects through the bytecode. In this reggude 8.2 should be somewhat
adapted in that the source code is first compiled, after wihielweaver weaves the aspects
through the generated bytecode.

3.3 Instrumentation of the runtime environment

Instrumentation of the runtime environment means instnting the environment in which
an application runs. As far as Java is concerned, this meaitrsiientation of the Java
Virtual Machine (JVM). This can be accomplished by usinguat machine agents, for
instance. The advantage of this method is the fact thaterdtitle source code nor the byte-
code is altered. However, the execution of an applicationbeaslowed down considerably.
Another option would be implementing a new or modifying aisgxg JVM. Although this
option has the same advantage as the aforementioned imstration, i.e., not having to
change the application’s source code and bytecode, it hagaus limitation, namely the
huge effort to implement a new JVM or to even modify an exgtivM.

For the instrumentation of a JVM it is again possible to uspeks]. However, this time
aspects are woven into the byte code at load time, i.e., dirtteethey are loaded by the
class loader of the Java Virtual Machine. Hence, this teghais calledoad-time weaving
(LTW). Another option in this regard is the Java Debug InterfaBd)(@hich is part of the
Java Platform Debugger Architecture (JPDA) [25, 26]. Thé@Dvides means to debug a
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JVM from a remote machine. Both LTW by Aspect]J and the JDI ecbriiques based on
virtual machine agents which can be applied to existing Juidlementations.

Yet another agent-based solution is the use of the JavaaV/iMachine Profiler Interface
(JVMPI) which is a two-way function call interface betwedretJVM and an in-process
profiler agent [28]. Like the JDI, it provides means to operab a JVM that is located
on a remote machine. The Eclipse Test & Performance TootfoRta (TPTP), which is

a software platform and a set of components to develop tggpirofiling and monitoring

tools for applications, makes use of the JVMPI [17]. FromBE23), however, the JVMPI
was replaced by the new JVMTI (Java Virtual Machine Tool fifatee) [29].

3.4 Conclusion

In this chapter we described three instrumentation teckasicand listed their advantages
and disadvantages:

1. Source code instrumentation
2. Bytecode instrumentation

3. Instrumentation of the runtime environment

When comparing these methods, we think bytecode instruatientis the best option to
collect runtime data from a Java program. As opposed to sawode instrumentation, the
source code of the target program does not have to be awil#tthlso prevents multiple
versions of the source code to co-exist. Moreover, in cehteanstrumentation of the JVM,
it does not slow down the execution of a program consideratther does it require the
implementation of a new or the modification of an existing Juihich would take a huge
effort.

Taking this all into account, we implemented bytecode imagntation in JRET, which
is elaborated in the following chapter.
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Chapter 4

JRET: The Java
Reverse-Engineering Tool

In this chapter we elaborate on our tool that is capable afrsttucting UML sequence
diagrams through dynamic analysis. JRET is documented atk publicly available
as an open source project through SourceForge [34]. Theidammpletely written in
Java/AspectJ and offers both command-line possibilitielseesimple GUI which is depicted
in Figure 4.1. Itis able to generate sequence diagrams infehi@&t, as well as output that
can be visualized as sequence diagrams using two diffeisumlizers:

e Alex Moffat's SEQUENCE[63].

e SDEDIT: Quick Sequence Diagram Editor [61].

Each visualizer has its own advantages and disadvantageh ate explained in section
4.4. As already mentioned in chapter 1, the process of dynaetionstruction can be
divided into the following stages:

1. Creating traces
2. Applying abstractions

3. Visualizing the data

We dissect our tool in terms of these three stages in theAfmllpsections. First, in section
4.1, we present an overview of its structure. Section 4.2a@x@the first phase in which
traces are generated. In section 4.3, we describe the aimtréechniques implemented,
followed by section 4.4 in which we present information oa Wisualization phase. Finally,
in section 4.5, we describe the features of JRE€&ar ch package.

4.1 Overview of the structure

Figure 4.2 provides an overview of the structure of our td&s. can be seen, and as pre-
viously described in chapter 1, JRET makes use of test casasstarting point for the
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Main JVM args
= T - ; _ P—
inpath C.\pacman-1.3\b|n\pacman| | [_| custom heap size (MB)  min 258 | max 1024 \
[CUnitjunita 8 2junitianC las pectit Sk tjar | other |

test case class [pacran Testall |

Options Abstractions
@ object level ! class level [_] abbreviate real values [_] abbreviate method names
@ trace system classes () do not trace system classes || remove getters || remove simple getters
@ junit 3 ) junit 4 [l remove setters [l remove simple setters
® detailed off ) detailed on ["1 remove asserts [ | remove constructors
@ no custom tracer (Z) use custom tracer [_] remove internal messages [ | remove simple internal messages
® automatic abstractions on ) automatic abstractions off ["] minumum stack depth :u
® sdedit ) sequence [ limit stack depth :-E
@ numbering off ) numbering on [] select messages from o]
® open tool () generate png ' no action [ selectmuseaticato iﬁ
) export metrics (hml) () export metrics {csv) @ no action [l temioNe Eonliibus batlers aes) loik it @
) simulation (htmil) ) simulation (csv) @) no action

[_] remove contiguous patterns (object)  nestinglevel (3 |

Figure 4.1: The JRET GUL.

reverse-engineering process. These test cases are iastadrand executed. As a con-
sequence, execution traces are generated, both inte(iralynal trace$ and externally
(external tracel They are instances of thece metamodelhich we will describe in the
following section.

External traces are plain text files containing the entirecakon of the target system, and
hence can be used as a logging repository. The internalstracethe other hand, are
converted tanternal diagramgfor the next stage in the pipeline: the application of alestra
tions. After abstractions have been applied, the interizgrdms are exported &xternal
diagramswhich, like external traces, are plain text files. Likewibeth internal diagrams
as well as external diagrams are instances ofst#guuence diagram metamodelhich is
also described in the following section. Finally, the emggrdiagrams are visualized using
our two aforementioned visualizers.

SDR, which is a similar approach as already described inteh&pis an extensible frame-
work in that it makes a clear distinction between the tragiag, the abstraction part, and
the rendering of sequence diagrams [13]. A limitation ohgsieparate components, how-
ever, is the need for exporting and importing data after egatpe. Our tool cuts down on
these I/O operations for better performance. The only stagehich there is a need to
import data by a separate component is when input is feedetwittualizers. Moreover,
although the separation in SDR is an advantage regardirggkility, it has been imple-
mented using multiple programming languages (i.e., Ja@éét) and Perl). Thus, as far as
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external trace

instrumented
execution

internal trace
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export
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external diagram
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visualization sequence diagram

Figure 4.2: The JRET structure.
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maintainability is concerned, our approach has an advartathis respect, since it makes
use of Java/AspectJ only.

4.2 Creating traces

In this section we explain how our tool handles the first plodsiee dynamic reconstruction
process: the creation of traces.

4.2.1 Instrumentation

JRET uses bytecode instrumentation using AspectJ in oodgerierate traces. We prefer
bytecode instrumentation since a program'’s source code mtatchave to be available, as is
the case when using source code instrumentation. Morabngimstrumentation technique
does not slow down a program’s execution considerably, #gigase when using a cus-
tomized debugger, for instance. It also removes the huge effquired to implement a new
or even modify an existing JVM. Our choice for AspectJ is blame the fact that it provides
a flexible way to instrument an application while the functbity is centrally managed in
theaspect The system-under-analysis therefore does not requirelzaryges to its imple-
mentation in order to trace its execution, thereby incregebliviousness. Usingointcuts
and aspects to trace an application is an effective and yplazated option.

Furthermore, aspects allow us to specify which statementsate very accurately. For
example, Aspect] provides means to report on method cadithaa entry / exit, and con-
structor calls. AspectJ allows us to retrieve informationtlee unique objects involved in
certain method calls, the runtime arguments as well as tiv@laeturn values, if they exist.
Additionally, using Aspect] it is easy to trace methods bpgisvildcards and specifying
only part of the name of the specific method to be instrumented

Our tracers distinguish between the beginnings and endihgeethodcalls, static method
calls, andconstructorcalls, since they are differently visualized in sequenegidims.

4.2.2 Granularity

The instrumentation can be either at class level or objeel.l&n advantage of the former

method is the fact that it is relatively easy to implememgcsiit does not require an ad-
ministration of all runtime objects. Also, the resultingjegence diagrams potentially need
less abstractions as it is not necessary to display allrdiffeobjects. After all, a class X

represents all instances of X, and therefore interacti@taden different objects are not
shown.

Instrumentation at object level, on the other hand, pravidetailed information on ob-
ject interactions, and exposes occurrences of polymarphisd late binding. A limitation,

however, is that it requires an administration of all ruiwbjects, thus making it more
difficult to implement when compared to instrumentationlass level.
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As each method has its own advantages, we prefer the besttofnmolds. We think it
is important to have detailed information on object intémats, since it is then possible to
detect occurrences of polymorphism and late binding. Astrae time we like granularity
at the class level as some form of abstraction method to nekeesulting diagrams more
readable. Hence, in JRET we have implemented both methodgrasent the user with
the opportunity to choose between the different levels.

4.2.3 JUnit test cases

As already mentioned in chapter 1, we useNJiJtests to represent the different input
scenarios. Consequently, the target system as well as itsrdgst suite need to be instru-
mented. JRET identifies the various stages in ailjUest case (i.e., the fixture, the test
execution, and the tear down) and traces them separatelyitsat they can be distinguished
in the resulting sequence diagrams.

Our tool contains tracers which can handle botnJiU3 and JWIT 4 test suites. The
main difference between both versions is that the formége&n naming conventions for
the methods that represent the different stages, wheredatter makes use of Java anno-
tations. These naming conventions are as follows:

e fixture = voi d set Up()
e test—>void test*(), where the asterisk can be any string.

e tear down=>voi d tear Down()

As far as JWIT 4 is concerned, the methods for each stage can be chosermignds
longs as they are preceded by the correct annotation. Thess ollows:

o fixture=— @rg.junit.Before
o test— @rg.junit. Test

e tear down— @rg.junit.After

Hence, we created tracers that both exploit the naming cdioves in JWNIT 3, as well as
tracers which trace the aforementioned annotations.

4.2.4 Implementation

As already mentioned in section 4.1, execution traces atepthe trace metamodel. It is
similar to the model described in [13] by Cornelissen etaald is depicted in Figure 4.3.

As can be seen, a trace consists of one or more events:

e Beginning / ending of a method.
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trace 1. |event
method start method end stat meth start stat meth end cons start cons end
(4 (4
method
signature
T\
return value formal parameters
return type
0.1 value 1 type | =
0“*
actual parameters % ?
primitive value I8 is-a primitive type
callee !
object is-a | class type

caller

Figure 4.3: The trace metamodel.

e Beginning / ending of a static method.

e Beginning / ending of a constructor.

Associated with the beginning of each method is a signatucaller, a callee, zero or more
(runtime) parameters, and a method identifier. As far as tiiing of a method is con-
cerned, it features a method identifier, and possibly ametalue. Due to space constraints
only the regular method events have been shown in more détailvever, the described
associations also go for the remaining ones.

The external traces in Figure 4.2 are plain text files comgithe aforementioned events.
The internal traces are implemented as sequenc#ssefige andRet urnMessage objects.
The former represents all beginnings of (static) methodscanstructors, i.e., the so-called
bef or e-events, whereas the latter represents their endingsthieeso-calledf t er -events.
Internal traces are converted to internal diagrams whiehiratances of the sequence dia-
gram metamodel. It is depicted in Figure 4.4.

As can be seen, an internal diagram consists of a sequenaseages. They are derived by
merging theVkessage andRet ur nMessage objects that represent the internal traces, thereby
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sequence diagram

§
0.*
pattern | repetition value
successor 1.7 ’ T repetition value 1 !
message = value
- return value 0.1
actual parameters  0Q..*

method

0.1 label

sender receiver

object

Figure 4.4: The sequence diagram metamodel.

producingMessage objects that also contain return values. Moreover, eaclsagesis pos-
sibly associated with a label indicating the test case stagga repetition value that points
out how many times it is repeated. Also note that a messagbecpart of a pattern which
can be repeated a number of times. Both repetitions areedetatour pattern recognition
algorithm which is explained in the next section.

Since JRET-reconstructed sequence diagrams are derwedsitenarios rather than use
cases, conditions (e.df, andcasg have been omitted in our metamodel. Nevertheless, it
does support repetitions as they are useful regardingaalisins. As such, the model in
Figure 4.4 is a simplified version of the UML sequence diagna@amodel [50].

Tracers

JRET comes with several tracers that provide a combinatidheofollowing functionali-
ties:

e Trace at object or class level.
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e Support for JWIT 3 or INIT 4.
e Include or exclude system classes (in the packages | ang andj ava. util).

e Support forSEQUENCEOr SDEDIT.

At the top of the tracer hierarchy is tigst ract Tracer aspect, which contains the abstract
startingPoi nt () pointcut that has to be redefined in one of its sub-aspectsoniains
listeners that listen to the different events, such as tlginbengs and endings of method
calls, static method calls, and constructor calls. Alsanitializes the properties which
are specified by the parameters provided to JRET by the udes.Abkt ract Tracer as-
pect is extended by either &hj ect Tracer or aC assTracer aspect, for tracing at object
or class level, respectively. They contain abstract paistéor tracing constructor calls
and (static) method calls, and are respectively extended dhyect Test CaseTracer and
a JassTest CaseTracer aspect. These aspects contain abstract pointcuts fongraice
fixtures and the tear downs of 3lUr test cases. For the actual test thart i ngPoi nt ()
pointcut is used.

JRET has 16 stock tracers that implement the aforementiabsttact pointcuts. The
Obj ect Test CaseTracer aspect is extended by 8 tracers, such as the

Ohj ect Test Case3SequenceTracer aspect which traces NJT 3 tests at object level and gen-
eratesSEQUENCEoutput. Likewise, thel assTest CaseTracer aspect is extended by 8 trac-
ers, such as th@ assTest Case4NoSyst enSDEdi t Tracer which traces JNIT 4 tests at class

level, excludes system classes, and genesme€®IT output.

To exclude specific classes or packages from the trace, @atisicer can be created which
should be placed in th@ ret \traci ng\tracers\custon) directory. The easiest way is to
copy one of the stock tracers that contain custom pointautghie exclusion of system

classes, and simply redefine these pointcuts.

Listeners

Attached to each tracer are one or more listeners. The foliplisteners can be distin-
guished:

e TracePrinter: prints all events to the standard output.

e TraceFileWiter: writes all events to disk, i.e., creates trace files.
e MetricsCol | ector: creates metrics files.

e Sequenceli st ener: creates input files for theEQUENCEvisualizer.

e SDEdi t Li st ener: creates input files for theDEDIT visualizer.

The stock tracers are all connected toraceFi | eWiter and aMetricsCol | ector. They
are also linked to &equencelLi st ener or SDEdi t Li st ener depending on the type of tracer.
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Runtime data

JRET generates IDs to make a distinction between the diffetmtime objects. It uses an
object’s memory address to create an ID which is appendetktoliject’s class name. As
such, object IDs likeest 3, Hel | oWor | d11, andSt ri ng128 could be generated. Our choice
for the use of an object’s internal memory address is basedeofollowing:

e Every object has a memory address that uniquely identifies it

e An object’'s memory address can be easily retrieved in Java.

In order to retrieve an object’s internal address it is natsilde to use theéoString()
method of Java'shject class. This is because this method could be redefined in any
other class (sincébj ect is the root of Java’s class hierarchy). The same goeéhfarct 's
hashcode() method. To overcome this problem, we used the static

i dent it yHashCode( Obj ect o) function of Java'sSyst emclass.

4.3 Applying abstractions

In this section we explain how our tool handles the secondgbéthe dynamic reconstruc-
tion process: the application of abstractions.

4.3.1 Abstraction techniques
JRET offers the following abstraction techniques:
e The possibility to choose between object and class level.
e Filter out system classes in the packag®as. util andjava. | ang.
e Abbreviate method names, return values, and arguments.
e Remove getters (with or without their control flow).
e Remove setters (with or without their control flow).
e Remove constructors and their control flow.
e RemoveAsserts
e Remove internal messages (with or without their control flow
e Stack depth limitation / set minimum stack depth.
e Message selection.

e Pattern recognition.

Now, let us explain these techniques.
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Choose between object or class level

This technigque has already been explained in section 4.2t user is able to choose
whether JRET should trace at either object or class levetlads level is chosen, then
objects that belong to the same class are merged, therebigipghorizontal abstractions.
This can be useful in case one is not interested in runtimectdjthat exist during the
execution of a test case.

Filter out system classes

The user is able to choose whether Java system classes ira¢kages ava. | ang and
java.util should be traced. Consequently, calls/edt ors or Strings, for example, will
not be visible in the resulting diagrams. This techniqueseful in case one merely wants to
focus on the interactions within the target system itselfher than on method/constructor
calls of Java system classes.

Abbreviations

Method names can be abbreviated, as well as return valuesetibd arguments. Using
JRET itis possible to identify the returned objects and m@#rguments using object IDs.
Moreover, their actual contents can be exposed as well tisentgetailed” option. If these
values are large (e.g., lorgyrings or longi nt egers), then they can be abbreviated. This
can be useful as it prevents the sequence diagrams from ber@xcessively expanded
which hinders comprehensibility.

Remove getters

Getters, i.e., methods whose names start with “get”, careb®ved from the diagrams.
A distinction is made between getters that have control figettérd, and getters without
control flow imple getters Removing simple getters is particularly useful in theaiton
where most calls are in the control flow of a getter at the b@gmof a sequence diagram.
Removing this getter including its control flow could resualtoo much information being
erased, leaving the diagram useless. Hence, in such a caseld be better to remove
simple getters instead.

Removing (simple) getters can be useful as these methoels ofin be omitted without
the loss of essential information. Consequently, the cetmgmsibility of the generated se-
quence diagrams will potentially increase.

Remove setters

Setters, i.e., methods whose names start with “set”, carelm®ved from the diagrams.
A distinction is made between setters that have control festtér3, and setters without
control flow Gimple settefls Removing simple setters is particularly useful in theagion
where most calls are in the control flow of a setter at the eggof a sequence diagram.
Removing this setter including its control flow could rednltoo much information being
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erased, leaving the diagram useless. Hence, in such a caseld be better to remove
simple setters instead.

Removing (simple) setters can be useful as these methoeis cdin be omitted without
the loss of essential information. Consequently, the cetmsibility of the generated se-
guence diagrams will potentially increase.

Remove constructors

It is possible to remove constructors including their coiflow. This abstraction technique
is particularly useful for the fixture in a NUT test case, since the fixture involves the cre-
ation of objects that will be used in the actual test. Consetly, large fixtures can removed
from the generated sequence diagrams. If one is not interéstthe creation of objects,
or prefers method calls over constructor calls for programprehension, then hiding con-
structors could be an effective abstraction to potentialtyease diagram comprehensibility.

Remove Asserts

Assertsare used to verify the results of a test case. These methgdsgeert Tr ue( bool ean)
andassert Equal s(..)) are test case specific and thus can be removed without thefos
essential information. Hence, this technique can be usefil omits messages likely not
needed for program comprehension.

Remove internal messages

If an object calls a method on itself, is is named an internesgage. Our tool offers the
possibility to remove such internal messages. Like withegetand setters, we make a dis-
tinction betweerinternal message§.e., with control flow) andsimple internal messages
(i.e., without control flow). Again, the latter can be usegtevent the diagrams from be-
coming useless due to the removal of too much information.

This technique can be useful if (the test cases of) the tgmgefram initiate(s) a consid-
erable number of (simple) internal messages. Omittingetmeessages could potentially
increase diagram comprehensibility.

Stack depth limitation

It is possible to set a threshold for the stack depth, sudictis below or beyond a certain
depth are removed from the resulting diagrams. Limitatibthe stack depth is useful
for filtering out interactions that tend to be too detaile@tti®g a minimum depth, on the
other hand, can be used to omit initialization messagessthetup a certain scenario. As
a consequence, in both situations one is able to focus onsenee of a particular test
case. Hence, this technique could potentially increasepoeimensibility of the generated
sequence diagrams while retaining essential information.
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Message selection

A range of messages can be selected in order to study théicelacmore detail, thereby

excluding the remaining messages. As such, it is possilleotmughly examine a poten-
tially important method call, for example. This abstrastiechnique is particularly useful in
combination with JRET’s “message numbering” option. WHas bption is enabled, each
message will be accompanied with its message number (frerortginal trace), which is

between square brackets. These values can be used to atb@lanumber of calls omit-

ted (due to abstractions) between two subsequent messkmds. so, their corresponding
numbers simply have to be subtracted.

Pattern recognition

JRET is able to detect recurring contiguous patterns in éselting diagrams, such as
repetitions due to loops and recursion. We used the sodcpieprocessing algorithnas
mentioned in [21] and described [23] to iteratively ideptifhese patterns. They are then
visualized only once using a repetition construct. The fitsdse of the two-phase algo-
rithm involves the identification of single-message patatue to loops and recursion. The
second phase, on the other hand, involves the detectionntijoous redundancies of a
sequence of calls. In [23] an example of detection and reptent of nested sequences is
given, which is shown in Figure 4.5.

Trace Pass 1 Pass 2

A A A

— 3 — B L.‘iuquunuu (21

— — B
—— 1 —— 1) C
3 L— Sequence (2) [

|
3 t = L—ﬁuquunuu 2]
E | t E
F — B3 I
F— B —
— —— )
— | L—Huquunuu i2]
E L
I I
E
|.

Figure 4.5: An example of detection and replacement of destquences in [23].

As can be seen in Figure 4.5, this particular execution cm@pitwo steps. In the first step
the EF pattern is detected, whereas the second step identifienested pattern. In JRET
the corresponding sequence diagram would look like Figuee 4
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Figure 4.6: The result of previous example visualized udiRgT.

The main variables in the detection algorithm are the paranvehich indicates how many
messages should be searched back, and the parameter thaengp the nesting level. The
“look back” value states the maximum length of the recurgaitern in terms of the num-
ber of messages, whereas the nesting level indicates thieamwohiterations (i.e., passes in
Figure 4.5) of the iterative algorithm. The latter thus e=gmts the nesting level of loops,
for example. In JRET both variables can be configured.

Moreover, JRET provides two variants of the algorithm. Tlginction between both
variants has to do with when two messages are consideretl @tigis the case when:

1. They have the same source object (i.e caller).

2. They have the same method identifier.

3. The target (i.e., callee) is either the same object, obgecoof the same class.
4. They have the same call depth.

5. They have the same counter (which is used to indicate thdbauof occurrences in
single-message patterns).
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6. The variables that indicate if a message is either thedirktst in a (nested) pattern
have the same values.

As stated in point 3, it is possible to chose whether the ealfetwo messages should be
either the same object or the same class in order for the gessabe considered equal.

Pattern recognition is an effective abstraction technapgii is able to omit many messages
without losing essential information. If a large recurrephtiguous pattern is visualized
only once using a repetition construct, the compreheiitsilaf the particular sequence di-
agram will potentially increase.

4.3.2 Automatic versus manual abstractions

JRET offers the possibility to apply abstractions autooadlfy based on runtime metrics,
manual abstractions selected by the user, as well as a catidnirof both features. A
sequence diagram is considered comprehensible if it g0 or fewer calls. This is
based on the following:

e For the application of automatic abstractions a threshiotolilsl be set to determine
whether or not abstractions are necessary. After examseugral reconstructed se-
guence diagrams, we discovered that diagrams having mareatound 100 calls
became too complex to be properly understood.

e If a sequence diagram contains more than around 100 objkets scrolling within
the visualizers will cause stuttering. The degree of stutiedepends on the total
number of objects/calls. Since a sequence diagram havi@gcdlls contains 101
objects in the worst-case scenario, our threshold guasmeper navigation within
the visualizers.

Automatic abstractions

With the “automatic abstractions” option enabled, thedieihg sequence of abstraction
techniques is applied automatically after checking whethetotal number of calls is larger
than our aforementioned threshold (except 1, 2, and 8):

1. Abbreviations: Method names, return values, and argtsreee abbreviated regard-
less of the number of calls. This prevents the sequenceaiiegfrom becoming
excessively expanded.

2. Remove Asserts: This technique is always applied regssdif the number of calls,
since Asserts can be omitted without the loss of essentiatnration. After all,
Asserts are test case specific and do not add to the undergtaridhe target system.

3. Remove constructors: This is a potentially effectivdntégue for reducing the num-
ber of objects, which is particularly effective in case ¢dsave large fixtures. More-
over, we prefer method calls over constructors calls fog@m comprehension,
since the latter simply involve the creation of objects warace used by the former.
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4. Remove getters: Getters usually are lightweight methddsh simply return some
value, and thus can often be removed without the loss of Bakeriormation.

5. Remove setters: The same goes for setters, although riietbeds set some value
rather than returning one. Therefore, we placed this tectenbelow removing getters
in the abstraction hierarchy.

6. Stack depth limitation: This is an effective though rigas technique and therefore
placed below the other techniques in the hierarchy. Thekslapth is iteratively
reduced by 1, after which is checked whether the total nurobesills is smaller than
or equals 100. The algorithm stops when the stack depthesdch

7. Remove internal messages: This is a rigorous techniguehvdould remove too
much information. Since these methods are not restrictedanying conventions,
they might very well be the initiators of the entire contraMiin a sequence diagram
(e.g., when a test case contains a separate method for thed agecution that is
directly called from within the test method). Removing sachessage, consequently,
could remove too much interactions leaving the sequenggatiauseless. Therefore,
it is only applied in case the sequence diagram still has rtiname 100 calls after the
stack depth has been limited to 1.

8. Pattern recognition (class variant): This is an effectachnique which is always ap-
plied regardless of the number of calls. It is able to remoaayrcalls, usually with-
out the loss of essential information. In fact, this teckeighould be given a higher
priority in the abstraction hierarchy. However, it usesialales in messages that in-
dicate the beginnings and endings of patterns. Placing afb&traction techniques
below pattern recognition, consequently, could removesamgess which contain such
variables, thereby destroying the identified patterns. fDuine constraints we were
not able to update our code in order to overcome this linaitati

Automatic abstractions are useful for the fast generatfaamllection of human-readable
sequence diagrams. Since these diagrams display a globali@v of the behavior of a
certain functionality of the system-under-analysis, theya potentially good starting point
for program comprehension.

Manual abstractions

Manual abstractions can be applied with or without the “m&tic abstractions” option en-
abled. If it is enabled, then the manually selected absbradechniques will be applied
after the automatic abstractions are finished. In Figuremanual abstractions can be se-
lected in the lower right panel. As can be seen, the “look baakie as well as the nesting
level parameter of the pattern recognition algorithm caedodigured. If these values are
changed, then they are also updated for the automatic etistrs (regardless of whether
the checkbox in front of the object or class variant is chdyke

Manual abstractions are useful in case one knows beforelhiuth abstraction techniques
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should be applied. Moreover, they can be used to study ogpaaits of a program’s be-
havior in more detail. In this regard, message selectioromkgnation with the “message
numbering” option is an effective feature.

4.3.3 Implementation

Like traces, sequence diagrams are internally represastesdquences 6kssage objects.
Except for the abbreviation techniques, all abstractiomslve the removal ofessage ob-
jects from these sequences. They extendritheer class which has a single method:
updat ePhase(Vector, int). This method is needed for the labels in sequence diagrams
(see Figure 4.4), becauseMsssage object contains variables which point out whether or
not it is the first message of a test phase (i.e., fixture, htdgs or tear down). Before
the removal of a “starting” message, the next message irshioeld be notified that it has
become the first message of the particular test phase. Q#feeitve information is lost.

Abstractions are performed in tI$BEdi t Convert er andSequenceConverter classes.

4.4 Visualizing the data

In this section we explain how our tool handles the third phafsthe dynamic reconstruc-
tion process: the visualization of the abstracted data.

JRET provides a way to generate sequence diagrams in PNGitfoas well as output
that can be visualized as sequence diagrams & ENCEandSDEDIT. One is able to
choose which visualizer to use to either view the diagramgeoerate the PNG files.

4.4.1 Alex Moffat's Sequence

SEQUENCEIS a lightweight visualization tool written in Java 1.4 tongeate sequence dia-
grams from plain text input files. These input files can beatiyeconverted to PNG format
through command-line, or viewed in the visualizer itsefiEQUENCES main advantages
are its simplicity and compatibility with Java 1.4. A samgkquence diagram is shown
in Figure 4.7. Itis one of the diagrams generated when udlagMAN as target system,
which is an experimental tool written for educational pueg® [13]. It includes a JWUT 3
test suite having a code coverage of 108%QUENCEdoes not support the visualization of
patterns consisting of multiple messages. Nevertheldsgassible to view single-message
patterns (i.e., the first phase of the iterative algorithrecdbed in [23]) as can be seen in
Figure 4.7. The constructor call is preceded by a numberishagtween square brackets
indicating the number of occurrences.

4.4.2 Quick Sequence Diagram Editor: SDEdit

SDEDIT is a more advanced visualization tool written in Java 5.0ctoegate sequence dia-
grams from plain text input files. Like previous tool, thesplit files can be directly con-
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DeltaTest

|class || Class1 || Dettat || Detta3 |

Figure 4.7: A sample sequence diagrans BQUENCE

verted to PNG format through command-line, or viewed in tisaializer itself. Although
SDEDIT is not compatible with Java 1.4, and does not provide thel&itypthat SEQUENCE
offers, it has the following advantages:

e Support for patterns consisting of multiple messages.

Support for labels in the sequence diagrams.

Zooming functionality.

Display diagrams in full-screen mode.

Simultaneously open multiple diagram using tab pages.

Export diagrams to various formats including eps, pdf, ng, gif, jpeg, and bmp.

e Support for threads.

A sample sequence diagram is shown in Figure 4.8, which basakn derived from Ae-
MAN'’s test suite. As can be seen, the sequence diagram in Figdimdtains two labels.
The first label indicates that the very first call, i.e., theation of a newFood object (con-
structor), is part of the fixture. The second label statesdhaalls that follow are part of
the actual test.

Figure 4.9 depicts another sample sequence diagram in ahiturrent pattern consisting
of multiple messages is visualized only once using a reépetitonstruct. Again, it has been
derived from JRCMAN'’s test suite.

Notice that the entire diagram consists of a pattern whiatmadly would have been re-
peated eight times. Moreover, the fixture label is direathofved by the label that depicts
the actual test. This means that the particular test case figsire, but all calls belonging
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Figure 4.8: A sample sequence diagransieDIT.
IntelligentMonsterMoverTest1 Engine2 Game2 Vector6 | IntelligentMonsterMover1
loop l
[8]
istart() <
L4
| pacman.controller.IntelligentMonsterMoverTest.setUp ﬁ
| pacman.controller.IntelligentMonsterMoverTest.testIntelligentMove ﬁ
e __Yod
loadWorld(StringArray3) N
»
e _i___Yod
lelementAt(0) N
»
USRS SUPUPURERIE S Monster17
intelligentMove(4, 3, 1, 1) i : N
H H I4
H : Delta1
_‘._______________________________________~ ______ S

Figure 4.9: Pattern recognition SDEDIT.

to this fixture have been filtered out. Hence, all calls in tlaychm are part of the actual
test.

4.5 JRET’s research package

For each generated sequence diagram a metrics file is cre@tese plain text files are
produced by théktri csCol | ect or (see section 4.2.4) and contain information on:
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e The number of entities (i.e., constructors, objects, (&ngetters, stack depth fre-
guencies, et cetera).

e The number of calls after each consecutively applied attsbra

These metrics files are generated by default. AdditiondRET contains aesear ch pack-
age providing two options:

1. Export tables containing metrics (HTML or CSV).

2. Export a table containing data on the effectiveness dfatifon techniques (HTML
or CSV).

4.5.1 Tables containing metrics

With the “export metrics” option enabled two tables are aigmh On the one hand, there is
a table showing key statistics for the target program. Tsééstics include the minimum
and maximum value, as well as the median and 75th perceftiie @ntities in the metrics
files (i.e., constructors, methods, objects, (simple)egettet cetera).

On the other hand, there is a table showing the number of atils the consecutive ap-
plication of automatic abstractions per test case.

4.5.2 Table concerning the effectiveness of abstractions

With the “simulation” option enabled one table is exportBdr test case it depicts the effec-
tiveness, in terms of the percentage-wise reduction is,aaflivarious abstraction techniques
in case they are separately applied to the original testldutates an average for the entire
test suite as well. In order to generate this table, JRET awgisiulation of all implemented
abstraction techniques.

4.5.3 Evaluation

The usage of theesear ch package is illustrated as part of a case study, which we atedu
in order to evaluate JRET on specific software comprehensisks using a well-known
medium-sized open source program. The case study is peesarthe following chapter.
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Chapter 5

Case Study: Checkstyle

Up to now we have been concentrating on testing JRET in caatibim with a relatively
small Java program written for educational purposes,JA¢MAN, but now the time has
come to test our tool with a larger, more common program thatidely used: GECK-
STYLE [11].

In this chapter we use KECKSTYLE, which is a development tool to help programmers
write Java code that adheres to a coding standard, as antmpRET and perform some
experiments. First, in section 5.1, we give a short intréidncto CHECKSTYLE. Secondly,

in section 5.2, we use KECKSTYLE to gather information on the need for abstractions,
as well as information on the effectiveness of various albstn techniques. In section
5.3 and 5.4, we demonstrate how JRET facilitates softwaliatareance. We do this by
showing how JRET simplifies the process of becoming famiigih CHECKSTYLE'S inner
workings in order to implement two new features:

1. A new export functionality (section 5.3).

2. A new check (section 5.4).

Finally, in section 5.5, we discuss our experiments andtsesior this case study we used
CHECKSTYLE version 4.4.

5.1 Introduction to Checkstyle

CHECKSTYLE is an extensible framework which can be used to check whétleestyle of
Java code is correct according to a standard specified bystite The framework is written
in Java and consists of 276 classes divided into 21 packéyesder to run GIECKSTYLE
one has to specify an XML configuration file that indicatesakhthecks will be executed.
These checks can be related to coding, javadoc commentgniseanports, size violations,
modifiers, and so on. The result of an execution is exporteither the standard output or
to an XML file as specified by the user.
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CHECKSTYLE contains a JMIT test suite written in JNIT version 3. It consists of around
500 unit tests. No acceptance tests have been included anoddeng to Rick Giles, one
of the CGHECKSTYLE developers, neither are there plans to create acceptastseiriehe
future.

5.2 Checkstyle metrics

In this section we use KECKSTYLE to gather information on the need for abstractions, as
well as information on the effectiveness of various absimadechniques.

5.2.1 Experimental setup

Since GHECKSTYLE is larger and more complex than ABMAN, we expect that an in-
crease in Java heap memory of the Virtual Machine will be s&my in order for our tool

to run flawlessly. Furthermore, HECKSTYLE relies on several third party JAR files, that
add much overhead in terms of interactions while distrgctiom the interactions that take
place within GHECKSTYLE itself. Some of them cause heap space overflow errors as well.
Hence, there is a need to create a custom tracer that tramsskSTYLE-related calls only.

We have created this custom tracer by copying one of the lidfaicers that contains
custom pointcuts for filtering out specific calls, placingnitthe custom tracers directory
(jret\tracing\tracers\custon), and redefining its custom pointcuts (see Listing 5.1).
For this purpose we have chosen to use @hject Test Case3NoSyst enSDEdi t Tracer as-
pect, since it contains custom pointcuts and has been debign JUNIT 3. It traces the
interactions at object level and generates output that eafsbalized as sequence diagrams
using thesDEDIT tool [61].

Of course it is also possible to use a tracer that produceseseq diagrams using the
SEQUENCEtool [63], but for this case study we prefeDEDIT over SEQUENCEbecause of
its advanced features, such as the zooming functionalkiclwmight come in handy. Using
the zooming feature it is possible to get an overall overnviéthe execution of a test case
(zooming out), after which certain parts can be studied inengietail by zooming in. Also,
SDEDIT offers the possibility to open multiple diagrams using taggs, which is a very
useful feature in case multiple diagrams have to be exanahdie same time. Detecting
similarities (i.e., patterns) between test cases thusrbesanuch easier when compared to
SEQUENCEIn which diagrams have to be opened and opened again. It db@savide the
possibility to switch between multiple diagrams.

As can be seen in Listing 5.1, constructor and method cajaakages whose names start
with antlr andorg are filtered out. The former represents a third party paresaeigtor
that causes heap memory overflow errors during the weavioceps, whereas the latter
represents multiple components of theche Cormons project [1]. Moreover, the join-
points in thecust omN t hi n pointcut are necessary as tiv@mars package as well as the
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protected pointcut custonCalls() :
lcflowcal I (* antlr..*(..))) & !'cflow(call(* org..*(..)));

protected poi ntcut custonCons() :
leflowcall (antlr..*.new(..))) & !'cflow(call(org..*.new(..)));

protected poi ntcut customANthin() :
I'wi t hi n(com puppycraw . tool s. checkstyl e. granmars. . *) &&
I'wi t hi n(com puppycraw . t ool s. checkstyl e. api . Comment ) ;

Listing 5.1: Custom pointcuts to traceHECKSTYLE.

Main JVM args
inpath |:shf|e-src-=l itargeticheckstylelcomipuppycrawlitoolsichec kstyle| |v| custom heap size (MB) min 256 | max I1024
ith | ‘ other uD\.lmbn tyle.rool=Cihcheckstyle-4.4\chec fle-src-4.4-Dtestmpq

test case class |cnm puppycrawl tools checkstyle AllTests \

Options Abstractions
® ohject level ) class level || abbreviate real values || abbreviate method names
(® trace system classes ) do not trace system classes [_Iremove getters [_] remove simple getters
@) junit 3 ) junit 4 [l remove setters [ I remowve simple setters
() detailed off @ detailed on [ remove asserts [ I remove constructors
) no custom tracer @ use custom tracer ["1remove internal messages [ | remove simple internal messages
® automatic abstractions on ) automatic abstractions off [Z1 minumum stack depth E
@ sdedit ) sequence [] fimit stack depth o]
® numbering off ) numbering on [l select messages from ig_‘
' open tool ) generate png ® no action [l Seiect messatissta iDJ
@ export metrics (hmi) ) export metrics {csv) CJ no action S e e ook back @
_ simulation {(html) ) simulation (csv) ® no action _—

|| remove contiguous patterns {object) nesting level |3

Figure 5.1: Settings when running JRET OAECKSTYLE.

Comment class of theapi package raise heap memory related errors while weavingssur a
pects through the RECKSTYLE code. The same goes for thet ai | ASTTest class, though
this time while executing the tests rather than during thewiviy process. We therefore
excluded this test from the test suite.

In Figure 5.1 all settings are shown for our initial run.

As can be seen in Figure 5.1, the “classpath” field is emptyckwhieans that the default
classpath is used. Also, the Java heap space is increasadaximum of 1024 MB. The
other JVM arguments are system variables, namely the @otatfi the test input files, and
the location of the @ECKSTYLE root folder, which are needed forHECKSTYLE'S test
suite to run without producing errors. Furthermore, we cedio export metrics concerning
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the applied abstractions to HTML. The remaining optionsagder themselves.

5.2.2 The need for abstractions

Using this settings 493 trace files and, hence, 493 sequeageachs are generated in ap-
proximately two minutes. Of these tests 132 contain a fixtutrereas none of them contain
a tear down. Dynamically obtained key statistics during thin are shown in Table 5.1,
which is one of the exported tables in case the “export metaption has been enabled.

Min  Max Median 0.75-Perc.

# Constructors 0 3834 139 259
# Methods 3 65197 2424 5267
# Objects 3 5748 425 812
Max. Depth 2 42 15 18

# Getters 0 31205 1189 2781
# Simple Getters 0 21098 1124 2674
# Setters 0 598 13 14

# Simple Setters 0 595 10 10

# Internal Messages 0 14389 521 1218
# Simple Internal Messages0 6157 37 91

Table 5.1: Key statistics for theHECKSTYLE case study.

As can be seen Table 5.1 contains various metrics such asithieen of constructors, ob-
jects and methods including getters and setters, as wéleanaximum stack depth. More-
over, it becomes clear that half of the test cases use 425®plgects (median 425), and
three quarter of the test cases use fewer than 812 obje¢ts§@rcentile). Likewise, three
quarter of the test cases have fewer than 5267 method cal®, the test cases contain
relatively many getters when compared to the number ofrsetteree quarter of them have
fewer than 2781 getters versus only 14 setters. This imfli@isremoving getters is a po-
tentially effective abstraction technique for thei€-ksTYLE framework.

As a result of the “export metrics” option another table ip@axed. It depicts the num-
ber of calls per test case after the consecutive applicatfi@utomatic abstractions. Table
5.2 depicts a selection of the entire table that has 493asntfihe selection was made such
that it represents a test case from each package.

Notice that Table 5.2 has 18 entries, rather than the totabewn of packages which equals
21. This is because HECKSTYLE's test suite does not cover all packages. As far as the
priority of abstractions is concerned, please recall eacti3.

Without abstractions only two of all eighteen test casesahld 5.2 are small enough to
be comprehended. The other 16 test cases contain more thdretucalls and thus need
abstractions in order for them to become human-readablefarAas the entire test suite
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Total | Remove| Remove Remove| Remove| Limit | Remove

Calls | Asserts | Constructors| Getters | Setters | Stack | Patterns

Depth | (Class)
PackageNamesLoaderTest.testNoFile 9 8 7
api.AbstractViolationReporterTest.testGetMessagel\WithPackage 9 8 6
checks.NewlineAtEndOfFileCheckTest.testNewlineAtEfieile 296 295 204 120 102 96 87
checks.blocks.EmptyBlockCheckTest.testDefault 6530 | 6519 6078 2064 1971 10 9
checks.coding.lllegalinstantiationCheckTest.testlt 7407 | 7400 6929 2123 2054 33 29
checks.design.InterfacelsTypeCheckTest.testDefault 996 994 844 361 304 92 82
checks.duplicates.StrictDuplicateCodeCheckTesEteatiMin 626 625 525 341 323 63 58
checks.header.HeaderCheckTest.testNoHeader 258 258 183 76 61
checks.imports.ImportOrderCheckTest.testDefault 2160 | 2155 1990 955 894 78 45
checks.indentation.IndentationCheckTest.testTabs 4720 | 4718 3992 1202 993 96 83
checks.j2ee.EntityBeanCheckTest.testCreate 6030 | 6018 5452 2124 2008 18 16
checks.javadoc.JavadocMethodCheckTest.testTags 4140 | 4139 3306 857 776 69 62
checks.metrics.JavaNCSSCheckTest.test 4631 | 4626 4309 1852 1687 20 13
checks.naming.MethodNameCheckTest.testDefault 5206 | 5204 4640 1451 1393 92 82
checks.sizes.FileLengthCheckTest.testOK 5003 | 5002 4446 1327 1274 85 78
checks.whitespace.WhitespaceAroundTest.testlt 14849 | 14813 | 14055 5694 5437 10 9
filters.SuppressElementTest.testDecideByLine 122 122 58 52
grammars.VarargTest.testCanParse 702 701 589 259 201 80 74

Table 5.2: The number of calls after the consecutive apicaf automatic abstractions to a selection of test cases.

ajA1sy08y)D Apnis ase)

solaw 9|A1sy2ayd 2'S



5.2 Checkstyle metrics Case Study: Checkstyle

58

is concerned, of all 493 test cases only 54 (which equdl$%) are small enough to be
comprehended without applying abstractions. Hence, in 8084l test cases abstractions
are necessary.

Example diagram

Figure 5.2 depicts asDEDIT sequence diagram of a test case that does not need abstrac-
tions. It represents the first test case in Table 5.2. In ajrdims Asserts are removed and
contiguous patterns are visualized only once using a tepetonstruct regardless of the
number of calls. As mentioned in section 4.3, this is becass@lly both abstraction tech-
niques can be applied without loss of essential information

PackageNamesLoaderTest1

PackageNamesLoader I

FilelnputStream I

StringBuffer1 |

CheckstyleException1 I

lloadModuleFactory(NoFile)

N
lmm pL tools.checkstyle.Packag: oaderTest.testNoFile ﬁ [s<create>>(NoFile) N

‘, ,,,,,,,,,,,,,,,,,,,,
[2*] append(unable to find ) N
StringBuffer1

[toString() N

N
PRI CheckstyleExcoptiont |

I
unable to find NoFil. |

e null] |

Figure 5.2: A sequence diagramSpEDIT that does not need abstractions.

As can be seen the sequence diagram in Figure 5.2 is rathetceesmprehend. It com-
prises an attempt to load a file that does not exist after wanghcalledheckst yl eExcepti on
is thrown. Notice that the exact error message has beenvadiieick in order to prevent the
diagram from being excessively expanded. If one wants tovithe entire error message,
the automatic abstractions option has to be disabled andiahabstractions will have to
be selected instead. Figure 5.3 depicts the same diagraas@asEQUENCEtracer was
chosen instead of aDEDIT tracer.

Notice that the diagrams in Figure 5.2 and Figure 5.3 arescgithilar. Apart from the
graphical and coloring techniques, the only differencevieen both diagrams is the label in
Figure 5.2 which indicates that all calls belong to tlket NoFi | e test case. This is because
Alex Moffat's SEQUENCEdoes not support this feature.

5.2.3 Effectiveness of abstractions

If we run JRET again using the same settings plus the “sioufabption enabled, another

table is exported, which contains information on the effectess of various abstraction
techniques in case they are separately applied to the atigiace. Thus, in contrast to Ta-
ble 5.2, these abstractions are not applied consecutiVahte 5.3 depicts a selection of the
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|PackageNamesLoaderTest1 | |PackageNamesLoader| |Fi|e|nputstream StringBuffert ||CheckstyleException1 |
loadModuleFactory(hNoFile)

==create=={)

toString()
unahle to find MoFil..

gJunableto find Morll.
==greate=={unable to find MpFile, F.)

getMessage() i
unahle to find MoFil..

Figure 5.3: The sequence diagram in Figure 5.2 when USRQUENCE

entire table that has 493 entries. It contains the samedsssas in Table 5.2.

As can be seen in Table 5.3, removing getters indeed appebesan effective abstraction
technique that yields an average of 51% reduction in caksn®ing internal messages and
limiting the stack depth to 1, on the other hand, appear tovbe more effective techniques
yielding an average of 90% and 95% reduction in calls, rasmyg As far as removing in-
ternal messages is concerned, the effectiveness of thisitee most likely is the result of
many test cases being initiated by such an internal mesaadeemoving them will remove
their control flow as well. A major limitation of this technig, however, is the fact that too
much information could be removed such that the diagramasrbeaseless. Consequently,
we placed this technique after stack depth limitation inadustraction hierarchy.

The effectiveness of limiting the stack depth to 1 impliest timost interactions take place
at a higher depth. Also, from Table 5.1 it becomes clear thatminimum value of the
maximum stack depth equals 2, which means that test casigyltalls at depth 1 only do
not exist in GHECKSTYLE'S test suite.

5.2.4 Conclusion

With this experiment we have shown that:

1. Abstraction technigues are necessary when dynamidatifirong sequence diagrams
from a JWNIT test suite: In 89% of all traces abstractions were neededdier dor
the resulting sequence diagrams to become human-readable.

2. Limitation of the call depth to 1, removing internal megss, and removing getters
are the most effective abstraction techniques in quangtatspect. They yield an
average reduction in calls of 95%, 90%, and 51%, respegtivel
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5.2 Checkstyle metrics

Total | Remove Remove| Remove| Remove| Remove| Remove| Remove| Remove| Limit | Remove| Remove

Calls | Constructors| Asserts | Getters | Simple | Setters | Simple | Internal | Simple | Stack | Patterns| Patterns

Getters Setters | Msgs Internal | Depth | (Class) | (Object)

=1
PackageNamesLoaderTest.testNoFile 9 88% 11% 11% 11% 0% 0% 0% 0% 88% | 11% 11%
api.AbstractViolationReporterTest.testGetMessagelWithPackage 9 11% 11% 88% 0% 0% 0% 0% 0% 7% | 22% 22%
checks.NewlineAtEndOfFileCheckTest.testNewline AtBfieile 296 30% 0% 32% 21% 22% 2% 89% 3% 95% | 90% 2%
checks.blocks.EmptyBlockCheckTest.testDefault 6530 | 6% 0% 61% 51% 3% 0% 99% 1% 99% | 49% 21%
checks.coding.lllegallnstantiationCheckTest.testlt 7407 | 6% 0% 65% 44% 2% 0% 99% 0% 99% | 49% 19%
checks.design.InterfacelsTypeCheckTest.testDefault 996 15% 0% 49% 36% 16% 1% 98% 1% 99% | 34% 16%
checks.duplicates.StrictDuplicateCodeCheckTes&teatiMin 626 15% 0% 31% 12% 10% 0% 97% 2% 98% | 38% 9%
checks.header.HeaderCheckTest.testNoHeader 258 29% 0% 43% 29% 60% 1% 98% 0% 99% | 13% 4%
checks.imports.ImportOrderCheckTest.testDefault 2160 | 7% 0% 48% 40% 7% 0% 99% 1% 99% | 31% 11%
checks.indentation.IndentationCheckTest.testTabs 4720 | 15% 0% 63% 30% 15% 0% 99% 8% 99% | 26% 7%
checks.j2ee.EntityBeanCheckTest.testCreate 6030 | 9% 0% 56% 42% 6% 0% 99% 1% 99% | 50% 21%
checks.javadoc.JavadocMethodCheckTest.testTags 4140 | 20% 0% 63% 23% 4% 0% 99% 2% 99% | 47% 24%
checks.metrics.JavaNCSSCheckTest.test 4631 | 6% 0% 53% 44% 7% 0% 99% 1% 99% | 36% 12%
checks.naming.MethodNameCheckTest.testDefault 5206 | 10% 0% 61% 51% 3% 0% 99% 0% 99% | 59% 21%
checks.sizes.FileLengthCheckTest.testOK 5003 | 11% 0% 62% 52% 3% 0% 100% 0% 99% | 63% 22%
checks.whitespace.WhitespaceAroundTest.testlt 14849 | 5% 0% 56% 47% 3% 0% 99% 4% 99% | 40% 16%
filters.SuppressElementTest.testDecideByLine 122 50% 1% 28% 12% 48% 0% 22% 2% 90% | 13% 4%
grammars.VarargTest.testCanParse 702 15% 0% 48% 37% 24% 1% 93% 1% 99% | 27% 10%
Average (493 test cases) 5021 | 13% 1% 51% 36% 8% 0% 90% 2% 95% | 37% 16%
Table 5.3: The effectiveness of various abstraction tegles when separately applied to the original trace.
o
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5.3 Understanding exports in Checkstyle

In this section we engage JRET to facilitate a software reaamce task. This task involves
the implementation of a new export feature: The possibititgxport GHECKSTYLE output
data to HTML. Rather than inspectingHECKSTYLE'S source code, as would be the case
in static analysis, we use JRET because of the followingoreas

e JRET offers the possibility to get a global insight int®iE€CKSTYLE'S inner work-
ings, whereas at the same time certain parts can be studibd highest detail pos-
sible. Specifically, the runtime objects, as well as theaatwethod arguments and
return values are available. It is therefore possible tmsgmccurrences of late bind-
ing, for instance.

e Analyzing program behavior through a sequence diagram iis muuitive than source
code analysis because of the chronological ordering. Merea single sequence di-
agram is able to capture the interactions that take placecest multiple (objects of)
classes. By using source code alone, one would have to seétaleen multiple files,
which makes the task more complex and time-consuming.

e Test suites, typically written in JWT, provide various execution possibilities for the
system at hand. Unit tests induce scenarios that effegtidetompose a system’s
functionalities. Thus, a careful selection of test casérbely focuses attention to
a particular feature / functionality of the system to be &ddLooking up appropriate
source files, on the other hand, could be an extensive taskaif i

In the following subsection we give an example of aECKSTYLE export to XML. In
subsection 5.3.2 the diagram selection phase is describedsection 5.3.3 concerns the
analysis phase, followed by subsection 5.3.4 in which wdeémpnted the new export fea-
ture. Finally, in subsection 5.3.5 a conclusion is presente

5.3.1 XML export example

CHECKSTYLE provides the possibility to export the result of an audititber the standard
output 6t dout ) or an XML file. If we run GHECKSTYLE using thesun_checks. xnl config-
uration file andel | 0. j ava (see Listing 5.2) as the file to be audited, and export thdtresu
to XML, it will look like Figure 5.4 when viewed in an internérowser.

public class Hello
{
public static void min(String[] args)
{
Systemout.printin("Hello Wrld");
}
}

Listing 5.2: Simple Java fileel | o. j ava.
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<7aml version="1.0" encoding="UTF-8" 7>
- «checkstyle version="4.4">
- «file name="C:\checkstyle-4.4\checkstyle-4.4\package.html">
<errar line="0" severity="error" message="Missing package documentation file." source="com.puppycrawl.tools.checkstyle.checks.javadoc.PackageHtmICheck" /=
=/file=
<file name="Hello.java" /=
- «file name="Hello.java">
=error line="1" severity="error" message="Missing a Javadoc comment." source="com.puppycrawl.tools.checkstyle.checks.javadoc.JavadocTypeCheck" /=
<error line="1" column="1" severity="error" message="Utility classes should not have a public or default constructor."
source="com.puppycrawl.tools.checkstyle.checks.design.HideUtilityClassConstructorCheck" />
<error line="2" column="1" severity="error" meszage=""{' should be on the previous line."
source="com.puppycrawl.tools.checkstyle.checks.blocks.LeftCurlyCheck" />
<error line="3" column="3" severity="error"' meszage="Missing a Javadoc comment."
source="com.puppycrawl.tools.checkstyle.checks.javadoc.JavadocMethodCheck" /=
=errar line="3" column="27" severity="error" message="Parameter args should be final."
source="com.puppycrawl.tools.checkstyle.checks.FinalParametersCheck" /=
=error line="4" column="3" severity="error" message=""{"' should be on the previous line."
source="com.puppycrawl.tools.checkstyle.checks .blocks.LeftCurlyCheck" /=
=error line="?" severity="error" message="Line has trailing spaces." source="com.puppycrawl.tools.checkstyle.checks.GenericlllegalRegexpCheck" /=
«/filex
=/checkstyles

Figure 5.4: XML result of an audit using! | o. j ava.

Since JRET provides the possibility to export various nestto HTML, we would
like to implement such a feature iInHECKSTYLE as well, i.e., the possibility to export the
result of an audit to HTML. Let us engage JRET to facilitatis #xercise, since we are not
familiar with CHECKSTYLE's inner workings.

5.3.2 Selection of diagrams

A first glance at the generated sequence diagrams tells tushtndargest part concerns
CHECKSTYLE-checks in which we are not interested in this section. Theeasaof these
diagrams start witlsom puppycraw . t ool s. checkst yl e. checks which indicates that they
are part of theom puppycraw . t ool s. checkst yl e. checks package (or one of its subpack-
ages). If we take a peek at the source files in this package,ntiust files happen to have
the word “Check” in their name. Also they extend some sort loé€k class, e.gCheck or
Abst ract Fi | eCheck.

Since we intend to implement an HTML export functionalititeenatively formulated as
an HTML logging feature, next to the already existing XML ¢pigg feature, we intuitively
inspect thexM.Logger Test test cases.

5.3.3 Analyzing the diagrams

Table 5.4 depicts the number of calls after the consecufipéication of automatic abstrac-
tions to theXM_Logger Test test cases.

Half of these eight test cases are comprehensible withewtplication of abstractions. If
we take a look at the sequence diagram ofttést Fi | eSt art ed test case, we first notice

that it has a fixture in which Byt eArr ayQut put St r eamis created. The actual test consist of
the following actions:

1. AnXM.Logger object is created.
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Total | Remove| Remove Remove| Remove| Limit | Remove
Calls | Asserts | Constructors| Getters | Setters | Stack | Patterns
Depth | (Class)

XMLLoggerTest.testEncode 127 | 120 101 101 101 93 40
XMLLoggerTest.testlsReference | 121 | 112 98 64
XMLLoggerTest.testCloseStream | 52 48 40
XMLLoggerTest.testNoCloseStream50 46 38
XMLLoggerTest.testFileStarted 66 61 48
XMLLoggerTest.testFileFinished | 60 55 43
XMLLoggerTest.testAddError 277 | 272 243 29 12
XMLLoggerTest.testAddException| 268 | 259 237 205 205 43 21

Table 5.4: The number of calls after the consecutive apicaf automatic abstractions to tieLLogger Test test cases.
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2. AnauditStarted(null) method is executed on this object, which in turn yields sev-
eral calls that build and print a String. Using their actualgmeters, we identify this
String to be the first two lines of the XML file in Figure 5.4.

3. AnAudit Event object is created.

4. A fileStarted(AuditEvent) method is executed on thélLogger object. This
method also yields several calls that build and print a §tridsing their actual pa-
rameters, we identify this String to be the name of the fil¢ ifbeing audited.

5. Anaudi t Fi ni shed(nul I ) method is executed on th@&LLogger object. This method
yields one call that prints the last line of our XML output iig&re 5.4. Again, this
String has been identified using the call’s actual pararaeter

6. Some verification method calls which check whether thateck Strings are as ex-
pected. After all, we are dealing with a test case which atmllys concluded by
some sort of verification phase.

Thus, it indeed appears that we have chosen the right pasotases. It has become clear
that thexM_Logger class contains methods that generate XML output (as in Eigu) and,
hence, is (one of) our class(es) of interest.

If we take a look at theest Fil eFi ni shed test case, we notice that it is quite similar to
thetestFileStarted test case. The main difference between both diagrams lipsiit

4. ThefileStarted(AuditEvent) method is replaced by &l eFi ni shed(Audit Event)
method which, on its turn, yields one line being printed, anan XML file closing tag
(identified using the call’'s actual parameters).

The sequence diagram of thest AddErr or test case is shown in Figure 5.5.

In contrast to theest Fi | eStart ed andt est Fi | eFi ni shed test cases the fixture has been
removed: the fixture label in Figure 5.5 is directly followieg the label that indicates that
the following calls belong to the actual test. This is beeagsnoving constructors is one
of the abstraction techniques that have been applied tadktscase. Nevertheless, one
could easily see a similarity to both aforementioned tesesanamely the execution of the
audi t Started(nulI) method on thexM_.Logger object. Here it is followed by the execu-
tion of anaddError (Audi t Event) method on theXM_.Logger object. It yields several calls
that build and print an error message (see the actual pagesradttheappend( String) and
print(String) methods in Figure 5.5).

Thet est AddExept i on test case, on its turn, is quite similar to thest AddError test case.
The main difference is thaddEr r or (Audi t Event) method being replaced by an

addExcepti on(Audi t Event, Test Throwabl e) method which yields several method calls that
build and print an exception (identified using their actualgmeters).
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XMLLoggerTest1 XMLLogger1 PrintWriter1 I StringBuffer1 I SeverityLevel2 I StringBuffer2 I StringBuffers I
fauditStarted(null)
l com.puppycrawl.tools.checkstyle.XMLLoggerTest.setUp ﬁ
l com.puppycrawl.tools.checkstyle. XMLLoggerTest.testAddError j printin(<?xml version:"1.0" enco..) ),
P (e
3*] append(<checkstyle version:") N
7 S StringBuffer {U
oString() N
)
,,,,,,,,,,,,,,,,,,,,,, <checkstyle version=.. _]
printin(<checkstyle version:"4.4..)
4
.. _vod]
R 1=
faddError(AuditEvent1)
evell) N
1<
fe
s alse] ]
loo
31
[3*] append(<error line:") N
14
e eeeecccceccbeeccccccccoolio_oo_____i_ StingBufferz
[toString() N
14
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, <error ine="1"]]
print(<error line:"1") N
»
‘,,,,,,,,,,,,,,,,,Y‘i‘dJ
lappend( message:") N
14
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S lriggByﬁeISU
L mm T null]

Figure 5.5: Sequence diagram of treat AddError test case.

5.3.4 Implementation

From all this we have learned that &.Logger object is some kind of listener that listens
to the following events:

1. auditStarted(null)
2. fileStarted(AuditEvent)

. addError (Audi t Event)

A W

. addExcepti on(Audi t Event, Test Thr owabl €)

(21

. fileFinished(AuditEvent)

6. audi t Fi ni shed(nul 1)

Now all we have to do is create a hew Java class, which we makheogger, and imple-
ment the actions that should be performed in case one of #iesvents occurs. As we
have learned these actions only involve building and pringtrings, and in our case these
Strings should contain HTML text.

The actual implementation of otTM.Logger class turned out to be rather easy, since we
were able to reuse most of the code of ¥weLogger class. Additionally, we included a
counter to keep track of the number of errors per file, as veetha total number of errors
in an audit. After the insertion of our new listener in thEECKSTYLE Mi n class, the new
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feature was ready to be tested. The result of an audit usanguthchecks. xm configura-
tion file andHel | 0. j ava (Listing 5.2) as the file to be audited, together with our nepost
feature, resulted in Figure 5.6 when viewed in an internetvser.

checkstyle version 4.4

File: C\Documents and Settings\A dministrator\Bure aubladicheckstyle-sre-4 d\target\checkstyle\comipuppycrawlitocls\icheckstyle\package html
- Error on line U where severity equals error, message 1= "Missing package decumentation file ", and source is com puppycrawl tocls checkstyle checks javadoc PackageHtmlCheck.

Total number of srrors: 1

File: com\puppycrawlitools\checkstyle\Hello java

Total mumber of errors: 0

File: comipuppycrawlitools\checkstyle\Hello, java

- Error online 1 where severity equals error, message 15 "Missing a Javadoc comment.”, and source is com.puppycrawl tools. checkstyle. checks. javadoc JavadocTypeChecle.

- Error online 1 at column 1 where severity equals error, message is "Utility classes should net have a public or default constructor.”, and source is

com puppycrawl tools checkstyle checks. design HideUtilityClassConstructorCheck.

- Error on line 2 at column 1 where severity equals error, message is "'{' should be on the previous line. ", and source is com puppycrawl tools checkstyle checks blocks LeftCurlyCheck

- Error on line 4 at column 3 where severity equals error, message is "Missing a Javadot comment ", and source iz com puppycrawl tools. checkstyle checks javadoc JavadochMethodCheck.
- Error on line 4 at column 27 where seventy equals error, message is "Parameter args should be final ", and source 1z com puppycrawl tools checkstyle checks FinalParametersCheck.

- Error enline 5 at column 3 where severity equals error, message iz "'{' should be on the previous line.", and source is com puppycrawl tools. checketyle. checks blecks LeftCurlyChecle.

- Error on line 8 where severity equals error, message 15 "Line has traling spaces.”, and source is com puppycrawl tools. checkstyle checks GenencllegalRegexp Check.

Total mumber of errors: 7

Total number of ervors in all files: 8

Figure 5.6: HTML result of an audit using! | o. j ava.

5.3.5 Conclusion

With this experiment we have shown that the sequence diaygemerated by JRET are
useful for analyzing the behavior of theHECKSTYLE export functionality. We discovered
that the implementation of a new a new export feature, i.aevalogger, is rather easy. It
consist of writing a nevicogger class that listens to six different events:

audit Started(null)
fileStarted(AuditEvent)

addError (Audi t Event)

addException(Audi t Event, Test Throwabl e)

fileFini shed(AuditEvent)

o o~ w NP

audi t Fi ni shed(nul 1)

The actions to be performed in case these events occur simplye printing Strings in the
export language of your choice. These Strings were idedtifgéng the actual parameters
of String related method calls suchapend(String) andprint(String). For this imple-
mentation it is possible to reuse most of the code of theiagi¥M.Logger class. Finally,
the new listener has to be inserted iIRECKSTYLE'S Mai n class.
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5.4 Understanding checks in Checkstyle

In this section we engage JRET to facilitate another softwaaiintenance task. We use our
tool to expose how GeECKSTYLE-checks work in order to simplify the implementation of
a new check. As already stated in the previous section, rdatiry this behavior only by
inspecting all source files most likely would be a complex timz-consuming task. Using
JRET itis possible to:

e Get a global overview of the inner workings oHECKSTYLE-checks.

e If necessary, study certain parts in more detail. In cohtmastatic analysis, the run-
time objects, as well as the actual method arguments anchredilues are available.

Please refer to section 5.3 for a more detailed overview exmirtg the advantages of our
tool over static analysis.

In the following subsection we describe the diagram selagihase. Subsection 5.4.2 con-
cerns the diagram analysis phase, followed by subsect@B B which we implemented
the new check. Finally, a conclusion is presented in sulosebt4.4.

5.4.1 Selection of diagrams

Recall that the largest part of all generated sequence alfiagiconcerns KECKSTYLE-
checks, in which we are interested in this section as opptstt former one. These are
the diagrams whose names start veithn puppycr aw . t ool s. checkst yl e. checks which in-
dicates that they belong to them puppycraw . t ool s. checkst yl e. checks package (or one
of its subpackages). This goes for 411 of all 493 sequencgalizs.

Instead of inspecting all 411 diagrams, we randomly pick &f¢hem under the condi-
tion that their names clearly imply what the checks are sspgd®o do. Moreover, we make
sure multiple (sub)packages are included in our selectidmpicked the following ones:

e checks. codi ng. PackageDecl ar ati onCheckTest . t est Def aul t

e checks. codi ng. Def aul t ComesLast CheckTest . test|t

e checks. Uncomment edMai nCheckTest . test Defaul ts

e checks. New i neAt EndOf Fi | eCheckTest . t est NoNewl i neAt EndOFFi | e

e checks.inports. Avoi dSt ar | nport Test . t est Def aul t Oper ati on

These checks, taken from three (sub)packages, invohiagast package declaration ex-
ists, testing ifdef aul t comes after the lashse in aswi t ch statement, testing if there exists
amai n method without comments, testing if a Java file ends with alineveharacter, and
testing if there arénport statements using an asterisk, respectively.
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5.4.2 Analyzing the diagrams
Identify patterns between diagrams

Table 5.5 shows the number of calls after the consecutivicagipn of automatic abstrac-
tions to our selection of test cases.

One thing worth mentioning when looking at Table 5.5 is thairfof all five test cases

happen to have the same number of calls (96) after limitaifdhe stack depth. This sug-
gests that these four test cases follow a similar patterowbsbme stack depth threshold,
although this does not necessarily have to be true.

First four diagrams

If we take a look at the sequence diagrams of these four tessc#hen it indeed appears
that they follow a similar pattern. One of them, the visuatian of the

Unconment edMai nCheckTest . t est Def aul t s test case, is shown in Figure 5.7. The identified
pattern, in summary, consists of the following steps:

1. AcChecker object is created and configured by the test class.
2. Alistener is added to thenecker object.
3. TheChecker object executesf reAudit Started() method on itself.

4. TheChecker object notifies its listener using adi t St art ed( Audi t Event) method
call.

5. TheChecker object executes @ ocess(File[]) method on &reeVl ker object.

6. TheTreeVal ker object initiates several calls. These calls, however, at¢he same
in all diagrams. They all start withfalter (File[]) method, which is followed by
aprocess(File) method call on thareewal ker object. However, in only two of
all four diagrams the control flow of thig ocess(Fi | ) internal message is visible
(which includes performing &ireFi | eStarted(String) and
fireFileFinished(String) method call, as well asval k(Det ai | AST, FileContents)
method execution on the eeWal ker object itself).

7. TheChecker object destroys th& eeVl ker object.
8. TheChecker object performs @i r eAudi t Fi ni shed() method call.

9. ThecChecker object notifies its listener using andi t Fi ni shed( Audi t Event) method
call.

10. An error message is built.

11. TheChecker object is destroyed.
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Total | Remove| Remove Remove| Remove| Limit | Remove
Calls | Asserts | Constructors| Getters | Setters | Stack | Patterns
Depth | (Class)

PackageDeclarationCheckTest.testDefault 576 | 574 462 242 185 96 84
DefaultComesLastCheckTest.testlt 1451 | 1449 1305 491 434 96 84
UncommentedMainCheckTest.testDefaults 3871 | 3867 3585 1376 1310 96 70
NewlineAtEndOfFileCheckTest.testNoNewlineAtEndO&-{l 344 | 342 266 154 136 76 65
AvoidStarlmportTest.testDefaultOperation 4340 | 4336 4062 1630 1573 96 70

Table 5.5: The number of calls after the consecutive apicaf automatic abstractions
to five random test cases.

=8 == = == === B E (B =

Figure 5.7: Visualization of thencomment edMai nCheckTest . t est Def aul t s test case.

Pattern analysis

The first two steps in this pattern are initiated by the teassland appear to be some
sort of initialization steps prior to the actual executidnaocheck. During this phase a
Checker object is created and a listener is added to it. Thereafteratdit is started and a
process(File[]) method is executed onTaeeWl ker object. This call has Bi |l e[] object
as parameter, which most likely contains the files to be additheTr eeWal ker object then,
on its turn, executes@ocess(Fi | e) method on itself, having a single file as parameter.

However, in only two of all four diagrams the control flow ofglprocess(Fil e) internal
message is visible (see Figure 5.8 and Figure 5.9), whichtrbiggdue to an applied abstrac-
tion. It includes executing fi reFi | eStarted() and af i reFi | eFi ni shed() method on the
Checker object, as well as @al k(Det ai | AST, FileContents) method on thereeWal ker
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object itself.

Since these calls are in the control flow of thvercess(File) method, they could have
been filtered out in the diagrams in which they do not existtdustack depth limitation. In
order to verify this, we take a look at the generated metries.firhe maximum stack depth
of the diagrams in which the control flow is not visible equélgersus 7 of the remaining
diagrams. Hence, stack depth limitation indeed appears thébcause. In Listing 5.3 (part
of) the metrics file of one of the diagrams with visible cohfiow is shown. Listing 5.4,
on the other hand, concerns a metrics file of a diagram witbauittrol flow.

TreeWalker1

com.puppycrawl.tools.checkstyle.checks.UncommentedMainCheckTest.testDefaults ﬁ

ilter(FileArray1)
-
_FileArray2
process(File2)

a .
_void

Figure 5.8:process(Fil e) internal message without control flow.

TreeWalker1 ’ Utils | ’ File2 |

l com.puppycrawl.tools.checkstyle.checks.coding.PackageDeclarationCheckTest.testDefault ﬁ

I]fi\(er(FlleArray‘\ )
ilterFil

erf ileArray1, StringArray8..) N
P
oo _FieAmayd]]
lc FileArray2
lprocess(File2)
lastModified()

PropertyCacheFile1 I

Checker1 |

TreeWalker I

LocalizedMessages1 |

>
_ 1197873544000 |

i
777777777777777777777777777777777777777777777777777 false J

Dt'lASTN
Mo o oo o ____DetaiAsT

ffireErrors(C:\checkstyle-4.4\checks..)
Q

¢ -void
fiireFileFinished(C:\checkstyle-4.4\checks..)

Figure 5.9:process(Fil e) internal message with its control flow.

Taking this all into account, it thus seems that we have tdysthe method calls that are
initiated by theTr eeval ker object in more detail. After all, the differences betwees fibur
diagrams are related to these calls.
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abbreviate real val ues

abbrevi ate nethod nanes

renpve asserts => #objects = 198, #calls = 574
renove constructors => #objects = 145, #calls = 462
remove getters => #objects = 72, #calls = 242
renove setters => #objects = 58, #calls = 185

limt stack depth: 13 => #objects = 58, #calls = 185
limt stack depth: 12 => #objects = 58, #calls = 184
limt stack depth: 11 => #objects = 58, #calls = 183
limt stack depth: 10 => #objects = 58, #calls = 182

limt stack depth: 9 => #objects = 51, #calls = 167
limt stack depth: 8 => #objects = 47, #calls = 129
limt stack depth: 7 => #objects = 41, #calls = 96
renove contiguous sequence patterns (class) => #objects = 41, #calls = 84

Listing 5.3: Part of a metrics file (stack depth limited to 7).

abbreviate real val ues

abbrevi ate method names

renove asserts => #objects = 585, #calls = 3867

renove constructors => #objects = 418, #calls = 3585
renove getters => #objects = 152, #calls = 1376

renpve setters => #objects = 139, #calls = 1310

limt stack depth: 17 => #objects = 139, #calls = 1302
limt stack depth: 16 => #objects = 139, #calls = 1290
limt stack depth: 15 => #objects = 135, #calls = 1275
limt stack depth: 14 => #objects = 131, #calls = 1262
limt stack depth: 13 => #objects = 130, #calls = 1253

limt stack depth: 12 => #objects = 91, #calls = 1159
limt stack depth: 11 => #objects = 73, #calls = 1070
limt stack depth: 10 => #objects = 73, #calls = 1050

limt stack depth: 9 => #objects
limt stack depth: 8 => #objects
limt stack depth: 7 => #objects = 44, #calls = 108
limt stack depth: 6 => #objects = 38, #calls = 96
renpve contiguous sequence patterns (class) => #objects = 34, #calls = 70

56, #calls = 893
50, #calls = 141

Listing 5.4: Part of a metrics file (stack depth limited to 6).

Remaining (fifth) diagram

Before doing that, let us first examine the remaining sequieiiegram of the

t est NoNewl i neAt EndOFFi | e test case. It appears to be quite similar to the other four di-
agrams and contains a pattern that is rather equivalentetortie outlined in steps 1 to
11. The main difference lies in step 5: theocess(File[]) method is executed on a
NewLi neAt EndCf Fi | eCheck object rather than on & eeVél ker object.

Thisprocess(File[]) method yields several calls including:
1. filter(File[])
2. fireFileStarted(String)

3. endsW t hNewLi ne( RandomAccessFi | e)
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4. 109(..)
5. fireErrors(String)
6. fireFileFinished(String)

The entire control flow is depicted in Figure 5.10.

NewlineAtEndOfFileCheck1 Checker1 RandomAccessFile1

| com.puppycrawl.tools.checkstyle.checks.NewlineAtEndOfFileCheckTest.testNoNewlineAtEndOfFile 'j

E Iﬁlter(FiIeArray‘l )
-

- _FileArray1
fireFileStarted(C:\checkstyle-4.4\checks..)

PendsWithNewline(RandomAccessFiIe1 )

R
¢ false

Plog(o, noNewlineAtEOF, C:\ch..)

5
¢ -void

close()

pﬁ reErrors(C:\checkstyle-4.4\checks..)

5
¢~ void

fireFileFinished(C:\checkstyle-4.4\checks..)
_4______________________________________________________Y‘Zid

Figure 5.10: Calls in the control flow of theocess(Fi | eArray) method call performed by
the Checker object on theNewLi neAt EndCf Fi | eCheck object.

Now if we compare Figure 5.9 and Figure 5.10, another pattambe identified. This pat-
tern starts with dilter(File[]) andfireFileStarted(String) method, and ends with a
fireErrors(String) andfireFileFini shed(String) method. In between those calls there
is an internal message that, most likely as its name imphégates the main action of the
specific check. In Figure 5.9 it concerns tked k( Det ai | AST, FileContents) method of
theTreeVal ker object, and in Figure 5.10 it concerns the

endsW t hNewl i ne( RandomAccessFi | e) method of theNewLi neAt EndCOf Fi | eCheck object.

If we take a peek at (the comments in) the source code of thesieons, then the for-

mer appears to involve walking an AST [33] generated fromciretents of the file to be

audited. The latter involves checking whether the file'stents ends with the platform spe-
cific line separator. Hence, both methods seem to be impddathe specific checks, and
thus need to be studied in more detail.

Checks in more detail

Now let us examine theal k(Det ai | AST, FileContents) method call of theTr eeval ker
object in more detail. To do so, we pick one of the test casasctintains this method call
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(e.g.,PackageDecl ar ati onCheckTest . t est Def aul t) and run JRET having this test case as
input. This time, however, we also enable the “message niangeption. The rest of the
settings remain the same as in Figure 5.1.

The methods in the generated sequence diagram are now uhbianumbers that are
between square brackets. These values indicate the nuwibirs messages in the orig-
inal trace (i.e., before any abstractions are applied). dfl@okup thewal k( Det ai | AST,

Fi | eCont ents) method, we notice that its corresponding message numbeig6i6 (see
the fragment in Figure 5.11). It is followed bysaze() method, which is annotated by
number 460. Consequently, 94 messages have been omittesl diagram due to abstrac-
tions (i.e., 460 subtracted by 366). Now it is time to run JR&gjain using the options as in
Figure 5.12.

TreeWalker1 LocalizedMessages1

l com.puppycrawl.tools.checkstyle.checks.coding.PackageDeclarationCheckTest.testDefault j

[366] walk(DetailAST1, FileContents..)
]void
[460] size()

Figure 5.11: Theal k(Det ai | AST, FileContents) method call including its message num-
ber.

As can be seen in Figure 5.12, we select 94 messages fromgaeeassaber 366 to 460 in
order to study theal k( Det ai | AST, FileContents) method call in more detail. These are
the messages that have been omitted due to applied almtsadRecall from chapter 4 that
a sequence diagram consisting of 94 messages is considarehireadable (i.es 100
calls). If more than hundred messages had been filtered eutowld have solved this by
performing multiple runs (thereby producing multiple diags), or by studying only the
first 100 messages in more detail, for example. As far as auisraoncerned, notice that
we select both abbreviation abstraction techniques inrdalehe diagram to remain com-
prehensible, and disable automatic abstractions. Aftewalwant our selected fragment to
remain intact (i.e., without messages being omitted),guxéisg the details.

At this point, let us examine the generated sequence diagsang the settings in Fig-
ure 5.12. Thenal k(Det ai | AST, FileContents) method call consists of 94 messages and
therefore, as already stated, fits in a single (comprehlefssiequence diagram. It has a
Det ai | AST and aFi | eCont ent s object as parameters, and indeed appears to involve walking
an abstract syntax tree (AST).

In short, it consists of aet Fi | eCont ent s(Fi | eCont ents) method call on a
PackageDecl ar at i onCheck object, followed by @egi nTr ee( Det ai | AST) method call on the
same object. After that the AST is walked usimgi fyVi sit (Det ai | AST) and
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Main JVM args

inpath |:sty|e-src-4 fitargeticheckstylelcomipuppyerawhtonl sicheckstyle| [¥| custom heap size (MB) min 256 | max i1[|24 \

| J other |heckstyle-sre-4 Sisrcestinputsicormpuppyerawitonlsicheckstie|

test case class |tools.checkstyle checks coding PackageDeclarationCheckTest|

Options Abstractions
@ object level ) class level [v] abbreviate real values [v] abbreviate method names
® trace system classes () do not trace system classes || remove getters || remove simple getters
@ junit 3 ) junit 4 [] remove setters [_] remove simple setters
() detailed off (@) detailed on ["1 remove asserts [ | remove constructors
) no custom tracer (@) use custom tracer [_] remove internal messages [ | remove simple internal messages
) automatic abstractions on ® automatic abstractions off ["] minumum stack depth n
® sdedit ) sequence [ limit stack depth o]
@ numbering off .} numbering on [¥] select messages from 385 |
) open tool (! generate png @) no action [ select messages to Iﬂu_l
- o < & -
Spexport matrics (hml) f/jexnart melrics fcsv) innaensn [l remove contiguous patterns (class) look hack  [100
) simulation (html ) simulation (¢ @ no action
i fex0 [] remove contiguous patterns (object)  nestinglevel |3 |

Figure 5.12: Settings for studying thal k(Det ai | AST, FileContents) method call in
more detail.

notifyLeave(Detai | AST) methods to visit and leave the nodes, respectively. The

get TokenNane(i nt) method is used to retrieve the tokens. Among these aréss DEF, a
MODI FI ERS, and anOBIBLOCK token. The walk of the tree is concluded by a

fini shTree(Detail AST) method executed on thRackageDecl ar at i onCheck object, which
initiates several calls that log error messages. The emtiiig Det ai | AST, Fi |l eContents)
is depicted in Figure 5.13.

Since the sequence diagram shown in Figure 5.13 was obtdimenically, we are able
to examine thenal k(Det ai | AST, FileContents) method call in the highest detail possi-
ble. Recall that using dynamic analysis the runtime objextswell as the actual method
arguments and return values are available. As such, we lrealuentify eight different
Det ai | AST objects which together form the entire AST. Tieeai | AST1 object appears to be
the root of the tree, since itis passed tolibg nTr ee( Det ai | AST) andfi ni shTree( Det ai | AST)
methods. In between those methods calls, the root inclutirgubtrees is walked. When
it comes to the actual method arguments, they are usefulibead the following:

e Using the actual parameters of ti i f yVi sit (Det ai | AST) and
notifyLeave(Detai | AST) method calls it is easy to follow the walking process. We
can recognize when each of the eight (sub)trees is eithigedvigr left.

e Using the parameters of theg(..) method call we are able to expose the actual
(abbreviated) error message that is logged after the tr@alled. If necessary, ab-
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Figure 5.13: Thewl k( Det ai | AST, FileContents) method call in more detail.
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breviation of the arguments can be disabled in order to sheventire message.
The actual return values, on the other hand, are useful bea#uhe following:

e Using the return values of thget TokenNane(i nt) method call, we are able to iden-
tify the exact names of the actual retrieved tokens, suchCasss_DEF, LCURLY, and
RCURLY token. These values provide deeper insight into the walgiogess.

e Using the return values of thget Parent () method call, the parents of the eight
Det ai | AST objects can be identified. Sin®et ai | AST1 does not have a parent (i.e.,
its return value iswl | ), it indeed appears to be the root of the AST.

If we follow the same procedure to study telsW t hNewl i ne( RandomAccessFi | e) method
call in more detail (in this case messages from number 2085%t2d to be selected), then
it appears that this method call is quite simple (see Figuré)5It has &andomAccessFi | e
object as parameter and simply checks whether the lastigtdyte array equals the new-
line character.

In this particular case, it is not. Using the actual returlugaof thel engt h() method call,

it becomes clear that ttRandomAccessFi | e object consists of 431 characters. Next, the last
character is retrieved by callirapek(430) (since indexes start at zero). The actual return
value of theSt ri ng constructor, on the other hand, shows that the last charagtels }’,
which indicates the end of the class. Hence, the file doesnmbivith the platform specific
newline character, and an error is logged (just like infthe shTree( Det ai | AST) method
call in the control flow ofwal k(Det ai | AST, FileContents)). Again, the actual (abbrevi-
ated) error message is visible.

5.4.3 Implementation
Overview

From all this, we have discovered thatECKSTYLE contains (at least) two different kinds
of checks:

1. Acheck that reads tokens of the AST of the file(s) to be addising the
wal k( Det ai | AST, FileContents) method of thelr eeVal ker object. This walk starts
with abegi nTr ee( Det ai | AST) method and ends withféni shTree( Det ai | AST) method,
both performed on the specifitheck object. Between those calls tokens are in-
spected. Logging errors takes place after the tree has bal&adyv

From now on, we will denote this class of checksA&sT-checks

2. A check that has a particular method defined in the spetifick object which per-
forms the check. This method call is executed from withiocess(Fi |l e[]), which
is also located in thi€heck object. Instead of walking an AST (i.e., splitting a file
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NewlineAtEndOfFileCheck1 LineSeparatorOption1 | String26 I RandomAccessFile1 I String27 I
zcnu i ine(Rando ile1)
lcom.puppycrawl.(ools.checkstyle.checks.New\ineAlEndOfFiIeCheckTest.teslNoNewIineAtEndOfFiIe ﬁ
length() »
length() N
H
‘ ,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1_
length()
U UPE F U AR, 1|
length() >
RS JAU U UPPUN SRS < 1
lseek(430) N
e e Yod
read(byteArray4) A
1
U U AU 0
yteArray4) N
[<<create>>(byteArray4) N
14
lequals(line.separator)
7777777777777777777777777777777 false
M= = = m o o e faise] |
-
- false
J‘:]Iog(o, noNewlineAtEOF, C:\ch..)
5
Ll¢- void

Figure 5.14: ThendsW t hNewl i ne( RandomAccessFi | e) method call in more detail.

token by token) the check is directly performed on the fileg@bdited. Logging er-
rors takes place within the ocess(File[]) method, right after the particular check
method has been executed.

From now on, we will denote this class of checkshag-AST-checks

Since all five checks follow a similar pattern with the exéapf the behavior of the afore-
mentioned methods (i.e., in point 1 and 2), we expect thatetmeethods are the ones we
have to (re)define when creating a new check HECKSTYLE.

Now let us take a look at the source files of the classes on wthiebe particular meth-
ods are performed, as can be seen in the diagrBakageDecl ar at i onCheck. j ava,

Def aul t ComesLast Check. j ava, Uncomment edMai nCheck. j ava, Avoi dSt ar | nport Check. j ava,
andNew i neAt EndOf Fi | eCheck. j ava.

AST-checks

The four AST-checks all extend tlteeck class. Moreover, they all contain a

vi si t Token( Det ai | AST) method which defines the action to be performed when a token is
visited, as well as get Def aul t Tokens() method which returns the token types of interest
in an integer array. Two of them contaimeyi nTr ee( Det ai | AST) method which appears to

do some initialization before the tree is walked, and jus ohthese two classes also con-
tains afi ni shTree(Det ai | AST) method. Consequently, two check classes contain neither
of these two methods. Thegi nTree(Det ai | AST) andfi ni shTree(Detai | AST) methods
thus seem to be optional.

e
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In order to verify this we take a peek aHECKSTYLE'S Javadoc:

e begi nTree(Detai | AST) : “Called before the starting to process a tree. Ideal place t
initialise information that is to be collected whilst preseng a tree.”

e finishTree(Detail AST): “Called after finished processing a tree. Ideal place tontep
on information collected whilst processing a tree.”

Hence, as expected, these methods involve pre- and posgsiog which obviously is
not necessary in all checks. The authors mentioning “id&adepto...” implies them to
be useful though not obligatory. Thegi nTree(Det ai | AST) method simply initializes
a singlebool ean value in thePackageDecl ar ati onCheck class, and three variables in the
Unconmment edMai nCheck class. The onlyi ni shTree( Det ai | AST) method (i.e., in the
PackageDecl ar ati onCheck class) is used for logging errors in case the value of thalnit
izedbool ean isfal se. Inthe other classes errors are logged withinteet Token( Det ai | AST)
method.

Moreover, if we take a peek at the source code, it becomes ttlaithese methods ex-
ist in theCheck class, and can be redefined in one of its subclasses. Sinoectheds are
not abstract, and théheck class is not an interface, they indeed appear to be optional.

ThePackageDecl ar at i onCheck class is the only class that contains all aforementioneti-met
ods, which are shown in Listing 5.5.

/++ {@nheritDoc} =/
public int[] getDefaultTokens()
{
return new int[] {TokenTypes. PACKAGE_DEF};

}

/++ {@nheritDoc} =*/
publ i c voi d begi nTree(Detai |l AST aAST)
{

mDefined = fal se;

}

/++ {@nheritDoc} =*/
public void finishTree(Detail AST aAST)
{
if (!'nDefined) {
| og(aAST. get Li neNo(), "missing.package. declaration");
}

}

/++ {@nheritDoc} =/
publ i c voi d visitToken(Detail AST aAST)
{
mDefined = true;
}

Listing 5.5: Methods of th@ackageDecl ar ati onCheck class.
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As can be seen in Listing 5.5, tiackageDecl ar ati onCheck class is interested in the
PACKAGE_DEF token. Prior to visiting tokens it sets a Boole@efi ned to false, which is
an attribute that indicates whether a package declaratigtse If this token is found,
then this attribute is set to true in thési t Token( Det ai | AST) method. After the tokens
have been visited, an error is logged in case no packagerd@otahas been found (in the
fini shTree(Detai | AST) method).

Hence, implementing a similar check involves redefining daf@ementioned methods in
a new class that extends thieck class. We tested this by creating a new check which
checks whether a class contains at least one method, andhdingf appeared to be cor-
rect.

non-AST-checks

Now if we take a look at the source file of the non-AST-chedak, the

Newl i neAt EndOf Fi | eCheck class, then it appears that this class extends an

Abst ract Fi | eSet Check class. It contains process(Fil e[]) method that has a File array as
parameter, and simply retrieves all files in a loop and perfoan

endsW t hNewl i ne( RandomAccessFi | e) method on each file. It returns a boolean and in case
its value is false, an error is logged. The largest part &f ghocess(File[]) method is
shown in Listing 5.6.

public void process(File[] aFiles)

final File[] files = filter(aFiles);
final MessageDi spatcher dispatcher = get MessageDi spatcher();
for (int i =0; i <files.length; i++) {
final File file =files[i];
final String path = file.getPath();
di spatcher.fireFileStarted(path);
RandomAccessFi |l e randomAccessFile = nul | ;
try {
randomiccessFil e = new RandomAccessFile(file, "r");
i f (lendsWthNew ine(randomAccessFile)) {
1 0g(0, "noNew i neAt EOF", path);
}
1
catch (final |COException e) {
/1| CLOVER: OFF
| ogl OException(e);
/1| CLOVER: ON
}
fireErrors(path);
di spat cher. fireFileFini shed(path);

Listing 5.6: The process method of thew i neAt EndOf Fi | eCheck class.

Hence, implementing a similar check involves redefiningptteeess(Fi | e[]) method
in a new class that extends thiest r act Fi | eSet Check class. Theyet MessageDi spat cher (),
fireFileStarted(String), fireErrors(String), andfireFileFinished(String) meth-
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ods seem to be obligatory, since they involve firing variowsnés, and thus have to be
included in a new implementation of theocess(File[]) method. We tested this by creat-
ing a new check which checks whether the input file array doésantain more than 100
files. Again, our findings appeared to be correct.

5.4.4 Conclusion

With this experiment we have shown that the sequence diaygemerated by JRET are
useful for analyzing the behavior of checks iRECKSTYLE. First, we generated a global
overview of the inner workings of five (randomly chosen) dtsed\Next, we studied certain

method calls in more detail, making use of the actual objgetsameters and return values
(which are available in dynamically obtained sequencerdiag), in order to increase pro-
gram understanding.

We discovered that two different types of checks can bendjatshed:

1. AST-checks, i.e., checks that examine an abstract symre@@xSuch an AST is walked,
thereby retrieving and inspecting tokens. Typical cheblas belong to this category:
testing if a package declaration exists, testinggifaul t comes after the lastse in a
swi t ch statement, and testing if there does not existia method without comments.

2. non-AST-checks, i.e., checks that can be performedttiirea the contents of the
Java files to be audited. Typical checks that belong to thisgoay: testing if a file
ends with a newline character, and testing if a file contaibs.t

In order to implement a new check irHECKSTYLE, one has to determine whether it be-
longs to category 1 or category 2. Next, the following stepgehto be carried out:

AST-checks:

1. Create a new class that extends@hexk class.

2. Define and implement thget Def aul t Tokens() method, which indicates the token
types of interest.

3. Define and implement the si t Token( Det ai | AST) method, in which the token types
of interest are retrieved using methods of tleeai | AST class. Consequently, this
method can be used to check the tokens. Also, errors can pedagsing théog(. .)
function.

4. Optional Define and implement thigegi nTr ee( Det ai | AST) method, in which ini-
tialization can be performed prior to walking the AST.

5. Optional Define and implement thia ni shTree( Det ai | AST) method, which is exe-
cuted after the AST is walked. It can be used to log errorsgusial og( . .) function,
for example.
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non-AST-checks:

1. Create a new class that extendsAbst r act Fi | eSet Check class.

2. Define grocess(File[]) method which has a void return type. All methods in the
following steps should be defined within thisocess(File[]) method.

3. Add the methods that filter thié 1 e[] object, and retrieve theessageDi spat cher
object (see Listing 5.6).

4. Create a loop that retrieves all files in the file array.

5. Add the method that performs thier eFi | eStart ed(String) method call prior to the
actual check (see Listing 5.6).

6. Write the code that performs your check, preferably in gasgte method, which
should be executed on each retrieved file.

7. Addthel og(..) function that logs the errors in case the check returns.false

8. Add the methods that perform thiereErrors(String) and the
fireFileStarted(String) method calls (see Listing 5.6)

5.5 Discussion

In this section we discuss (the results of) our experimenthronological order. First, we
discuss the quantitative analysis in which we gatheredalathe need for abstractions, and
information on the effectiveness of various abstractiahméques. Next, we address the
gualitative analysis in which we gained insight inteiEKSTYLE'S export functionality
and GHECKSTYLE-checks.

5.5.1 Quantitative analysis
Experimental setup

Before running our tool, we defined a custom tracer in order to

1. Exclude third party software from the trace.

2. Overcome errors (such as Java heap memory overflow).

The exclusion of third party software is not necessary wntes external JAR files cause
(heap memory) problems during the execution of our tool,sahé case with thent!r
parser generator. Nevertheless, we decided to exclude alidrmm the trace, since they
added much overhead in terms of interactions while distrgdtom the interactions that
take place within @ecKksTYLE itself. Consequently, if we included them in the trace, more
abstractions would be needed, which could remove (imprtatis from the core classes
as well.
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Errors (such as heap memory overflows) can occur during tlaing process, and dur-
ing the execution of the test cases. In the former case, @dsgsary to exclude the classes
that cause these errors. If the weaving phase is not cord@atzessfully, it is not possible
to run the tests, and therefore JRET will exit. In the lat@se; on the other hand, exclu-
sion is not necessary, but sometimes recommended. For éxaagst case can run for a
considerable time and fail eventually due to a heap spacdl@wve Excluding such a test
would decrease execution time and, hence, increase JREf&mance.

The need for abstractions

We have shown that abstraction techniques are necessarydyhamically obtaining se-
quence diagrams from a JUr test suite: In 89% of all traces abstractions were needed
in order for the resulting sequence diagrams to become huezatable. The result of this
experiment, however, is influenced by:

1. The choices we have made during the experimental setuchwlasses are excluded
from the trace?

2. The question when a sequence diagram is considered hiwadable.

If we excluded less classes from the trace, the total numideteractions would increase.
As a consequence, sequence diagrams that were originatigritbeadable might need ab-
stractions after their expansion, thereby potentiallygasing the aforementioned percent-
age.

Moreover, recall that we consider a sequence diagram to imaueadable in case it con-
sists of 100 or less calls. If we increase this threshold, &dsstractions might be necessary,
whereas more abstractions might be needed in case we dedreaslue. Hence, both
adaptions could change the aforementioned percentage.

Another question one could ask is whether our result is epplée to software systems in
general. Since BECKSTYLE is a medium-sized open source program (276 classes divided
into 21 packages) based on an extensible framework thatislyviused, we think our find-
ings are quite representative of medium-sized softwaresys Moreover, BECKSTYLE

is available as an open source projecsair cef or ge. net, resulting in many programmers
being actively involved in its implementation. The samegfme its accompanied test suite.

Hence, rather than just one person or a single company uagdtie code, programmers
from all over the world are able to work on the project, thgrairreasing its generality.

In order to test whether our result is applicable to largedisoftware systems, one could
perform similar experiments using a more complex prograch s1$, for example, Azureus

3].
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The effectiveness of abstraction techniques

We have shown that limitation of the call depth to 1, removingernal messages, and
removing getters are the most effective abstraction tectas in quantitative aspect. They
yield an average reduction in calls of 95%, 90%, and 51% gw&sgely. Again, these results
could be different in case we excluded more or less classes tine trace. For example,
consider the situation where more classes are includedgepting a considerable number
of internal messages at stack depth = 1. As a consequenbenicbuld be possible that
removing internal messages becomes more effective thatatiom of the stack depth to 1.

Like previous experiment in which we gathered data on the fi@eabstractions, we think
our findings are quite representative of medium-sized sofivgystems, because of the rea-
sons already outlined.

5.5.2 Qualitative analysis

In our qualitative analysis, we investigated whether JRE&f loe used to become familiar
with the behavior of a program in order to implement new fezguWith these experiments
we have shown that dynamically obtained sequence diagraovidp deeper insight into

the inner workings of exports and checks iIRECKSTYLE. We gained sufficient knowledge
to implement both a new export functionality, as well as a oheck.

Using test suites

The usefulness of our tool depends on the quality of a systéast suite. In this regard,
factors of importance are, e.g., code coverage, the nunfilgitdests and acceptance tests,
and descriptiveness of the names of test cases. The codagewd a test suite obviously
is important as it states the amount of code that can be iedlin the dynamic analysis.
Hence, the higher the code coverage, the higher the usefutrieur tool.

Unit tests are important to study the behavior of partictdéatures / functionalities of a
target system. This is especially the case when implengfdi@ture requests, as we illus-
trated during our case study (recall thatEZKSTYLE'S test suite contains unit tests only).
Acceptance tests, on the other hand, are important to shedigehavior of a complete run
of a particular target system. They provide a global ovevwid a real-world execution
and expose interactions between different components ystara. Hence, the importance
of the existence (and number) of unit and acceptance tepends on the specific tasks a
dynamic analyst has to perform.

The descriptiveness of the names of test cases is impoaaetdct the right tests for anal-
ysis. If these names are not descriptive enough, the creafian initial selection will be
more difficult, and potentially more diagrams will have to éeamined. In this regard,
proper documentation of a system’s test suite (e.g., cortederode or Javadoc) could
compensate for poorly descriptive names.
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Advantages

If we compare the use of JRET to static analysis (i.e., inapgthe source files), our tool
has the following advantages:

e JRET offers the possibility to get a global insight intel€CKSTYLE'S inner work-
ings, whereas at the same time certain parts can be studikd highest detail pos-
sible. Specifically, the runtime objects, as well as theaatwethod arguments and
return values are available, which appeared to be very uafgaining a deeper
understanding of both exports and checks. As for the expatufe, we were able
to expose the actual Strings being printed, thereby exabigtifying the exported
text. When it comes to checks, the runtime values simplifiecLinderstanding of the
walking process of an AST. We could exactly follow the entiralk, exposing the
actual tokens being inspected and nodes being visited. dMerewe were able to
identify the actual error message logged after the tree bad tvalked.

e Analyzing program behavior through a sequence diagramiis mtuitive than source
code analysis because of the chronological ordering. litiadda single sequence
diagram is able to capture the interactions that take plateden multiple (objects
of) classes. For example, the sequence diagram that dejpéctal k( Det ai | AST,
Fil eContents) method call (see Figure 5.13) shows interactions betweedhffEs-
ent objects. By using source code alone, one would have totsWétween multiple
files, which makes the task more complex and time-consuming.

e Test suites, typically written in JWIT, provide various execution possibilities for the
system at hand. Unit tests induce scenarios that effegtietompose a system’s
functionalities. Thus, a careful selection of test casésctvely focuses attention
to a particular feature / functionality of the system to hedgd. As for the export
feature, we selected th@LLogger Test test cases, since they concern the already ex-
isting XML export feature. By examining the behavior of theésst cases, we gained
enough understanding in order to implement a new exportifumality. Likewise, we
made a selection of test cases that concemecXksTYLE-checks. Again, they pro-
vided sufficient insight into their inner workings in orderitnplement a new check.
Looking up appropriate source files, on the other hand, coeldn extensive task on
itself. Also keep in mind that a single test case often ingslinultiple classes, which
reduces the effort required to lookup and examine thessedaseparately, as would
be the case in static analysis.

Limitations

Our approach has the following limitations:

¢ Unlike static analysis in which source files can be directgpiected, our tool has to be
configured in order to produce sequence diagrams (seersé&cld). If necessary, a
custom tracer should be created that excludes specifiddmsciclasses, or packages
from the trace. This appeared to be the case when trachL€STYLE, since certain
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classes caused heap memory overflows, and thus had to bean@iteating a new
tracer, however, is rather easy, since one of JRET’s egistinck tracers can be
copied and adapted by redefining its custom pointcuts. Meredf a custom tracer
is not needed, a default stock tracer can be selected ey the available GUI or
through command-line.

e Multiple runs may be necessary in order to gain sufficierigimsnto the behavior of
the system-under-analysis. Such a run could take some &pending on the num-
ber of test cases and their complexity. 493 sequence diagnare generated from
CHECKSTYLE's test suite in approximately two minutes. These diagrappeared
to be sufficient for the examination of the export functigyalout when it came to
checks, maore runs were needed:

1. Arun resulting in messages being annotated with theirbauim
2. Arun that resulted in a selection of a fragment of messages

However, rather than running the entire test suite againpmhg executed the test
cases of interest. As such, the resulting sequence diagramesgenerated in less
than 10 seconds in the successive runs.

e Since test cases mainly serve to test a particular functess/feature (unit tests) of
a program, or a combination of these (acceptance tests}t axecution in certain
cases may hot be appropriate for program comprehensionx&npe in this regard
could be a suite that is merely geared towards testing ofdenyrvalues. Examining
sequence diagrams that depict such boundary situationsatdoe sufficient for un-
derstanding how a “normal” execution works. Hence, theuleegs of our approach
could be limited by the kind of test suite and its purpose.

Another factor that might change a test execution from awesld run is the sep-
aration of test cases into different stages, including tkteire and tear down. For
example, the fixture’s main purpose is setting up the enwiiemt for the actual test
by creating and initializing all objects. During a normakextion, on the other hand,
these objects could be defined gradually rather than in aatepsetup phase, or may
not even be created at all if they are test case specific (fy&ha, in the verification
phase). Hence, a test case might present a somewhat distave of a program’s
dynamic behavior, which has to be taken into account.

In our case, however, the unit tests IMECKSTYLE were adequate for the under-
standing of exports and checks. Also recall that Agile Depaient methods such
as XP advocate the use of tests as a form of documentatiorthasdmplicitly even
encourage the usage of test cases for program comprehension

e Rather than relying merely on the dynamically obtained sage diagrams, we some-
times verified our findings by taking a peek at the source codexadoc. For exam-
ple, using the source code, we verified the importance of the
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wal k( Det ai | AST, FileContents) andendsWthNew i ne( RandomAccessFile) meth-
ods for understanding the behavior of checks MECKSTYLE. Since one knows
beforehand which class or method to consult (as shown inghaeesce diagrams),
such a verification takes little effort. Consequently, althh some verifications may
be performed by generating and consulting more sequengeadia, a short glance
at the source code could likely be a much faster solution. A&refore encourage the
combination of sequence diagrams generated by JRET wiik ataalysis in order
to verify particular results acquired during the dynamialgsis.

Validity threats

During our qualitative analysis, we relied on the names okiilUtest cases in order to
select the behavior of interest. For example, when examittie behavior of the export
functionality, we selected théLLogger Test test cases. When studying the inner workings
of checks, on the other hand, we made a selection of test casies the condition that
their names clearly implied what the checks are supposed.tdf these names happened
to be less descriptive, we probably would have to select rtesecases in order to find
and isolate the behavior of interest. However, from expege we know that names of test
cases usually are sufficiently descriptive. Moreover,ig th not the case, one could take a
peek at (the comments in) the source code of specific testsl@rn to find out what they are
supposed to do.

As far as our second qualitative experiment is concerngel, @specting more source files

it indeed appears thatHECKSTYLE contains two types of checks as we discovered during
our case study. Although the number of AST-checks is quiteetathan the number of non-
AST-checks, we discovered both types because they botrehagpo be part of our five
selected checks. Also, consider the situation whe#te X sTYLE contains more than five
checks. In this particular case, our initial selection wioméver uncover them all.

In order to increase the chance of exposing all types of chexkarger initial sample size
could be used. Additionally, after having gained knowledgeut the program’s behavior
using the initial selection, one may inspect appropriaiga®files to verify the findings.

In our case, we verified the existence of two different chetkae, however, by doing so

detected the existence of more than five checks, we would éxpanded the initial selec-
tion to include more diagrams for inspection. Hence, agaitgmbination of dynamic and
static analysis appears to be an adequate solution. Tke ¢att be used to verify results
acquired by the former.

Moreover, in most cases one will probably know beforehandtwhnd of new checks have
to be developed, such that existing checks with similar biehaan be selected as part of
the sample collection to be examined, rather than pickiregks randomly as we did. In
that case, detection of all existing checks may not be napggss all. Our intention of this
case study was just to illustrate how JRET facilitates saféamaintenance tasks. As such,
we have shown how JRET exposes the behavior of an unknowmgmnoigy order to, for
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example, implement feature requests. And in this regardTJR4S proven to be effective.

Points of improvement

As previously stated, defining a custom tracer is sometineeggssary to overcome Java
heap memory overflows. One might prevent such errors fromrdog by updating JRET’s
source code. They could be related to the aspects (wovengihitte target system'’s byte-
code during the weaving phase), or the remaining source @®euted when running the
test cases). Either way, one could use a profiler to examimehvglarts of JRET’s code are
potentially suitable for an optimization. After optimigjithe code, it might not be necessary
to exclude particular classes from the trace as in a preiuation (e.g., the exclusion of
CHECKSTYLE's third party parser generator). Likewise, the total executime could be
decreased as well.

Another improvement concerns the abstraction technigugéeimented. Recall that pat-
tern recognition can be performed only after other abstmasthave been applied (unless it
is the only abstraction technique used; see section 4.B1&).to time constraints we were
not able to update our code to overcome this limitation.dPattecognition is a very useful
technique which could remove messages from a sequenceudiaghile retaining essential
information. When applied in the beginning of the abstmatphase, it may reduce the need
for other abstraction techniques. It would therefore bérdete to solve this shortcoming.

Currently, the pattern recognition algorithm used is orilfeao detect contiguous redun-
dancies of a sequence of calls. In order to detect and repégmagated recurrent patterns in
sequence diagrams (e.g., the co-cafialiscenariogn [30] and [66]), one could implement

another or a more advanced detection algorithm, like thedaseribed in [21]. Such a

modification could potentially increase the quality of thaglams produced, since rather
than erasing information, the recurrent pattern is pasteddeparate diagram. It then can
be viewed using references which are placed in the abstracagram. Consequently, the
comprehensibility increases while retaining all inforroat

JRET does not have thread support. If the target system medeesf multiple threads,
our tool is not able to identify and distinguish them. Addthgead support would therefore
be a nice improvement. Using AspectJ it is possible to ifiemthich call belongs to which
thread. Moreover, theDEDIT visualizer supports the visualization of multiple thredals
a single sequence diagram. Hence, JRET already providesgtitefacilities to include
thread support, such that updating the code would not beyaceenplex task.
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Chapter 6

Conclusions and Future Research

In this thesis, we presented a tool to help software maietaito gain a richer understand-
ing of a software system and its components. This is achibya@constructing sequence
diagrams using dynamic analysis to provide deep insigbtarpprogram’s dynamic behav-
ior. We developed the tool during this research and name®ET] which stands for Java
Reverse-Engineering Tool. JRET is documented and madécfyuavailable as an open
source project through SourceForge.

Dynamic analysis involves the execution of an instrumempi@dram to record its runtime
behavior. In order to induce execution scenarios for théegyd4o be reverse-engineered,
our tool makes use of JUT test cases. This is because by understanding a system’s test
suite, one can gain a great deal of knowledge about its innekimgs. Moreover, in Agile
Development methods, such as eXtreme Programming, test eas advocated as a form

of documentation.

JRET was elaborated and dissected in terms of three staped) together form the dy-
namic reconstruction process:

1. Creating traces
2. Applying abstractions

3. Visualizing the data

As for the first stage, we implemented bytecode instrumiemtabecause of the advantages
over its source code counterpart and instrumentation ofutthéme environment (see sec-

tion 4.2).

When it comes to the second stage, we implemented variousetizn techniques to
compensate for scalability issues associated with dynamatysis and sequence diagrams.
These include the following:

e The possibility to choose between object and class level.
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e Filtering out system classes in the packaiges. uti| andj ava. | ang.
e Abbreviation of method names, return values, and arguments

e Removing getters (with or without their control flow).

e Removing setters (with or without their control flow).

e Removing constructors and their control flow.

e RemovingAsserts

e Removing internal messages (with or without their contmivil

e Stack depth limitation / setting a minimum stack depth.

e Message selection.

e Pattern recognition.

One is able to apply abstractions manually, as well as autoatig based on runtime met-
rics. These metrics are used to determine whether or not aighwabstraction techniques
should be performed to keep the sequence diagrams humdaibteawhile preserving the
desired amount of detail. The employed techniques and @igrehoices were described
and explained in section 4.3.

As far as the third stage is concerned, the (abstracted)islaiaualized as sequence di-
agrams using two different visualizers:

e Alex Moffat's SEQUENCE
e SDEDIT: Quick Sequence Diagram Editor.

Each program has its own advantages and disadvantagescarople, whereaSEQUENCE
supports Java 1.4DEDIT offers more advanced features such as a zooming functipnali
and support for patterns. The entire list of advantages aadidantages of both visualizers
was given in section 4.4.

In order to evaluate our tool, we conducted a case study USHECKSTYLE, which is

a widely known open source program. Specifically, it consean extensible framework
to help programmers write Java code that adheres to a cotingasd. The case study
involved a quantitative and a qualitative analysis in whighsought to answer the research
questions that were posed in the introduction. In the forex@eriment, we acquired data
on the need for abstractions, and information about thetfimess of various abstraction
techniques. The latter, on the other hand, was performdtusirate JRET's contribution
to program comprehension. In particular, we engaged olitdagain insight into GiECK-
STYLE’s inner workings in order to implement two new features.

Based on our experiences with this case study, we can nowfatenanswers to the afore-
mentioned research questions:
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e How urgent is the need for abstractions?

Abstraction techniques are necessary in most cases whemiiadly obtaining se-

guence diagrams from a JuUr test suite. Using a medium-sized program, we de-

termined that in 89% of all traces abstractions were neadedder for the resulting
sequence diagrams to become human-readable.

e Which abstraction techniques are effective?

Limitation of the call depth to 1, removing internal messagend removing get-
ters are the most effective abstraction techniques in gatime aspect. They vyield
an average reduction in calls of 95%, 90%, and 51%, resgdgtiwhen using a
medium-sized program.

e Are sequence diagrams generatedJ®E T useful for software maintenance?

Dynamically obtained sequence diagrams from test casésat@csoftware mainte-
nance tasks. They effectively expose a program’s inner wgskin order to simplify
the implementation of feature requests.

Next, we outline directions for future research.
Future work

In previous chapter, we listed a number of possible impram@sito increase JRET’s per-
formance, scalability, and applicability. These are, imsary:

e Optimize the source code to prevent memory overflow errors foccurring in com-
plex situations (e.g., by using a profiler).

e Extend the possibilities of the implemented pattern datealgorithm.
e Add a pattern recognition technique that is capable of detgpseparated patterns.

e Add thread support.

Optimization of the source code may be necessary in casger,lanore complex target
system is used. Apart from a possible solution to memoryflowes, the execution time
could potentially decrease, thereby improving the pertoroe. Moreover, a large-sized
system may lead to different results compared to our casly,stmd will likely raise new
issues. We therefore advocate to perform similar expefisnenfuture research using a
more complex program (such as, e.g., Azureus [3]).

In JRET we implemented a whole range of abstraction teclesiqurheir suitability in
the context of testing should be further investigated byquering more experiments. In
addition, we encourage the examination of new abstractiomextend the possibilities of
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our tool. An example in this regard is the detection of sejedraatterns (i.e., replacement
by subscenario boxes). Likewise, further research on afsiterse case studies is neces-
sary in order to assess the adequacy of new abstraction dsetho

Finally, our tool may be enhanced with support for threadéutnre work. Examining
the behavior of different threads could rise new issues sscthe need for new abstrac-
tions. Recall that JRET already provides the right faeiitio implement such a feature, so
that its addition will not take great effort.



[1]
(2]
3]
[4]
5]
[6]

[7]

[8]

[9]

Bibliography

Apache Commons: The Apache Commons project, http:/foons.apache.org/
AspectJ: The AspectJ project at Eclipse.org, http:Aweclipse.org/aspectj/
Azureus: The Azureus Bittorrent Client, http://azuseourceforge.net/

C. Batty. Using JUnit in EclipseEclipse Tutorial, part 102003.

K. Beck. Test Driven Development: By Example. Addisoresiéy, 2003.

K. Beck and E. Gamma. Test infected: Programmers lovéingriests.Java Report
3(7):51-56, 1998.

R.S. Boyer and J.S. Moore. A Fast String Searching Atgari In Communications
of the ACM 20(10):762-772. ACM, 1977.

L.C. Briand, Y. Labiche, and J. Leduc. Towards the RewdEngineering of UML
Sequence Diagrams for Distributed Java SoftwardEEE Transactions on Software
Engineering 32(9):642-663. IEEE Press, 2006.

L.C. Briand, Y. Labiche, and Y. Miao. Towards the ReveEsegineering of UML
Sequence Diagrams. Proceedings of the 10th Working Conference on Reverse En-
gineering (WCRE'03)pages 57-66. IEEE Computer Society, 2003.

[10] The C++ Programming Language. Bell Labs, http://wvwphusplus.com/

[11] Checkstyle: The Checkstyle Framework, http://chgdkssourceforge.net

[12] W. Citrin, A. Cockbum, J. von Kanel, and R. Hauser. Uskgrmalized Temporal

Message-Flow Diagram&oftware-Practice & Experienc®5(12):1367-1401. John
Wiley & Sons, Inc., 1995.

[13] B. Cornelissen, A. van Deursen, L. Moonen, and A. Zaidmésualizing Testsuites

to Aid in Software Understanding. IRroceedings of the 11th European Conference

on Software Maintenance and Reengineering (CSMR{iaes 213-222. IEEE Com-
puter Society, 2007.

93



BIBLIOGRAPHY

94

[14] R. Delamare, B. Baudry, and Y. Le Traon. Reverse-ergging
of UML 2.0 Sequence Diagrams from Execution Traces.
http://smallwiki.unibe.ch/woor2006/woor2006papeebtton=MimeView, 2006.

[15] S. Demeyer, S. Ducasse, and O. Nierstrasz. Object @deReengineering Patterns.
Morgan Kaufmann, 2002.

[16] M. Deters and R. K. Cytron. Introduction of Program mshenta-
tion using Aspects. In Proceedings of the Object-Oriented Program-
ming,  Systems, Languages, and Applications (OOPSLA'01) rk-Wo
shop on Advanced Separation of Concerns in Object-Orientegstems
http://www.cs.ubc.ca/ kdvolder/Workshops/OOPSLA280bmissions/
15-deters.pdf, 2001.

[17] The Eclipse Test & Performance Tools Platform (TPTP) ojéut,
http://www.eclipse.org/tptp/

[18] A. Forward and T.C. Lethbridge. The Relevance of SofeM@ocumentation, Tools
and Technologies: A Survey. Iroceedings of the 2002 ACM Symposium on Docu-
ment Engineering (DocEng’O2pages 26-33. ACM, 2002.

[19] P. Gestwicki and B. Jayaraman. Methodology and Archite of JIVE. InProceed-
ings of the 2005 ACM Symposium on Software Visualizapages 95-104. ACM,
2005.

[20] T. Gschwind and J. Oberleitner. Improving Dynamic Dataalysis with Aspect-
Oriented Programming. IRroceedings of the Seventh European Conference on Soft-
ware Maintenance and Reengineering (CSMR'@3ape 259. IEEE Computer Society,
2003.

[21] A. Hamou-Lhadj and T.C. Lethbridge. An Efficient Algtimm for Detecting Patterns
in Traces of Procedure Calls. Proceedings of the 1st International Workshop on
Dynamic Analysis (WODAACM Press, 2003.

[22] A. Hamou-Lhadjand T.C. Lethbridge. A Survey of Tracepkxation Tools and Tech-
niques. InProceedings of the 2004 Conference of the Centre for AdaStalies on
Collaborative Research (CASCON’'Q4ages 42-55. IBM Press, 2004.

[23] A. Hamou-Lhadj and T.C. Lethbridge. Compression Téghes to Simplify the Anal-
ysis of Large Execution Traces. Rroceedings of the 10th International Workshop on
Program Comprehension (IWPC’Q3)ages 159-168. IEEE Computer Society, 2002.

[24] Insectd: A Generic Instrumentation Framework for €daing Dynamic Information
within Eclipse, http://insectj.sourceforge.net/

[25] The Java Debug Interface (JDI). Sun Microsystems Inc.,
http://java.sun.com/j2se/1.4.2/docs/guide/jpda/jdi/



BIBLIOGRAPHY

[26] The Java Platform Debugger Architecture (JPDA). SuncribBystems Inc.,
http://java.sun.com/javase/technologies/core/tqidsgpda/

[27] The Java Programming Language. Sun Microsystemshtip://java.sun.com/

[28] The Java Virtual Machine Profiler Interface (JVMPI),
http://java.sun.com/j2se/1.4.2/docs/guide/jvmpi/

[29] The Java Virtual Machine Tool Interface (JVMTI),
http://java.sun.com/j2se/1.5.0/docs/guide/jvmti/

[30] D.F. Jerding and S. Rugaber. Using Visualization fochtectural Localization and
Extraction. InProceedings of the Fourth Working Conference on ReversamEagng
(WCRE'97) pages 56-65. IEEE Computer Society, 1997.

[31] D.F. Jerding and J.T. Stasko. The Information Mural: é€chinique for Displaying and
Navigating Large Information Spaces. Rtoceedings of the 1995 IEEE Symposium
on Information Visualizationpage 43. IEEE Computer Society, 1995.

[32] D.F. Jerding, J.T. Stasko, and T. Ball. Visualizingéractions in Program Execu-
tions. InProceedings of the 19th International Conference on Soévizagineering
(ICSE’97) pages 360-370. ACM, 1997.

[33] J. Jones. Abstract Syntax Tree Implementation Idiome. Proceedings
of the 10th Conference on Pattern Languages of Programs ®PQE),
hillside.net/plop/plop2003/Papers/Jones-ImplemegA®iTs.pdf, 2003.

[34] JRET: The Java Reverse-Engineering Tool, http:/fseforge.net/projects/jret/
[35] JUnit: Unit testing framework, http://junit.sourcefe.net

[36] G. Kiczales, E. Hilsdale, J. Hugunin, M. Kersten, J.rRaand W.G. Griswold. An
Overview of AspectJ. IrProceedings of the 15th European Conference on Object-
Oriented Programmingpages 327-353. Springer-Verlag, 2001.

[37] R.Kollmann and M. Gogolla. Capturing Dynamic PrograehBviour with UML Col-
laboration Diagrams. IRroceedings of the 5th Conference on Software Maintenance
and Reengineering (CSMR’QPages 58-67. IEEE Computer Society, 2001.

[38] R. Kollmann, P. Selonen, E. Stroulia, T. Systa, and éndorf. A Study on the Current
State of the Art in Tool-Supported UML-based Static Revétagineering. InPro-
ceedings of the 9th Working Conference on Reverse Engime@VCRE’02) pages
22-32. IEEE Computer Society, 2002.

[39] K. Koskimies, T. Mannistd, T. Systa, and J. Tuomi. HZ A Tool
for Dynamic Modeling of Object SystemsTechnical Report A-1996;4
http://www.cs.uta.fi/reports/pdf/A-1996-4.pdf, 1996.

95



BIBLIOGRAPHY

96

[40] K. Koskimies and H. Mossenbock. Scene: Using Scenaragrams and Active Text
for lllustrating Object Oriented Programs. Rroceedings of the 18th International
Conference on Software Engineering (ICSE;9fgges 366-375. IEEE Computer So-
ciety, 1996.

[41] H. Leroux, A. Réquile-Romanczuk, and C. Mingins. JAT A Tool to Dynamically
Visualise the Execution of Concurrent Java Program®rbteedings of the 2nd In-
ternational Conference on Principles and Practice of Peogming in Javapages
201-206. Computer Science Press, Inc., 2003.

[42] M. Lb6pez, A. Alfonzo, J. Pérez, J.G. Gonzalez, andWantes. A Metamodel to Carry
Out Reverse Engineering of C++ Code into UML Sequence DiagrinProceedings
of the Conference on Electronics, Robotics and Automotieehsinics pages 331-
336. IEEE Computer Society, 2006.

[43] R.C. Martin. UML Tutorial: Collaboration DiagramEngineering Notebook Column
1997.

[44] R.C. Martin. UML Tutorial: Sequence DiagramBngineering Notebook Column
1998.

[45] K. Mehner. JaVis: A UML-Based Visualization and DebuggyEnvironment for Con-
current Java ProgramRevised Lectures on Software Visualization, Internali&@ssm-
inar, pages 163-175. Springer-Verlag, 2002.

[46] M. Merdes and D. Dorsch. Experiences with the Develapnoéa Reverse Engineer-
ing Tool for UML Sequence Diagrams: A Case Study in ModerraJagvelopment.
In Proceedings of the 4th International Symposium on Priesigind Practice of Pro-
gramming in Javapages 125-134. ACM, 2006.

[47] K.W. Miller. Test Driven Development on the Cheap: T&ies and Explicit Scaf-
folding. Journal of Computing Sciences in Colleg@8(2):181-189. Consortium for
Computing Sciences in Colleges, 2004.

[48] H.A. Muller and K. Klashinsky. Rigi - A System for Pragmming In-the-Large. In
Proceedings of the 10th International Conference on Saé\Eagineering (ICSE’'88)
pages 80-86. IEEE Computer Society, 1988.

[49] R. Oechsle and T. Schmitt. JAVAVIS: Automatic Progransialization with Object
and Sequence Diagrams Using the Java Debug Interface @BV¥)sed Lectures on
Software Visualization, International Seminaages 176-190. Springer-Verlag, 2001.

[50] OMG. UML 2.0 Infrastructure Specification. Object Maeaent Group,
http://www.omg.org/, 2003.

[51] OMG. XML Metadata Interchange (XMI). Object ManagerherGroup,
http://www.omg.org/technology/documents/formal/xn2001.



BIBLIOGRAPHY

[52] M.J. Pacione, M. Roper, and M.Wood. Comparative Evadmaof Dynamic Visuali-
sation Tools. IrProceedings of the 10th Working Conference on Reverse &gy
(WCRE’03) pages 80-89. IEEE Computer Society, 2003.

[53] W. de Pauw, R. Helm, D. Kimelman, and J. Vlissides. Vigiag the Behavior of
Object-Oriented Systems. lRCM SIGPLAN Notice28(10):326-337. ACM, 1993.

[54] W. de Pauw, E. Jensen, N. Mitchell, G. Sevitsky, J. \ties, and J. Yang. Visualizing
the Execution of Java Prograni®evised Lectures on Software Visualization, Interna-
tional Seminayrpages 151-162. Springer-Verlag, 2002.

[55] Rational Rose: IBM Rational Rose Family, http://www-
306.ibm.com/software/awdtools/developer/rose/

[56] M. Reiser. The Oberon System - User Guide and Progrararvanual. Addison-
Wesley, 1991.

[57] T. Richner and S. Ducasse. Using Dynamic Informatiarttie Iterative Recovery of
Collaborations and Roles. Proceedings of the International Conference on Software
Maintenance (ICSM’'02)pages 34-43. IEEE Computer Society, 2002.

[58] A. Rountev and B.H. Connell. Object Naming Analysis Reverse-Engineered Se-
quence Diagramdn Proceedings of the 27th International Conference onvgo#
Engineering (ICSE’'05)pages 254-263. ACM, 2005.

[59] A. Rountev, O. Volgin, and M. Reddoch. Static Contrédw Analysis for Reverse
Engineering of UML Sequence Diagrams. ACM SIGSOFT Software Engineering
Notes 31(1):96-102. ACM, 2005.

[60] J. Rumbaugh, I. Jacobson, and G. Booch. The Unified Moglélanguage Reference
Manual. Addison-Wesley, 1998.

[61] SDEdit: Quick Sequence Diagram Editor, http://sotwage.net/projects/sdedit

[62] A. Seesing and A. Orso. InsectJ: A Generic InstrumantaEramework for Col-
lecting Dynamic Information within Eclipse. IRProceedings of the 2005 Object-
Oriented Programming, Systems, Languages, and Applita{i@OPSLA) Workshop
on Eclipse Technology Exchangmges 45-49. ACM, 2005.

[63] Sequence: Alex Moffat's Sequence, http://www.zantham/itymbi/archives/casequence.html
[64] The Smalltalk Programming Language. Xerox PARC, wwmaltalk.org/

[65] T. Souder, S. Mancoridis, and M. Salah. Form: A Framd&wor Creating Views of
Program Executions. IRroceedings of the 2001 IEEE International Conference on
Software Maintenance (ICSM’Qlpages 612-620. IEEE Computer Society, 2001.

[66] T. Systa, K. Koskimies, and H.A. Muller. Shimba - An\&mnment for Reverse En-
gineering Java Software SystemsSoftware Practice & Experienc@&1(4):371-394.
John Wiley & Sons, Inc., 2001.

97



BIBLIOGRAPHY

98

[67] K. Taniguchi, T. Ishio, T. Kamiya, S. Kusumoto, and Kolre. Extracting Sequence
Diagram from Execution Trace of Java ProgramPhoceedings of the Eighth Inter-
national Workshop on Principles of Software Evolution (I8&05) pages 148-154.
IEEE Computer Society, 2005.

[68] Together: Borland Together, http://www.borland.¢asiproducts/together/

[69] R.J. Walker, G.C. Murphy, B. Freeman-Benson, D. WrightSwanson, and J. Isaak.
Visualizing Dynamic Software System Information througigltiiLevel Models. In
Proceedings of the 13th ACM SIGPLAN Conference on Objeietr@d Program-
ming, Systems, Languages, and Applications (OOPSiaes 271-283. ACM, 1998.

[70] L. Wall. Programming Perl. 3rd Ed., O'Reilly & Assocést, 2000.

[71] J. Warmer and A. Kleppe. The Object Constraint Languagielison-Wesley, 1999.



Appendix A

Glossary

In this appendix we give an overview of frequently used teamd abbreviations.

AOP: Aspect Oriented Programming

CASE: Computer-Aided Software Engineering
GUI: Graphical User Interface

JDI: Java Debug Interface

JRET: Java Reverse-Engineering Tool

JVM: Java Virtual Machine

LTW: Load-Time Weaving

SDR: Scenario Diagram Reconstruction
TMFD: Temporal Message-Flow Diagram
UML: Unified Modeling Language

VM: Virtual Machine



