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Abstract

Object-oriented language features such as inheritance, abstract types,
late-binding, or polymorphism lead to distributed and scattered code,
rendering a software system hard to understand and maintain. The
integrated development environment (IDE), the primary tool used by
developers to maintain software systems, usually purely operates on
static source code and does not reveal dynamic relationships between
distributed source artifacts, which makes it difficult for developers to
understand and navigate software systems.

Another shortcoming of today’s IDEs is the large amount of informa-
tion with which they typically overwhelm developers. Large software
systems encompass several thousand source artifacts such as classes and
methods. These static artifacts are presented by IDEs in views such as
trees or source editors. To gain an understanding of a system, developers
have to open many such views, which leads to a workspace cluttered with
different windows or tabs. Navigating through the code or maintaining a
working context is thus difficult for developers working on large software
systems.

In this dissertation we address the question how to augment IDEs
with dynamic information to better navigate scattered code while at the
same time not overwhelming developers with even more information in
the IDE views. We claim that by first reducing the amount of informa-
tion developers have to deal with, we are subsequently able to embed
dynamic information in the familiar source perspectives of IDEs to bet-
ter comprehend and navigate large software spaces. We propose means
to reduce or mitigate the information by highlighting relevant source
elements (HeatMaps), by explicitly representing working context (Smart-
Groups), and by automatically housekeeping the workspace in the IDE
(AutumnLeaves). We then improve navigation of scattered code by ex-
plicitly representing dynamic collaboration (Hermion, Senseo, CollView)
and software features (FeatureEnv) in the static source perspectives of



vi

IDEs. We validate our claim by conducting empirical experiments with
developers and by analyzing recorded development sessions.
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Chapter 1

Introduction

1.1 Problems of Traditional IDEs

Traditional integrated development environments (IDEs) such as Eclipse
[ECcL1 03] and NetBeans [NETB 10] for Java, Microsoft Visual Studio
[MICR 10] for C#/C++, or VisualWorks [VIsU 10], Pharo [BLAC 09] and
Squeak [INGA 97] for Smalltalk usually provide a static perspective on
an object-oriented software system. Such a perspective provides a means
to read, modify, create, or delete static source artifacts such as packages,
classes, or methods.

Object-oriented language features such as late-binding, inheritance,
or polymorphism, however, usually lead to distributed and scattered
code which is hard to understand by just focusing on static source arti-
facts and static relationships between these artifacts [DEME 03, DUNS 00,
WILD 92, NIEL 89a, HAMO 05]. Often it is not possible to identify and
locate conceptually related code in the static source space as many
relationships are purely dynamic and thus only present at runtime
[NIEL 89a, NIEL 89b, DUNS 00]. Due to the narrow focus of IDEs on static
source perspectives, most of these dynamic relationships between source
artifacts remain unclear, obscure or simply invisible to the developer
while using the static perspectives of IDEs. In short, traditional IDEs lack
dynamic information in their usually purely static source perspectives.

In today’s IDEs developers are often overloaded with information.
First, IDEs usually contain many complex perspectives and facilities such
as search widgets, menus with hundreds of options, or a plethora of open
windows or tabs [SING 05]. Second, the software systems maintained
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in an IDE are typically large. A developer is overwhelmed by the vast
amount of system artifacts (for instance, classes or methods, configura-
tion or documentation files, log files, etc.) and has thus difficulties to
gain an overview or an initial understanding of an unfamiliar system
[SING 05, KERS 05, KERS 06]. Developers miss a “big picture” view of the
system or a guide throughout the system, for instance by visually relating
artifacts that conceptually belong together but are widely distributed in
the static source space [DESM 06]. IDEs fail to give such a guidance how
to overview and navigate a system. Hence, adding even more informa-
tion to IDE perspectives to also show dynamic relationships between the
static source elements is dangerous as such additional information might
further obstruct system overview and navigation.

We realize that IDEs suffer from two main problems, namely overload-
ing developers with too much information and yet at the same time narrowly
focusing on a software’s static structure and thus missing information about
dynamic relationships between distributed source artifacts.

As software development is a complex process, we first identify sev-
eral distinct activities in this process. The identified problems of IDEs
do not affect all these development activities in the same way. Second,
we carefully analyze the two main issues of IDEs to separate several
sub-problems. Finally, we elaborate a taxonomy that reveals which IDE
shortcoming affects which development activity such as feature imple-
mentation or artifact collaboration investigation. This taxonomy serves
as a guideline to generate ideas how we can address the different short-
comings of IDEs tailored to the needs of different software development
activities.

1.1.1 Development Activities

In the following, we introduce nine development activities proposed
by the literature [PACI 04] as a comprehensive set of activities typically
performed by developers during software maintenance, but also during
initial development of applications. Most of the time, these activities are
performed in IDEs. Sometimes developers additionally use other tools
or environments, such as software analysis tools, but the IDE remains
the primary development tool for practically all activities and developers.
According to studies and surveys Eclipse is used by more than half of all
Java developers [GOTH 05], while only a negligible percentage is using
conventional text editors such as Emacs [CAME 96]. As most Smalltalk
dialects come with a complete environment in which the IDE is included,
it is clear that Smalltalk developers are using an IDE and not, for instance,
a plain text editor.



Problems of Traditional IDEs 3

We follow the development activities framework introduced by Pa-
cione et al. [PACI 04] which proposes the subsequent nine core activities.

1. Feature investigation. In this activity, developers analyze how soft-
ware features (or parts thereof) are implemented, for instance to
reveal which artifacts collaborate to each other to realize a specific
feature.

2. Feature implementation and adaptation. This activity is concerned with
the implementation of new software functionality or the adaptation,
extension, or improvement of existing software features.

3. Artifact investigation. When investigating artifacts, developers ana-
lyze the internal structure of packages, classes, or methods to, for
instance, reveal the class-internal execution flow.

4. Dependency investigation. Studying the dependencies or relation-
ships between different artifacts is called dependency investigation.
This activity is for example performed when developers need to
understand communication patterns between two classes to reveal
the degree of coupling between them.

5. Runtime interaction investigation. In this activity, dynamic commu-
nication and interaction between different artifacts is analyzed, for
example which messages are sent by instances of a class to instances
of another class or how two packages interact at runtime, e.g. which
classes of the two packages communicate with each other.

6. Artifact usage investigation. Developers investigate the usage of
single artifacts to, for instance, reveal the clients of a specific artifact
or how often this artifact is invoked in a specific software feature.

7. Execution patterns investigation. Developers investigate patterns in
system’s execution to better understand the running of the system,
to reveal communication paths between artifacts or within a single
artifact, to follow the control flow, or to assess performance issues,
e.g. when a frequently occurring execution pattern is slow.

8. Quality assessment. Assessing a system’s quality is necessary when
the system is hard to maintain, evolve, or also when it has per-
formance problems. When assessing software quality, developers
usually perform one or several of the other activities as well.

9. Domain concepts understanding. To successfully implement, maintain
and deploy a system, developers also need to understand its domain
and how the domain concepts are represented and implemented in
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the system. Thus this activity is concerned with studying, locating,
or identifying domain concepts in the software system.

In the next section, we identify and categorize the main shortcomings
of IDEs with respect to these software maintenance activities.

1.1.2 Problem Identification

While performing these development activities, developers are usually
affected or even hampered by one or more shortcomings of traditional
IDEs. Before being able to tackle the problem of the narrow focus of
IDEs on static software structure by augmenting these perspectives with
dynamic information, we have to reduce or better organize the (static)
information presented to developers to not overload the source views
even more. Hence, we first analyze the information overload problem
developers suffer from in most IDEs [DE A 08] and derive consequent
problems from this major issue of IDEs. Second, we deduce several
subsequent issues caused by the narrow focus of IDEs on static source
perspectives that neglect runtime information and collaboration between
the static source artifacts.

We deliberately do not discuss in our analysis other problems of IDE
that are not directly related to the two main IDE issues. For instance, IDEs
usually do not support quality assessment of the developed application.
Developers do not obtain automatic feedback from the IDE whether the
current implementation of the system is sound or rather error-prone. The
IDE could, for instance, analyze whether the code being currently written
has any flaws such as being a duplication of other code or whether it
violates commonly accepted principles such as design or best practice
patterns. However, such issues are largely beyond the scope of this work.

Overloaded, unorganized views. Comprehending a software system
is a prerequisite to improve, extend, or correct it. Being overloaded
with too much information in an IDE, however, makes it difficult for a
developer to understand the implementation and behavior of a system
[SING 05, KERS 05]. One negative impact of information overload is a
loss of overview of the system [KERS 05]: How is the system structured,
what are the relations between the different parts, where and how is a
particular feature implemented — these and other questions are difficult
to answer in a huge software space.

The IDE as the primary tool to navigate software does not well sup-
port the process of dealing with a huge software space. It offers only few
means such as a tree of hierarchically related source artifacts (for instance,



Problems of Traditional IDEs 5

Indicator Avg. of 20 sessions
Number of window switches 38.85
Number of entities revisited 35.10
Edit / navigation ratio 9.51%

Table 1.1: Three indicators highlighting navigation issues caused by infor-
mation overload in IDEs.

packages containing classes that contain methods) to help developers
to gain some degree of overview [SING 05]. However, there is no clear
path drawn by the IDE through the huge forest of software entities, in
particular there is usually limited or no support for task-oriented program-
ming [KERS 05, SING 05]. The IDE does not reflect about the nature of
the current task-at-hand, this means there is no guide whatsoever to
advise developers how to complete the current task, for instance sugges-
tions which particular entities they need to consider to correct a defect
[SING 05].

Related to missing task-orientation is the unavailability of context in
IDEs [DESM 06]. The current context is for instance the working set of
entities the developer is focusing on, that is, the entities relevant for the
current development task. This context also consists of distinct views
on these entities, such as open debugger or inspector views and type
hierarchies or source repository views. A working context is often just a
subset of all currently open views or windows in an IDE, as developers
usually do not regularly close windows unrelated to the current focus
of development [ROTH 09a]. Thus having an explicit and persistent rep-
resentation of a working context would help developers to keep and to
later on re-establish the focus on the task-at-hand [KERS 05].

We analyzed various development sessions [ROTH 09b] to receive an
impression of how seriously developers are hampered in practice by in-
formation overload in IDEs and their missing task-orientation or context
representation. In the first study, we recorded navigation and modifica-
tion activities from 20 distinct development sessions lasting for 30 minutes
and performed in Squeak Smalltalk [INGA 97] by twelve different devel-
opers working on small or medium-sized applications with not more than
100 classes. As indicators for navigation difficulties caused by information
overload, we consider the number of window switches (changing focus
from one window to another), the number of re-visits of source artifacts
purely for reading and understanding (without modification), and the
edit/navigation ratio (ratio of edit actions compared to navigation actions).
Table 1.1 shows for each indicator the results.
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Metric Eclipse  Squeak
Number of windows opened 35.84 25.74
Avg. number of open windows  16.68 14.29
Number of windows closed 10.35 12.96
Number of window switches 58.90 38.85

Table 1.2: Information overload caused by too many open windows in
the Eclipse and Smalltalk IDE.

The values obtained in this study for the various indicators confirm
the hypothesis that navigating the source space in an IDE is often diffi-
cult. Developers frequently have to switch between different windows;
opening views on the same source artifacts several times is also a frequent
incident, even in short development sessions lasting just half an hour.
Moreover, developers usually spend quite some time until they are able
to locate in a maintenance task the artifacts they actually want to modify
to correct a defect, as the low edit/navigation ratio shows. All these
figures demonstrate that in the particular sessions we studied, develop-
ers were probably overloaded with information as they were not able to
appropriately identify and focus on the artifacts of interest.

In a second study, we focus on another reason for information over-
load. Not only the multitude of source artifacts and their scatteredness,
but also the often huge number of windows opened during a develop-
ment session leads to a loss of overview. To study this phenomena we
recorded in Squeak and Eclipse the number of opened windows in total,
the average number of open windows (measured in intervals of five min-
utes), the number of windows closed, and again the number of window
switches. In this study we analyzed 22 development sessions lasting for
half an hour each and performed by six different developers. Table 1.2
reports on the findings of this study.

These numbers highlight the fact that developers usually open many
more windows than they close, thus the list of opened windows steadily
grows. Psychological research reports that human beings are capable to
cognitively handle seven plus or minus two distinct items at any given
time [MILL 56]. As the average number of open windows is more than
twice as high as seven, developers are not able to cognitively handle so
many open windows, thus they are likely to ultimately lose the overview
and their navigation efficiency is hampered. The high number of window
switches is an indication for lost overview and confusion resulting from
being overloaded with too many windows in the development workspace
[ROTH 09a].

Summary. Our analysis of overloaded, unorganized views on source
code in IDEs shows that this issue has several aspects and causes such as
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busy interfaces containing many options, buttons and icons, workspaces
with many open windows or tabs, or, most notably, the large amount of
source artifacts software systems typically encompass. Consequently, it is
difficult to gain an overview of a system, which has been confirmed by the
results of empirical studies of how developers use the IDE [ROTH 09b,
MURP 06]. A treatment for overloaded views could be the representation
of context and task-related entities, since this allows developers to focus
and a small subset of all system entities and thus considerably limits the
amount of information they have to deal with. However, conventional
IDEs do not represent working context or tasks.

Narrow focus on static source artifacts. As information about dynamic
relationships and collaborations between source artifacts such as classes or
methods is usually missing in most traditional IDEs, developers resort to
debuggers, profilers or static analyses to reason about runtime behavior of
software systems. However, the information revealed by debuggers and
similar tools is volatile and focuses on specific system executions, basically
the current call stack [POTH 07], thus failing to provide a comprehensive
view on the system’s dynamic collaboration patterns. The results of
static analyses are permanently accessible and independent of specific
executions, but are often imprecise and unspecific [ROUN 03, ROUN 04,
DMIT 04a]. Statically searching for methods invoked at a specific call site
in a huge system, for example, often yields many candidates, possibly
also unrelated candidates never invoked at runtime from this call site.

Both debuggers and static analysis tools are thus not always able to
identify conceptually related but statically distant artifacts. Debuggers do
not make such relationships explicit and static analysis does often not find
all relationships or relates entities that actually do not communicate with
each other at runtime [ROUN 03]. It is hence difficult to reveal statically
not visible and thus hidden dynamic collaboration between source artifacts
in an IDE [KO 04, DE A 08, DESM 06], in particular in dynamically-typed
languages where the static type of variables is unknown [ROTH 08a]. At
runtime, a class might communicate with classes not foreseeable in the
static source code [KO 04]. Analogously, determining and navigating
to all artifacts with which a given entity (such as a class) dynamically
communicates, is not easy in most IDEs [KO 04].

As information about runtime types of variables or about the receiver
types of message sends is important for the understanding of a method'’s
source code, the lack of dynamic information also leads to hard to understand
code [KO 04, WILD 92]. In Java, for instance, the use of interface or abstract
types obfuscates the concrete runtime types of variables and makes it
often hard to determine to which receiver types messages are sent at
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runtime [WILD 92]. Another problem that arises when looking just at
static source code is that the execution flow is hidden as the exact execution
path is determined just at runtime [TAEN 89, WILD 92], for instance due
to late binding [WILD 92]. If for instance a method executes branches of
code based on the specific types of a variable, it is crucial to know the
types to which this variable is bound during specific system executions
to understand the execution flow in this method [WILD 92].

Dynamic information is in particular relevant for the understanding
of higher-level artifacts such as software features [EISE 05]. On a feature-
level, the lack of dynamic information is usually more serious than on a lo-
cal source code level, because there is basically no static representation of
features in source code; features only exist at runtime [EISE 05, GREE 06].
Hence a developer is often at a loss to identify the static artifacts (classes,
methods, etc.) implementing a specific feature [WILD 95, EISE 03]. Also
the dynamic interplay of the static artifacts implementing a feature is not
visible in static source code, thus features are just implicitly represented in
code [JERD 96, EISE 03, GREE 06]. However, mapping features to source
artifacts and understanding how these artifacts interact, is crucial for
feature comprehension [EISE 03, EISE 05, GREE 06].

Summary. The narrow focus of IDEs on static software structure in
their perspectives has several negative consequences for developers: Con-
ceptually related source artifacts are spread over the entire software space.
Often their dynamic collaboration is not explicitly represented in IDEs, thus
developers cannot identify these artifacts as being related. Static source
code is often hard to understand, particularly in dynamic languages, when
no runtime information about types or message sending is available. The
intra- and inter-procedural execution flow is not made visible in IDEs and
is hence difficult to reconstruct for developers. The understanding of
software features is poorly supported by IDEs, since they do not represent
features as tangible entities of software and do not make explicit the source
elements implementing particular features.

These analyses of shortcomings and issues of conventional IDEs lead
us to the formulation of the subsequent problem statement and the re-
search question our work sets out to answer.

Problem statement. Being overloaded with often unorganized or unfocused
static information in software development environments (IDEs) on the one hand
and an unavailability of dynamic information on the other hand, renders program
comprehension and software maintenance difficult.
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Research question. How can we tackle the information overload in IDEs and
at the same time reasonably integrate dynamic information in the static source
perspectives?

1.1.3 Taxonomy of IDE Problems and Development Ac-
tivities

As most IDE problems and shortcomings affect developers only during
some activities, we elaborate in the following a taxonomy of development
activities and problems of IDEs by mapping them to each other based
on whether a specific problem affects the developer when performing a
specific activity.

For each development activity, we list all identified problems of IDEs
that are negatively impacting this specific activity. Figure 1.1 subsumes
the mapping of IDE problems to development activities. In the following,
we explain in detail these mappings depicted in Figure 1.1 by elaborating
for each development activity how a specific problem of IDEs makes it
difficult to perform this activity. Note that some development activities
directly correlate to problems of IDESs, such as missing support for quality
assessment.

Activity|

Feature

Artifact
usage

Runtime
interaction

Execution
pattern

Domain
concept
analysis

Feature Artifact | Dependency Quality

assessment

Problem ation

Information
overload X X

X

X

3| No overview

Overloaded
views

No context,
task support

Quality

| |assessment X X
support poor
Distributed
artifacts X X
Collaboration
hidden X X X

Execution
paths hidden
Imprecise
static source
code

perspectives and view:

Features
hidden in
code

Narrow focus on static source

Figure 1.1: Table of development activities and their problems developers
face when working on them in IDEs. A cell with an "X’ means that the
corresponding problem affects the corresponding activity, while a grayed
out cell means that there is no special influence of this problem on this
particular activity.
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Feature investigation. When developers investigate features to better
understand their implementation by, for instance, identifying the classes
used in a feature, the information overload in IDEs which leads to loss
of overview of the system seriously impedes the feature investigation
process. Since features as purely dynamic software artifacts are not ex-
plicitly represented in an IDE, it is hard to locate in which source artifacts
of a huge system they are implemented. Having an explicit and tangible
representation of features in IDEs mitigates this problem. When looking
at the implementation details of a feature, an explicit representation of
hidden collaborations between artifacts that are often spread over the
entire software space, could ease feature understanding.

Feature implementation. Developers implementing new features are
also struck by the missing overview in IDEs as this makes it difficult
to locate similar features as the one to be implemented, for instance to
reuse parts of an existing implementation. Support for task-oriented
programming, for instance by providing working sets of entities relevant
for related features, would be useful during the implementation of new
features. Of course, having an explicit feature representation in the IDE
would be particularly useful for feature implementation.

Artifact investigation. When developers are analyzing specific source
artifacts (e.g. classes or packages) and in particular the relationships
between these artifacts, information overload clearly hampers artifact
investigation. Typically, the IDE displays all classes in a package with-
out emphasizing which classes would be important for the developer to
focus on to gain an understanding for the package under investigation.
Similarly, it would be useful to see in the IDE how a package collaborates
dynamically with other, possibly distant artifacts. Gaining a low-level un-
derstanding of source artifacts is also difficult due to the lack of dynamic
information. For developers it is a challenge to comprehend the source of
a method in the absence of execution path and runtime type information.

Dependencies investigation. What holds for artifact investigation, is
also true for dependency investigation. Here in particular the availability
of dynamic information about collaboration between artifacts and execu-
tion paths in the IDE could be very useful. Additionally, having a better
overview of the entire system would make the identification of dependent
artifacts easier.

Runtime interaction investigation. Clearly, for the investigation of the
interaction between source artifacts, it would be useful to have any kind
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of dynamic information available in the IDE. The information overload
in IDEs, however, seriously hampers the process of identifying runtime
interaction patterns.

Artifact usage investigation. Assessing how and how often artifacts
are used by other elements in a system is usually part of system quality
assessment, thus better support for quality assessment is also beneficial
for artifact usage investigation, as is information about collaboration
patterns between artifacts and possibly also information about execution
paths.

Execution pattern investigation. To better support this development
activity in the IDE, it is very useful to have dynamic information revealing
the execution paths in and between source artifacts. Such information
should be encompassed with information about the dynamic collabora-
tion between distant artifacts.

Quality assessment. Besides not having direct and elaborated support
for quality assessment in the IDE, this activity also suffers from lack
of overview, which makes it difficult to identify problematic patterns
or parts of the code that seriously affect the system quality. Making
visible hidden collaborations could reveal communication patterns that
break encapsulation or that impose other quality problems such as an
unnecessarily tight coupling between two possibly distant artifacts.

Domain concept analysis. Higher level information such as an explicit
representation of features or support for a better overview of the system
directly in the IDE is useful to understand the domain concepts of a sys-
tem. The information overload problem developers suffer from in most
IDEs, however, makes domain concept analysis difficult to perform. The
lack of information about dynamic collaboration and the missing link
between artifacts that are conceptually related but statically distributed
over multiple packages also hampers the identification of certain domain
concepts in the software space. Of less interest but still useful is a rep-
resentation of context in the IDE, for instance developers could build
working sets representing the different domain concepts employed in a
system.

Throughout the chapters of this work, each presenting a different
approach to address different problems of IDEs, we always come back to
the taxonomy of IDE problems and development activities. This serves as
a roadmap for the entire dissertation.
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1.2 Proposal: Tackling Overloaded Views and
Integrating Dynamic Information in IDEs

We first introduce the thesis of this work and subsequently elaborate
on how we substantiate this thesis by presenting proposals aiming at
addressing the aforementioned problems.

We formulate our thesis as follows:

Thesis

To effectively use dynamic information for software maintenance
tasks, we first need to mitigate the information overload in the static
views of IDEs on source code, and subsequently augment these
existing and familiar views on the software structure with dynamic
information.

In the following two sections, we outline the approaches we imple-
mented to support our thesis. Initially, we present three approaches
that tackle the information overload problem. Based on the improve-
ment achieved by the first three approaches, we are then in a position
to propose four distinct contributions that address and tackle the issue
of missing dynamic information in IDEs. Some of the approaches we
describe actually address both of the above problems.

1.2.1 Mitigating Information Overload in IDEs

All three approaches alleviating the information overload problem of
IDEs have been implemented in the Smalltalk IDE (Squeak and Pharo)
and some are also available for the Eclipse Java IDE.

HeatMaps — A Navigational Aid. HeatMaps mitigate the negative im-
pact of information overload by highlighting relevant artifacts and thus
easing system navigation. For this, HeatMaps color relevant artifacts
(packages, classes, methods, etc.) in a software system with a heat color
from blue to red. The more red an artifact is colored, the more important
this artifact is considered to be for the developer. The importance value
is determined with various combinable metrics such as how often or
recent an artifact has been modified or navigated, how extensively it has
been modified, or by which developer it has been committed how often.
Importance is determined differently depending on the nature of the task
developers are performing.
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HeatMaps primarily mitigate the information overload in IDEs by help-
ing developers to focus in a large software space on the source artifacts
likely to be relevant. Furthermore, HeatMaps provide a quick overview of
the system as the coloring by relevancy allows developers to efficiently
identify interesting elements in a large software system. HeatMaps also
provide a form of context; if for instance the ‘recently modified” metric is
used to color artifacts, HeatMaps highlight the context of recent modifica-
tion, which is interesting when having to fix a recently introduced defect.
Eventually, HeatMaps also contribute to the problem of distant but related
artifacts. Such artifacts can be quickly identified as they often change in
tandem, thus HeatMaps color them red.

An implementation of HeatMaps is available for the Squeak and Pharo
Smalltalk IDE.

SmartGroups — Representing Context in IDEs. SmartGroups mitigate
the information overload by representing context in the IDE, thus allow-
ing developers to focus on a small part of the possibly huge software
space. There are three different kinds of smart groups: (i) manual smart
groups whose elements are added manually by the developer, (ii) smart
groups making search results permanently available, and (iii) automatic
smart groups whose elements are automatically categorized. SmartGroups
automatically categorize entities relevant for a particular type of task
(either defect correction, feature implementation, or general program
comprehension task) by exploiting recorded previous development activ-
ities, evolutionary information, and dynamic information. SmartGroups
use algorithms similar to those of HeatMaps to identify task-relevant
entities.

SmartGroups mitigate the information overload in IDEs as developers
can focus on the working sets and hence do not have to navigate the
entire, potentially large software space. Instead they just work in the
SmartGroups view which contains a fraction of the complete software
space. SmartGroups can represent dynamically related but statically dis-
tant entities, thus this approach also addresses the problem of hidden
collaborations between distant and distributed artifacts. SmartGroups
can even take into account dynamic information to, for example, auto-
matically build a smart group for each artifact used in a specific system
execution.

An implementation of SmartGroups is available for the Squeak and
Pharo Smalltalk IDE.
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AutumnLeaves — Reducing the Number of Open Windows. The third
approach, AutumnLeaves, provides “housekeeping services” for the IDE
workspace by automatically identifying and removing unused open win-
dows or tabs in a development environment. Typically, developers open
many, possibly unrelated windows or tabs in an IDE even during short
development sessions. These open views then clutter and overload the
workspace, causing the developer to lose the overview. AutumnLeaves
continuously analyzes all open windows and computes based on their
content the relationships between them. If a window seems unrelated to
most or all other open windows, that is, to the current focus of the devel-
oper, AutumnLeaves suggests to close this particular window. The degree
of “unrelatedness” to the prevailing development focus is continually
displayed for each window.

As AutumnLeaves reduces the number of open views (windows or
tabs) in an IDE, this approach improves the overview in the IDE and thus
also mitigates the information overload as developers have to deal with
fewer open windows or tabs.

AutumnLeaves is available for the Squeak and Pharo Smalltalk IDE and
also for the Eclipse Java IDE.

1.2.2 Enhancing IDEs with Dynamic Information

We contribute four distinct techniques to integrate dynamic information
in different ways into development environments. The four approaches
presented in the following address the previously identified problems
caused by lack of dynamic information (cf. Section 1.1.2).

Hermion — Extending Source Code Perspectives with Dynamic Infor-
mation. Hermion augments the understanding of static source code by
embedding dynamic information in the source code views. Hermion fo-
cuses on dynamically typed languages such as Smalltalk and particularly
exploits dynamic information like runtime types of variables, receiver
and argument types of message sends, or callers of a particular method.
This information is integrated in the standard source code perspectives
of the IDE by using tooltips that appear when holding the cursor over a
piece of code (e.g. a variable) or by placing small, clickable icons next to
the code statements in source code to trigger popup windows showing
dynamic information. Additionally, developers can use the presented
dynamic information for navigation, for instance to navigate to the meth-
ods invoked at runtime at a particular call site in a method’s source code.
Furthermore, next to each method and class, Hermion displays a list of all
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types that have been used or referenced in this entity during a system’s
recorded execution(s).

Thus Hermion mostly addresses the problem of difficult to understand
static source code and execution paths in this code; particularly in dy-
namic languages where variables have no statically defined type, the
availability of type information in the static source views is very use-
ful. Furthermore, Hermion makes collaboration between artifacts more
tangible and accordingly helps developers locating distributed artifacts.

Hermion is available for the Squeak Smalltalk IDE.

Senseo — Augmenting Static Source Perspectives of IDEs with Dy-
namic Information. Senseo aims at increasing the understanding of
dynamic collaboration between distributed static source artifacts. For
this purpose, Senseo offers a collaboration view for each artifact to reveal
all system artifacts that use or are used by this artifact (“callers” and
“callees”, respectively). Senseo also enriches the source code views with
information about types of variables and receiver or argument types of
message sends. Additionally, it reports on how often artifacts are used
in specific system executions, how many objects have been created in a
method or class, or how many bytecode instructions have been executed
by particular entities (methods, classes, packages).

Senseo mainly tackles the problem of hidden collaboration between
distant source artifacts by making such collaboration explicit. Moreover,
Senseo helps developers to understand executions paths and static source
code. Eventually, Senseo also addresses the information overload issue
by providing an overview of the entire system with respect to specific
dynamic metrics. The collaboration view, for instance, improves the
overview of the system by revealing collaborations between entire pack-
ages.

Senseo is available for the Eclipse Java IDE.

CollView — Representing Dynamic Collaboration in IDEs. CollView
explicitly represents dynamic collaboration between source artifacts in
the IDE by providing visualizations of collaboration patterns. There are
three different kinds of collaborations visualized by CollView, namely
collaboration between packages, classes, and methods. For each of these
three types of artifacts, we display next to a particular artifact the corre-
sponding collaboration view. For packages and classes, the visualization
focuses on the artifact (class or package) of interest and then draws edges
to all artifacts with which the selected artifact collaborates (callers and
callees). The more collaboration between two artifacts occurs at run-
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time (measured by number of method invocations between them in the
recorded system execution), the closer they are displayed and the thicker
the line between them. For method collaboration, we opted for a similar
layout as used in the UML sequence diagram. CollView particularly ad-
dresses a limitation of Senseo, namely that Senseo’s collaboration view is
rather difficult to use for navigation and provides just a limited overview
of the collaboration patterns.

CollView primarily aims at making collaboration between remote and
distributed artifacts visible. Additionally, CollView also supports devel-
opers in better understanding execution paths and static source code,
in particular thanks to the visualization of collaboration patterns on the
method level. Similarly to the collaboration view in Senseo, CollView
also contributes to a better overview of the system, particularly with the
package collaboration view.

CollView is available for the Squeak and Pharo Smalltalk IDE.

FeatureEnv — Visualizing Software Features in IDEs. FeatureEnv ex-
plicitly represents entire software features in the IDE. For this, FeatureEnv
visualizes all artifacts used in one or several features. To reveal these
used artifacts, the developer runs the system and executes the features
of interest while the enhanced IDE analyzes the system execution. In
FeatureEnv, we visually compare several features to each other, because
such a comparison is often useful to detect anomalies (e.g. bugs) in a
specific feature. This comparison also improves feature comprehension
by relating one feature to other, similar features. A single feature can be
visualized as an interactive method call tree to study the implementation
of this particular feature. Furthermore, FeatureEnv provides an adapted
version of the code browser highlighting all entities used in the feature to
visually separate them from other system entities.

FeatureEnv mainly addresses the problem of not having an explicit
feature representation in IDEs, but also aids developers in locating hidden
collaboration between distant and distributed artifacts by connecting such
artifacts in the feature visualizations.

FeatureEnv is available for the Squeak Smalltalk IDE.

1.2.3 Summary

To summarize this section, we enhance Figure 1.1 by also indicating
which of the previously mentioned seven approaches address which IDE
problem. By doing so, we also indicate which approach contributes to
which development activity. For instance, Senseo mostly contributes to
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activities such as feature investigation or implementation, dependency
investigation, runtime interaction investigation, or execution pattern
investigation. Figure 1.2 shows the mapping of development activities to
IDE problems and indicates which of our approaches address a particular
problem. An X’ in this mapping indicates that we do not contribute a
cure for a specific problem.
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1.3 Contributions

This work aims at mitigating the two main problems of traditional IDEs,
namely information overload and the unavailability of dynamic informa-
tion, and their subsequent sub-problems. The following contributions of
this work pursue this goal:

1.

HeatMaps [ROTH 09¢] highlight in the Squeak or Pharo Smalltalk
IDE entities relevant for specific software maintenance tasks. Be-
sides the approach itself, we also contribute a validation of this
approach by applying it to recorded data sets of navigation and
modification activities performed by developers in several software
systems. We refer to this kind of validation as benchmark validation.

SmartGroups [ROTH 09b] automatically represent in the Squeak
or Pharo Smalltalk IDE working context, that is, groups of task-
relevant source entities. We validated SmartGroups with a bench-
mark validation similar to the one performed for HeatMaps.

AutumnLeaves [ROTH 09a] provides “housekeeping” services in the
Squeak or Pharo Smalltalk IDE and in the Eclipse Java IDE by auto-
matically identifying and closing unused views (windows or tabs)
in the IDE workspace. We contribute a benchmark validation ac-
companied with practical user feedback to evaluate AutumnLeaves.

Hermion [ROTH 08a, ROTH 08b] augments the understanding of
static source code by embedding directly in the static source per-
spectives of the Squeak and Pharo Smalltalk IDE various kinds of
dynamic information, such as receiver and argument types of mes-
sage sends or runtime types of variables. We validated Hermion with
a user study to gather qualitative feedback about its practicability
and usefulness.

Senseo [ROTH 09d, ROTH 09¢] increases the understanding of dy-
namic relationships between distributed static source artifacts in the
Eclipse Java IDE by integrating a collaboration view linking these
conceptually related artifacts together. Besides the approach, we
contribute a comprehensive validation of Senseo by means of a con-
trolled empirical experiment with 30 industrial software developers
that solved typical software maintenance tasks. This experiment
reveals a statistically significant improvement of correctness and re-
duction of time spent solving the tasks when using Senseo compared
to just relying on the traditional Eclipse IDE.
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6. CollView [ROTH 08c] visualizes in the Squeak Smalltalk IDE dy-
namic relationships between packages, classes, and methods to
make hidden collaboration and execution patterns between dis-
tributed artifacts visible. We informally validated CollView by con-
ducting interviews with developers.

7. FeatureEnv [ROTH 07a, ROTH 07b] visually presents software fea-
tures in the Squeak Smalltalk IDE to improve feature comprehension
and maintenance. We validated FeatureEnv by conducting a con-
trolled empirical experiment with twelve developers that corrected
two different defects in a large, unfamiliar software system, one
with the FeatureEnv and one with the traditional Smalltalk IDE.
We were able to measure a statistically significant improvement of
defect correction time when using the FeatureEnv.

8. Additionally, we contribute several minor extensions and enhance-
ments to IDEs such as the integration of visualizations [ROTH 07c]
(for instance, class blueprints enhanced with dynamic metrics). Fur-
thermore, we contribute a comprehensive analysis and taxonomy
of the major shortcomings, problems, and issues of traditional IDEs
that hinder developers when working on software maintenance
tasks. We map these shortcomings or problems to typical devel-
opment activities to understand which problems of IDEs hamper
developers during which kind of development activities.

1.4 Structure of the Dissertation

This dissertation is subdivided into three parts: The first part discusses
our approaches addressing information overload, missing overview, and
missing representation of context in IDEs. The second part covers our
proposals integrating and exploiting dynamic information in IDEs. Fi-
nally, we conclude our work in the third part. Directly after this chapter
in this introductory part of the dissertation, we elaborate in Chapter 2
the state of the art concerning research on development environments,
program analysis, and software visualization.

Part I: Mitigating Information Overload in IDEs. The first part starts
in Chapter 3 by introducing the HeatMaps approach which highlights
source artifacts in IDEs according to their degree of interest for the current
task the developer is performing.

Chapter 4 presents SmartGroups which support the manual and auto-
matic categorization of source artifacts.
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Chapter 5 presents AutumnLeaves, which automatically identifies in
the IDE open windows or tabs that are not anymore relevant for the
current development task and thus should be closed.

Finally, we conclude this first part in Chapter 6 by discussing and
comparing the three presented proposals and by briefly introducing other
techniques we developed to mitigate the information overload in IDEs.

Part II: Exploiting Dynamic Information in IDEs. Chapter 7 begins the
second part with introducing Hermion, an enhancement to the Smalltalk
IDE integrating dynamic information such as variable or argument types
in source code views.

Chapter 8 discusses Senseo, an approach to augment the IDE with dy-
namic collaboration information by, for instance, displaying all dynamic
callers or callees of a given source artifact.

Chapter 9 presents CollView, an approach to explicitly represent and
exploit dynamic collaboration between source artifacts by visualizing the
communication patterns between packages, classes, or methods.

Chapter 10 introduces FeatureEnv, an extension to the IDE which
allows developers to visualize features to compare them to each other or
to study their internal implementation.

Chapter 11 concludes the second part by critically comparing and
evaluating each of the four presented approaches.

Part III: Conclusions. In Chapter 12 we conclude the dissertation with
regard to whether we were able to positively answer the research question
of this work. As we do not claim to have solved all issues of development
environments, we also thoroughly analyze in Chapter 13 the perspectives
and challenges still remaining to further improve the support for software
maintenance activities in development environments.






Chapter 2

State of the Art

In this chapter we present the state of the art in research about develop-
ment environments, software analysis (in particular dynamic analysis),
and software visualization. We hereby focus on works related to the vari-
ous approaches introduced in Chapter 1, and to be thoroughly discussed
in subsequent chapters. The main focus is on related work in the area
of development environments; we discuss proposals and enhancements
to IDEs applying program analysis, source history analysis, and devel-
opment activity analysis. We also report on debugging, profiling, and
querying tools integrated in IDEs.

2.1 Development Environments

We structure our discussion of related work around the techniques used
to better support program comprehension and software maintenance
in IDEs. We identified three principal analysis techniques exploited by
different approaches to provide developers with helpful additional in-
formation in IDEs: (i) program analysis, that is, analyzing structure and
behavior of software systems to extract information useful for program
understanding, (ii) source history analysis which explores the history
of the software system (for instance, by mining software repositories)
to find interesting patterns such as source artifacts changed in tandem,
and (iii) developer activity analysis where navigation or modification
actions performed by developers in the IDE are recorded and analyzed,
for instance to discover entities likely to be related as they have frequently
been navigated together. Some approaches use a combination of these
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three analysis techniques. We discuss such approaches in the category
we think they best fit. Other approaches only loosely employ an analysis
technique but rather improve the presentation of the static source code in
the IDE.

Apart from these approaches extending the IDE based on different
analysis concepts and data sources, we also discuss techniques such
as debuggers, profilers, and querying and exploration tools that often
use a combination of different data sources and corresponding analyses
to augment the IDE with information helping developers in program
comprehension.

2.1.1 Program Analysis and Sophisticated Information
Presentation

Traditional IDEs provide source perspectives showing purely static infor-
mation about a software system. The hierarchical relationships of source
artifacts (for instance, based on packages containing classes containing
methods) are represented with tree views such as the package tree in
Eclipse or the column-based system browser in Smalltalk in which each
column represents one level of the static hierarchy of a software system
(usually the package, class, method protocol, and method level). Such
column-based browsers often just support the viewing and editing of one
single element (e.g. a method) at a time. Editing a source element puts the
entire browser in a mode which cannot be left without either saving the
changes done in the edit mode, or discarding these changes. This problem
is addressed by extensions supporting tabbed browsing where several
views (i.e. tabs) on source elements can be opened in the same browser
instance. While one or several tabs are in edit mode, developers can still
navigate the source space using other tabs. Another approach to solve this
“edit mode” problem is contributed by Hopscotch [BYKO 08] (discussed
below in detail) which offers a modeless environment for manipulating
source code.

Many IDEs also provide additional tools other than a tree- or column-
based package browser, for instance a type or call hierarchy view, a call
graph browser (e.g. the Source Navigator IDE!), or advanced search
facilities. All these tools, browsers, perspectives, or views available in
IDEs have in common that they purely exploit the static structure of
software systems.

However, there are several techniques that extend or complement
these simple views on static software structure. Furthermore, a few tech-

Lhttp://sources.redhat.com/sourcenav
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niques also exploit dynamic information to extend the source perspectives.
We present some of these approaches in the following.

Seesoft [EICK 92] is a software visualization system that eases software
analysis by mapping each line of code to a colored row. The color indicates
an interest metric using a heat map approach: red lines are for instance
most recently changed lines and blue lines least recently changed (see
Figure 2.1). Seesoft explores different data sources, namely static or
dynamic analysis (mainly profiling), but also version control information
such as age or author(s) of source artifacts.
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Figure 2.1: Seesoft colors source code lines in a heat gradient to draw a
developer’s attention to important lines.

Seesoft tackles the information overload problem in IDEs by visually
highlighting source code lines that are likely to be of interest to the devel-
oper. Instead of having to read all source lines of a method, the developer
quickly spots interesting lines due to the coloring applied by Seesoft.
Hence the developer has to deal with less information, as the important
information can be more quickly identified. Similarly, Seesoft also tries
to improve the overview of a system. However, as this approach focuses
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on single lines of code, it might help developers to more quickly gain an
overview of a single method, but as systems encompass many thousand
methods that are usually rather small, Seesoft is not able to provide an
overview of a typical object-oriented system. Seesoft has its origin in
procedural programming where functions typically consist of many more
lines of code than methods in object-oriented applications. Accordingly,
the reduction of information overload contributed by Seesoft is limited to
single methods. Seesoft does not reduce the amount of source artifacts
developers have to deal with while maintaining object-oriented software
systems. Figure 2.2 summarizes the IDE problems addressed by Seesoft.

Problem No Quality e _ q Imprecise
tackled | Information No context, | assessment .D'St Coll§ Execution static Fe_atures
overload | overview task support rlb_uted bo_ratlon Qaths source hidden
artifacts | hidden hidden
support poor code

Approach in code

Only on Only on
Seesoft source code | source
level code level

Figure 2.2: Seesoft tackles the information overload and the missing
overview in IDEs, but only on a source code level.

Microprints [DUCA 05a] are pixel-based character-to-pixel representa-
tions of methods enriched with semantic information mapped to specific
colors (for instance, local variables are colored purple, return statements
red) . Contrary to Seesoft [EICK 92], Microprints provide object-oriented
specific information and visualize method semantics such as state access,
control flow, or invocation relationships [DUCA 05a]. Microprints appear
next to the method source code in the VisualWorks Smalltalk IDE as
shown in Figure 2.3.

Microprints aim at allowing developers to quickly spot patterns, such
as whether a method relies on superclass behavior, by mapping distinct
colors to different types of message sends, e.g. messages sent to super
are colored in orange. Variables or control statements are also mapped
to distinct colors. Thus Microprints improve the overview of methods
and entire classes as Microprints of all methods can be displayed in a row
to better understand the interaction of a class with other classes in the
hierarchy. Additionally, Microprints also tackle the information overload
by saving developers from the need to read the source code line by line to
identify patterns in methods, for instance to compare the implementation
of two methods. As Microprints just statically exploit source code and
method invocations relationships but not behavioral information, they
do not improve the understanding of execution flow or static source code,
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Figure 2.3: Microprints appearing next to the method source code in the
VisualWorks Smalltalk IDE.

they just make the static information easier and faster to grasp. Figure 2.4
summarizes the IDE problems mitigated by Microprints.

Problem No Quality . " Imprecise
5 Dist- Colla- | Execution N Features
it I";::ﬂ:::n ove’:eiew cot:tsel:( 5 asss:ssl:retnt ributed boration paths ss‘:'::::ce hidden in
Approach support p’;‘:" artifacts hidden hidden prare code
Only on Only on

method and | method and
single class | single class
level level

Microprints

Figure 2.4: Microprints mitigate the problem of information overload and
missing overview in IDEs, but only on a method and single class level.

Fluid source code views [DESM 06] can embed related code (for in-
stance an invoked method) directly in the current source code editor of
Eclipse (see Figure 2.5). Developers can choose to view related code in the
same source view by clicking on an expanded icon next to method invoca-
tion declarations in a method. The embedded remote code is not editable
and appears colored to indicate that it is supplemental to the primary
document [DESM 06]. It is possible to also extend method invocations
in the embedded method definitions to view entire method invocation
chains in the source editor [DESM 06]. Fluid source views recognize the
separated but linked nature of source artifacts and support developers



28 State of the Art

in studying invoked code without having to navigate and thus change
context. However, fluid source code views statically link separated source
artifacts together and may thus identify wrong or unrelated candidate
methods at polymorphic call sites. Not being able to modify the embed-
ded source code we consider as a serious drawback. The ability to directly
edit a related method at the place where it is invoked would be a very
handy extension of the currently read-only fluid source code views.

worker.initialize (getNextTask()
." U
* Retrieve the next scheduled task

private Task getNextTask() {

Task task = deQueueNextTaski():
checkTask (task) :
return task;

HH

Figure 2.5: Fluid source code views inlining the method definition of the
invoked method getNextTask() in Eclipse’s source editor.

Fluid source code views aim at addressing the problem of having to
maintain distributed artifacts, but these views only exploit static infor-
mation, thus they cannot precisely link artifacts to each other in all cases.
Higher level elements such as classes or packages are not considered,
just methods are linked. The communication between linked elements is
not hidden or implicit, instead it is clearly stated in source code. How-
ever, these views make it easier for the developer to look at the source
code of remote methods, such as methods invoked by the currently se-
lected method. Thus, fluid source code views also contribute to a better
overview of the system and reduce the number of context switches and
hence also of windows opened by developers, therefore reducing the
information overload. Figure 2.6 subsumes the IDE problems mitigated
by fluid source code views.

Hopscotch [BYKO 08] is the development environment of Newspeak,
a programming language descended from Smalltalk and Self. In Hop-
scotch’s source view, classes are initially shown as headers that can be
expanded to see all defined methods or instance variables. Methods ap-
pear collapsed at first, but can be expanded to view and edit their code
(see Figure 2.7). The Hopscotch editor provides a better overview than
a flat file editor as developers can have an overview of all (collapsed)
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Problem No Quality T - q Imprecise
tackled | Information No context, | assessment .D'Sl Collq Execution static Fefa\tures
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Figure 2.6: Fluid source code views aims at improving the information
overload, the overview, and the access to distributed artifacts.

methods of a class and just dive in the source of those that are interesting
for the current task. As several classes are shown in the same editor view,
switching from a method of one class to a method of another is usually
fast. Hyperlinks to quickly see all statically computed callers or callees
of a method are also available. Inspired by web browsers, Hopscotch
also provides back and forward buttons, for instance to come back to
previously selected source artifacts when having navigated away to other
classes or to callers of a particular method.

Hopscotch particularly tackles the problem of having too many modes
in an IDE, for instance an edit mode that cannot be left without saving the
changes. In Hopscotch, navigating away from an element with unsaved
changes and coming back to these changes is always possible. However,
we are skeptical whether the Hopscotch views improve the overview of a
system. Being able to navigate several classes and their methods in the
same editor usually leads to a huge editor view which must be scrolled
all the time. Of course, open method definitions can be easily collapsed
to make the view more compact, but the constant need to expand and
collapse the view is cumbersome. While hyper-linking statically related
source artifacts is certainly useful to ease navigation, it neither provides
more overview or focus nor does it reduce the information overload. The
Hopscotch IDE is an interesting improvement of the Smalltalk column-
based IDE, but besides mechanisms to expand or collapse source elements,
it does not deliver new ideas for tree- and file-based IDEs such as Eclipse,
which does not suffer from the mode-related problems of the Smalltalk
IDE that Hopscotch addresses. Ultimately, Hopscotch does not tackle any
of the IDE problems identified in Section 1.1.2.

CodeSonar [RECH 07] automatically detects and visualizes quality de-
fects in object-oriented software systems and is implemented as an Eclipse
plugin. CodeSonar reasons about different types of static relations be-

tween source artifacts such as “extends”, “is_type_of”, or “return_type”
to discover quality defects such as high coupling between classes. CodeS-
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Figure 2.7: Hopscotch’s expandable and collapsable source editor view
showing several classes and their methods.

onar presents quality defects in navigable graphs visualizing classes as
nodes and the aforementioned relations as edges.
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Figure 2.8: CodeSonar specifically addresses the problem of not having
support for quality assessment in IDEs and also improves the overview
of class relationships in software systems.

CodeSonar mainly addresses the problem of missing support for qual-
ity assessment in IDEs and provides with its graphs limited support for
gaining an overview of a system (cf. Figure 2.8).

Summary. We note the following commonalities between our work and
the related work enhancing IDEs by means of program analysis and a
more sophisticated information presentation:

o Embedding information in familiar source views. Most presented related
work (Seesoft [EICK 92], Microprints [DUCA 05a], Fluid source code
views [DESM 06]) seamlessly embed additional information in the
existing, familiar IDE perspectives, which makes it easier for de-
velopers to learn and use these tools and techniques in their daily
work. In all our work, we also aim at embedding our new tools
and techniques deeply in the existing IDE views and perspectives.
Our proposals, however, exploit more information than the tools
presented in this section, for instance also development activity,
historical, or runtime information.

¢ Heat coloring. Seesoft [EICK 92] and to some degree also Microprints
[Duca 05a] use a heat coloring metaphor to highlight important
artifacts to draw a developer’s attention to them. We follow the
same idea in HeatMaps and also Senseo.

* Linking related artifacts. Fluid source code views [DESM 06] link
artifacts statically related to the currently selected artifact to improve
system understanding by connecting conceptually related parts of
the software space. Hermion, Senseo, and CollView also link related
elements, however, they dynamically analyze the system to discover
these links.
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2.1.2 Source History Analysis

Other approaches mine software repositories to identify entities related
or coupled, for instance by exploring how source artifacts frequently
changed together in the past. Mining the source history can reveal re-
lationships between source artifacts that are visible neither in the static
software structure nor in its dynamic behavior such as dependencies
between source elements and configuration files.

Shirabad et al. [SHIR 03] use information about artifacts with common
change patterns to recommend developers to also change the related enti-
ties when working on an artifact. This approach works at the granularity
of files. Thus it cannot directly relate source artifacts such as classes or
even methods to each other. However, to achieve our goal of identifying
dynamic communication between source elements, we need to cover
packages, classes, interfaces, or methods, in particular when dealing with
non-file based languages such as Smalltalk. The approach of Shirabad
et al. [SHIR 03] is promising, though, as it exploits both evolutionary
information from software configuration management (SCM) systems
and information from bug tracking systems. Co-update relations between
artifacts, that is, artifacts that need to change together, are determined
using machine learning techniques. This proposal is not accompanied
with a tool integrated in an IDE, thus it does per se not solve any IDE
problem. Furthermore, the quality of the co-update recommendations
is highly dependent on the SCM system used [SHIR 03], thus we cannot
exploit this approach in our work as we want to be independent of any
SCM system.

Ying et al. [YING 04] propose an approach to mining change history
by identifying dependencies between source elements. This approach
complements static and dynamic analysis which cannot always identify
all code relevant for a change, in particular for software systems using
multiple programming languages. This proposal differs from the work
of Shirabad et al. [SHIR 03] as it only relates source artifacts that changed
together repeatedly, which improves the correctness of the recommenda-
tions [YING 04]. This approach, however, is also not integrated in an IDE
and works at the granularity of files, too.

ROSE [Z1MM 04a] is very similar to the approach of Ying et al.
[YING 04] and basically just differs in the mining algorithm used. While
the ROSE approach uses association rule mining [ZIMM 04a], Ying et al.
[YING 04] opted for frequent pattern mining. The predictability of the rec-
ommendations measured in precision and recall of the two approaches is
similar [YING 04]. ROSE is available as an Eclipse plugin (cf. Figure 2.9).
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Figure 2.9: ROSE’s suggestion view (lower right) integrated into Eclipse.

Hipikat [CUBR 03] recommends artifacts that are relevant for a spe-
cific task by exploiting different sources of information, namely the bug
database as well as the source repository of the project, and even emails
from newsgroups or other message archives are analyzed. Hipikat is avail-
able as an Eclipse plugin (cf. Figure 2.10) which particularly supports
developers unfamiliar with a software system in learning from the im-
plicit “project memory” stored in the system’s change history [CUBR 03].
However, Hipikat requires a similar task to have been performed on a
system in the past to provide specific recommendations of relevant arti-
facts for the current task-at-hand [CUBR 03]. Furthermore, an important
prerequisite for Hipikat is a formal textual definition of the modification
task (e.g. in Bugzilla) [CUBR 03]. From this definition, Hipikat starts to
query the different data sources for similar tasks to suggest to developers
what source element might be of interest for the task-at-hand. However,
in practice there are often no formal definitions of tasks available, and
past tasks might not be similar or not be specified accurately enough to
be able to relate them to current tasks. The requirements Hipikat imposes
on the source and change history and the task management are too severe
for our goals.
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performed task as specified in a task report.

The IDE problems addressed by the four presented mining source
history approaches [SHIR 03, YING 04, ZIMM 04a, CUBR 03] are presented
in Figure 2.11. Note that only ROSE and Hipikat have actually been
implemented as IDE enhancements. The other approaches could probably
be integrated easily into an IDE such as Eclipse.
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Figure 2.11: ROSE, Hipikat, and other mining approaches tackle the prob-
lem of related but distributed artifacts whose collaboration is hidden in
IDEs. Furthermore, they also mitigate the information overload problem
as related artifacts can be easily navigated using the recommendation
lists.

Other researchers such as Xie et al. [XIE 06] show a complete picture
of evolutionary data extracted from software repositories to augment
the understanding of a system’s evolution, but these visualizations are
usually very large and outside of the IDE and thus of limited use while
working with the static system structure.

Summary. The following commonalities exist between the related work
enhancing IDEs by means of source history analysis and our own work:

e Exploiting evolutionary information. ROSE [ZIMM 04a], Hipikat
[CUBR 03], and other previously presented proposals discovered
the usefulness of evolutionary information to recommend artifacts
developers should consider to study in order to perform a certain
task. We also take evolutionary information into account in our
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work on HeatMaps and SmartGroups, but combine this information
with other sources of information such as development activity or
dynamic information to achieve better results.

® Recommending relevant entities. These related proposals also give evi-
dence that recommending relevant entities indeed helps developers
to better understand a system or to more efficiently accomplish soft-
ware maintenance tasks. Thus, we adopt this idea in SmartGroups
by categorizing entities that are likely to be relevant for the current
software maintenance task.

2.1.3 Developer Activity Analysis

Other techniques analyze development activities (usually investigation
(navigation) and modification actions performed in the IDE) instead of
mining software repositories to identify relations between source artifacts.

FEAT [RoOBI03a] applies a concern graph to visualize scattered but con-
ceptually related code elements together in order to identify and navigate
elements relevant for a particular concern. Recent versions of FEAT are
able to automatically infer the source entities related to particular concerns
[ROBI 03b]. Robillard et al. define a concern as “anything a stakeholder
may want to consider as a conceptual unit, including features, nonfunc-
tional requirements, and design idioms” [ROBI 07]. Usually the source
code implementing a concern is not encapsulated in a single source entity,
but is instead scattered over the entire system [ROBI 07]. To determine the
entities participating in a concern, FEAT analyzes system investigation
activities performed by the developer in the IDE [ROBI 03b]. FEAT is
able to identify relevant concerns from a transcript of investigation activi-
ties with a manageable level of noise [ROBI 03b]. The resulting concern
graph presented in the FEAT Eclipse plugin (see Figure 2.12) supports
developers performing maintenance tasks involving identified concerns
[ROBI 03b].

From the IDE problems identified in Section 1.1.2 FEAT primarily
addresses the lack of overview in IDEs and the fact that artifacts rele-
vant for a concern are distributed over the entire source space. FEAT
also mitigates the problem of information overload, hidden collabora-
tions, and missing representation of features in IDEs. However, as FEAT
does not exploit dynamic information, the last two problems are only
loosely addressed, basically when developers have navigated the system
in the past in such a way that they came across artifacts whose collabo-
ration is only dynamically visible or that participate in the same feature.
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Figure 2.12: A concern representation in FEAT integrated in Eclipse.

Otherwise such collaboration is not made explicit by FEAT. As the au-
thors report, FEAT’s concern identification algorithm is in general heavily
dependent on how organized the analyzed investigation activities are
[RoBI 03b, ROBI 07]. Disorganized investigation sessions yield vague,
incomplete and often useless concern graphs [ROBI 03b]. Thus the FEAT
approach is not very robust and not decently usable when only having
available development sessions from developers unfamiliar with the sys-
tem under study. Furthermore, the FEAT approach requires developers
to manually validate the proposed concerns by rejecting false positives,
that is, concerns wrongly identified. Figure 2.13 lists the IDE problems
partially addressed by FEAT.

NavTracks [SING 05] exploits navigation history to recommend files
related to the file the developer is currently looking at. Next to a source
file, NavTracks shows in Eclipse a view listing related files, as shown
in Figure 2.14. This related files list is ranked by the recency of naviga-
tion; the higher in the list the more recently this file has been navigated.
This approach works at the granularity of files, hence does not take into
account specific methods or classes.
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Figure 2.13: FEAT tackles the problems of missing overview and informa-
tion overload. If recorded navigation activities are accurate, FEAT can
reveal hidden dependencies between distributed source artifacts relevant
for specific features.
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Figure 2.14: NavTracks’ related files view integrated in Eclipse.

Similar to FEAT, NavTracks also tackles the problems of distributed
artifacts and hidden dependencies between them that are not easily dis-
coverable and navigable in IDEs. Additionally, NavTracks also mitigates
information overload as developers can directly navigate related arti-
facts by consulting the recommendation list appearing for each selected
source element. This often saves developers from having to search in the
large software space for related artifacts. The IDE problems addressed by
NavTracks are listed in Figure 2.15.

However, we question the quality of the recommendation list Nav-
Tracks provides. NavTracks only takes into account one single data source,
namely the recency of browsing in the navigation history, to assess the
relatedness of artifacts. Other sources or even combinations of different
sources, such as combining frequency and recency of modification and
navigation of entities, could lead to much better results. Hence it is ques-
tionable whether NavTracks is able to correctly identify related artifacts.
As for FEAT, the performance of NavTracks is also highly dependent on
the quality and nature of the recorded navigation history, thus a correct
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Figure 2.15: NavTracks mitigates the information overload problem as
related entities can be quickly navigated with the recommendation list,
which also contains distributed artifacts whose collaboration is otherwise
not explicit in the IDE.

identification of dynamic dependencies between distant source artifacts
is certainly not possible in all cases.

Furthermore, a recommendation list helps little to obtain an overview
of the whole system; the developer just sees a list of artifacts possibly
related to a specific artifact, but does not see all interesting entities in
a “big picture” view. These recommendations are always relative to a
selected artifact, that is, dependent on what the developer has currently
selected, thus it is not easy to identify all artifacts related for a given
task. The model of NavTracks does not consider the notion of tasks, thus
related entities are recommended independently of a particular context,
task, or concern. The exchange or the exploration of data sources recorded
by different developers is also not supported with NavTracks as its model
is built on the client side in this specific environment.

NavTracks has only been evaluated by analyzing the recorded navi-
gation activities of three developers. The correctness of NavTracks was
determined by checking whether the file browsed next in the recorded
history appeared in the recommendation list (hit) or not (miss). Correct-
ness equals to number of hits divided by number of navigation events
(hits plus misses). The average correctness for all three developers was
below 30%. We consider this evaluation to be rather weak as the variance
between the three developers was high, thus the number of testimoni-
als should be much higher to achieve a certain degree of power and
significance.

Team Tracks [DELI 05a] follows a similar approach as NavTracks, but
also exploits the code navigation patterns of team members to relate
source elements, thus fixing the issue of NavTracks not being able to
explore navigation data from more than one developer. Besides provid-
ing a list of related artifacts when viewing a particular source element,
Team Tracks also provides a favorite class view which hides classes less
frequently navigated by all team members. DeLine et al. [DELI 05a]
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claim that sharing team navigation data can further improve the qual-
ity of the related item lists and thus eventually better improve program
comprehension.

Concerning the advantages and shortcomings of Team Tracks, in par-
ticular of its related item view, the same arguments hold as mentioned
for NavTracks.

Mylyn (formerly known as Mylar) [KERS 05, KERS 06] computes a
degree-of-interest value for each source artifact based on the historical
selection or modification of the artifact. The background color of the
artifacts highlights their relative degree-of-interest in the context of the
current task — interesting entities are assigned a “hot” color. In Mylyn
the information used to compute the interest value is relatively simple:
selecting and editing an artifact increases the interest; if no further event
occurs the interest decreases over time. Mylyn has been validated by
means of a field study [KERS 06] in which 16 subjects provided decent
longitudinal data that could be analyzed. The results showed that Mylyn
significantly improves the edit ratio, that is, the ratio between number of
modification and navigation activities. Thus, when using Mylyn develop-
ers perform fewer navigation actions to locate the entities to be modified
to, for instance, correct a defect.

Mylyn addresses basically the same IDE problems as NavTracks, that
is, information overload and scattered, distributed artifacts with hidden
collaboration between them (see Figure 2.17). Additionally, Mylyn also
provides a representation of context by highlighting task-relevant source
entities, and can even represent features if the recorded development
activities allow for their appropriate identification. Highlighting of rele-
vant source artifacts also enhances the overview of the system, at least for
particular tasks represented with Mylyn.

The degree-of-interest model contributed by Mylyn is likely to yield
more precise and accurate results concerning the identification of related
entities than NavTracks’ algorithms. However, developers cannot influ-
ence how the interest value is computed as the algorithms are fixed. The
interest in an artifact is highly dependent on the nature of a task though.
Developers are probably interested in different artifacts when correcting
a defect than when implementing a new feature. Mylyn, however, just
exploits one source of information, development history (navigation and
modification activities), and the model analyzing this data does not adapt
to the nature of the task. For many tasks additional data sources such as
evolutionary or dynamic information could, however, predict the interest
values of artifacts much more accurately [ROTH 09c].
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Figure 2.16: The different views provided by Mylyn in Eclipse.

As professional developers reported to us in informal discussions,
Mylyn’s contribution to the reduction of the information overload and
the improvement of system overview is limited for large systems. For
such systems, Mylyn's task views grow crowded with many artifacts after
a while, thus the overview is hampered also in these task views. This is
a hint that Mylyn’s approach of task identification does not scale well.
Thus Mylyn does not yet completely solve the problems of IDEs such as
information overload, lack of overview and explicit context representa-
tion.

Summary. Our work has the following points in common with the
previously presented related work:

e Exploiting development activities. All approaches presented in this
section give evidence that recorded development activities are an
appropriate source of information to either recommend to develop-
ers entities they should consider for particular tasks or to represent
a working context, that is, a set of entities being relevant in a specific
context, for instance when having to perform a certain task such as
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Figure 2.17: Mylyn highlights interesting artifacts to mitigate the infor-
mation overload, identifies task-relevant entities, and, dependent on
the quality of the development activities, reveals hidden collaboration
between artifacts or identifies entities used in particular features.

fixing a defect. Thus, HeatMaps and SmartGroups both also exploit
development activity information to identify artifacts relevant for
specific software maintenance tasks, but combine this information
with other sources such as dynamic or historical information to
obtain better results.

Representing task-relevant context and concerns. FEAT [ROBI 03a] and
Mylyn [KERS 05, KERS 06] propose to explicitly represent software
concerns and task-relevant entities. We strive for a similar goal
in SmartGroups but exploit more information sources, offer a more
flexible model to compute task-relevant entities, and restrict the
number of identified entities in order to not overload developers
with too many, eventually unrelated entities.

Recommending relevant entities. NavTracks [SING 05] and Team
Tracks [DELIO5a], similar to ROSE [ZIMM 04a] or Hipikat
[CUBR 03], show that recommending relevant entities to developers,
e.g. entities developers should also modify to complete a defect cor-
rection task, is indeed a practicable aid for developers. Hence, we
follow the same principle in SmartGroups which, however, provide
general lists of task-relevant entities that are only dependent on
the type of task being performed, but not on the currently selected
entity as in NavTracks or Team Tracks.

2.1.4 Debugging, Profiling

Many IDEs also provide support for debugging and profiling. In this
section we discuss some recent and advanced debuggers and profilers
available in IDEs.
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Whyline [KO 04] is a prototype interrogative debugging interface for
the Alice programming environment. Whyline enables developers to ask
why did and why did not kind of questions about runtime failures. Alice?
is an event-based language to simplify the creation of interactive 3D
worlds [KO 04]. To create code, developers drag and drop tiles to the code
area and choose parameters from popup menus, similar as in the Scratch
environment [MALO 04]. This interactive and visual way of programming
is extended by Whyline to allow developers to ask questions about objects
being part of the world developed in Alice, for instance questions such as
why a particular button was not activated at runtime or why a figure did
not change its skin. To concretely ask such questions, the developer selects
a particular object shown by Alice and scans the property changes that
could have happened for this object during the execution of the system
[KO 04]. For each selected property, the code that caused the property
change is highlighted. Whyline analyzes the runtime actions to also reveal
which code has not been executed that could have changed the property,
and why not, for instance because a condition was false. Consequently,
Whyline exposes hidden dependencies between actions and data that are
otherwise hard to determine [KO 04].
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Figure 2.18: Whyline improves the understanding of static source code,
execution flow, and features. Hidden collaborations can be also spotted
in some cases.

Whyline tackles the problem of unclear static source code, hidden
execution paths, and even, to some degree, of software features hidden in
code since Whyline allows developers to map program behavior and fea-
tures to particular code statements. Similarly, Whyline also reveals hidden
collaborations between artifacts in some cases. Figure 2.18 summarizes
the IDE problems tackled by Whyline.

While such an interrogative debugging approach directly integrated
in the IDE is interesting, it is a long way to go to support this approach
in complex, object-oriented languages and environments such as Java
and Eclipse [KO 04]. The sheer number of possible questions in a Java
program, the issue of efficiently analyzing the complete execution history
of the program, or the presentation of a dynamic slice in the IDE are

Zhttp://www.alice.org
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reasons why an adaptation of the Whyline approach is not yet practical
for the context of Java.

Compass [LIEN 09] is a back-in-time debugger available for Smalltalk
which also allows developers to navigate back-in-time through all the
code that has touched a particular object. Compass addresses the problem
that the cause of many bugs is not visible in the execution stacks provided
by conventional debuggers [LIEN 09]. While typical back-in-time debug-
gers such as TOD [POTH 07] enable programmers to step back through
earlier states than the current state of the program, they cannot reveal
from where a particular object relevant for a bug comes [LIEN 09]. For
this reason, Compass also tracks the flow of objects (cf. Figure 2.19), for
instance to detect the method which stored a particular value in an object.
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Figure 2.19: The method trace view of Compass visualizes the entire
runtime control flow as a tree of nodes in a fisheye view. A node represents
a method execution. The call stack below the method trace view focuses
on a single slice of the trace.

Tracking the object flow supports developers in correcting hard to fix
defects, but can also reveal hidden collaborations between distant source
artifacts or help programmers understanding features. As any debugger,
Compass also improves the understanding of executions paths and source
code with abstract static types or no static types at all (cf. Figure 2.20).
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However, the limitation of debuggers is, first, that they focus on a
specific system execution and thus cannot provide general information
such as which source artifacts are used in a feature, which are the different
methods invoked at a polymorphic call site, or which types of objects are
stored in a particular variable. Second, debuggers do not integrate the
dynamic information in the static source views. Debugging information
is volatile in the sense that the reified dynamic information is bound to
a specific debugging session. Developers can investigate the execution
stack or, thanks to Compass, also the object flow, or are able to manually
explore collaborating artifacts or entities participating in a feature. But
this information stems from a snapshot of the program’s runtime and is
only valid for one particular execution. This reified information is not fed
back to the IDE for persistent access.

Furthermore, debuggers do not provide an explicit representation of
artifacts” collaboration or their participation in particular features. It is
for example not possible to select an artifact in the debugger to see all
the artifacts with which it collaborates in this particular execution. While
a debugger, including Compass, is great to investigate how particular
source entities communicate in a specific execution, it fails to reveal a
general, “big picture” view of a system, for instance how source artifacts
collaborate in general, that is, in many different executions and software
features.
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Figure 2.20: Compass reveals hidden dependencies between distant
source artifacts and improves understanding of static source code and
execution flow in specific system executions.

JFluid [DMIT 04b] is a Java profiler integrated in the NetBeans IDE. The
biggest advantage of JFluid is its efficiency; its profiling overhead is very
small compared to other profilers (cf. Section 2.2.2) [DMIT 04b]. JFluid
collects two kinds of CPU profiling data: the calling context tree (that is,
basically the method invocation tree) and gross execution time for single
code regions. JFluid provides a simple interface to show this data in the
NetBeans IDE. Thus, JFluid aims at supporting developers in locating
performance bottlenecks in their code. JFluid does not directly mitigate
any IDE problems besides, to some extent, improving the support for
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software quality assessment in IDEs as this tool pinpoints entities being
slow to execute.

Summary. Like Whyline [KO 04], Compass [LIEN 09], and JFluid
[DMIT 04b], our work also exploits dynamic information to improve sys-
tem understanding. However, while these approaches present volatile
information about a specific system execution, we want to integrate with
Hermion and Senseo aggregated dynamic information in the IDE that is
permanently available and embedded in the traditional source code views.
CollView and FeatureEnv visualize dynamic information in permanently
accessible visualizations integrated in the IDE. This dynamic information
is usually also aggregated over various system or feature executions.

2.1.5 Querying

JQuery [JANZ 03] is a code browsing tool implemented on top of an
expressive logic query language. It combines a hierarchical browser with
the flexibility of a query tool. In a single integrated view in Eclipse, JQuery
provides an explicit representation of the exploration path followed by
the developer [JANZ 03]. Query results are shown in a tree which only
serves as a starting point for the exploration process [JANZ 03]. Each tree
node can be further expanded to explore entities connected to the selected
node through relationships such as being invoked by or invoking this
particular node (e.g. a method). JQuery uses purely static information
to find the results for such queries. The query language used by JQuery,
TyRuBa?, has the expressive power to also formulate complex queries,
however, such queries are not likely to be used by developers, thus JQuery
also provides pre-defined queries, saving developers from formulating
the queries themselves [JANZ 03].

According to the authors, JQuery is supposed to prevent developers
from getting lost by making relationships between scattered code ele-
ments more tangible [JANZ 03]. JQuery should make the navigation of
crosscutting concerns easier by reducing the need for disorienting view
switches and by explicitly representing the exploration process in terms of
exploration paths in a tree integrated in Eclipse [JANZ 03]. Thus, JQuery
addresses the problem of being overloaded with information in the IDE
and of hidden relationships between scattered and distributed artifacts.
To some degree, JQuery also improves the overview of the system and
in particular of the exploration process (cf. Figure 2.22). However, as
JQuery exploits just static relationships between source artifacts, it cannot
address the problems we discussed in Section 1.1.2 concerning purely

3http://tyruba.sourceforge.net
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Figure 2.21: An example of JQuery showing in Eclipse an exploration
process tree starting with the results of a query.
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Figure 2.22: JQuery reduces information overload in IDEs by explicitly
representing concerns, thus relevant artifacts can be studied in a single
perspective, which also improves the overview. Hidden collaboration
between distributed artifacts is determined purely by static analysis.

dynamic collaborations. Furthermore, the information overload and lack
of overview problem is still present when using JQuery, in particular as
the tree representing the exploration process very quickly grows large.
Furthermore, JQuery does not take into account any task-specific infor-
mation. However, an exploration process to fix a defect is likely to differ
from one concerned with the implementation of a new feature.

Ferret [DE A 08] recognizes the conceptual relation between static and
dynamic aspects of software systems by integrating a query tool into
Eclipse to allow developers to execute conceptual queries about source
artifacts directly in the IDE. An example of such a query is “callers of
method x”. Ferret focuses on querying static information, but is also
able to take into account dynamic and evolutionary information to obtain
more precise results [DE A 08]. Ferret implements 36 conceptual queries
of which five also consider dynamic information. When Ferret is invoked
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for a particular source artifact, it computes and displays the results of all
queries appropriate for that artifact. Developers cannot formulate their
own query, Ferret pre-defines fixed conceptual queries in the Ferret view
as shown in Figure 2.23. Queries can be cascaded, that is, query results
are used as sources to formulate new queries [DE A 08]. Such cascaded
searches are visualized in a tree. Ferret was validated in a two-day field
study with four professional software developers. The study subjects
used nearly all 36 conceptual queries provided to them and considered
the results as useful [DE A 08].
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Figure 2.23: Ferret’s query results view integrated in Eclipse.

The authors claim that Ferret particularly addresses the information
overload in IDEs and the lack of focus and overview [DE A 08]. Addition-
ally, we think that Ferret also contributes to make collaboration between
distant artifacts visible by supporting queries revealing, for instance,
callers of a method. Even on a low source code level, Ferret augments
the understanding of unclear execution flow and static source code by
identifying methods actually invoked at runtime. As Ferret uses a list
to show the results of all queries appropriate for the artifact in question,
developers have to spend quite some time skimming through this list
to find useful information. The computation of these results also takes
considerable time. The different IDE problems mitigated by Ferret are
summarized in Figure 2.24.

While having answers to Ferret’s queries is useful to developers in
many situations, we are skeptical whether the way Ferret integrates the
query results actually mitigates information overload, as first of all Ferret
integrates an additional view with plenty of information, thus rather
increases the amount of information presented by the IDE. Ferret clearly
makes a contribution to identifying related artifacts, but does not solve the
problem of being disoriented and not having a task-dependent context.
Ferret does not take into account development context or tasks. The
results it shows are only dependent on the currently selected artifact, but
are not filtered or otherwise processed dependent on the current task.
Furthermore, the dynamic information exploited by Ferret is very limited.
It basically only reasons about method invocations, thus no runtime type
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Figure 2.24: By providing a dedicated but often overloaded query view,
Ferret improves to some degree information overload and overview in the
IDE. For the currently selected artifact, related artifacts are revealed based
on static and dynamic analysis. However, only method invocations are
dynamically analyzed, thus support for the understanding of execution
flow, static source code, and dynamic collaborations is limited.

or memory consumption information is provided. Ferret’s support to
comprehend source code hard to understand due to the use of abstract
types or late-binding is hence limited. These concerns are subsumed in
Figure 2.24.

Summary. Our work shares the following points with JQuery [JANZ 03]
and Ferret [DE A 08]:

* Relating scattered code. JQuery [JANZ 03] and also Ferret [DE A 08]
relate scattered and distributed code by allowing developers to for-
mulate queries whose results reveal artifacts that are conceptually
related but statically distributed. With Hermion, Senseo, CollView,
or FeatureEnv we pursue the same goal, but exploit behavioral in-
formation to relate distributed code instead of exploiting recorded
navigation activities (JQuery) or static program information (Fer-
ret). Moreover, our proposals embed this information directly in
the source perspectives, thus saving developers from the need to
formulate queries.

e Static and dynamic information combined. Ferret [DE A 08] is capable
of also taking into account dynamic information for some of their
pre-defined queries. In Hermion and Senseo we also combine the
static perspective with the dynamic view on a system to improve
program comprehension. We, however, use more dynamic informa-
tion than just method invocation, for instance also type information
or complexity information such as number of objects created, etc.

Other approaches combine querying software structure with visual-
izations. GraphLog [CONS 92] for instance aims at simplifying complex
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relationships among software artifacts by translating them into a graph.
Developers can interact with this graph to visually formulate queries to
find patterns in the relationships between source elements, such as which
classes invoked a particular method.
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Figure 2.25: Summary of the different IDE problems tackled by the pre-
sented related works. All problems are mitigated, but not any of them
thoroughly.

2.1.6 Conclusions

To conclude this section about related work in the context of development
environments we analyze which problems and issues of IDEs these related
approaches address, and to which degree. Figure 2.25 gives an overview
of the IDE problems each presented proposal tackles. This table shows
that all problems have been partially addressed by at least one approach.
However, even all approaches combined are not able to address any of
the problems completely.
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Considering the information overload problem, for instance, some
approaches just reduce or better display information on a source code
level (Seesoft, Microprints), other approaches require the developer to
open slightly fewer windows (Fluid source code views, JQuery), yet other
proposals add shortcuts to ease identifying and navigating to important
artifacts (Hipikat, NavTracks, Ferret, but also Mylyn or FEAT). But none
of these approaches is able to significantly reduce the number of entities
or windows when navigating the entire software space. Mylyn comes
close to this goal, but fails to scale to large systems and its means to
associate artifacts to specific tasks does not yield optimal results.

The other important problem of IDEs, the narrow focus on static views,
in particular their missing representation of collaboration between distant
artifacts, is not well addressed by the considered proposals. Either the
proposals just statically link the artifacts and thus suffer from the impreci-
sion of static analysis (Fluid source code views, JQuery, Ferret), depend
on whether the collaborating artifacts have previously been changed or
navigated together (Hipikat, FEAT, NavTracks, Mylyn), or they focus on
specific system executions and do thus not provide general information
(Whyline, Compass). Hence the current research in the context of devel-
opment environments neither accurately nor completely tackles the two
main problems of IDEs we identified (cf. Section 1.1.2), namely informa-
tion overload and the narrow focus of IDEs on static software structure,
including all subsequent sub-problems.

2.2 Software Analysis and Visualization

In this section, we briefly discuss several proposals to statically or dynam-
ically analyze software systems and to visually present analysis results.
These analyses and visualizations are usually not integrated in IDEs, but
provided in separate tools. We mainly focus on approaches to dynami-
cally analyze software systems as we want to extend IDEs to integrate
dynamic information. We thus carefully study related work on dynamic
analysis and report on how to use and extend existing work to reach our
goal of enriching IDEs with dynamic information.

Gathering information using different analysis techniques is of limited
use if this information is not well presented to developers. Graphical
representations of software and analyses results have long been accepted
as an appropriate comprehension aid [STAS 98]. The work of Maletic
et al. has provided important guidelines for motivating and defining
visualizations. In their work they defined levels of interest and the criteria
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of effectiveness and expressiveness of software visualization [MALE 02].
Most visualizations presented hereafter follow these guidelines.

2.2.1 Means to Present Static or Historical Information

Moose [NIER 05] is a software analysis platform encompassing various
software visualizations such as different polymetric views [LANZ 03] to
support reverse engineering tasks. Other tools or environments visualiz-
ing static information are for instance Rigi [TILL 94], Hy+ [MEND 95], Dali
[KAazZM 99], or Tango [STAS 90]. These environments are standalone ap-
plications that usually do not integrate their services in any conventional
development environment.

We study in the following in more detail several approaches that
could easily be integrated in IDEs. All these approaches mainly tackle the
problem of information overload and missing overview, some addition-
ally help developers to understand the execution flow inside classes and
methods or to identify collaborating artifacts.

Generalized fisheye views [FURN 86] are adapted source code views
that provide a balance of local detail and global context by trading off
importance against distance. The code segment near to the current focus
point is shown in detail while only important lines of code are shown
for segments further away [FURN 86]. Fisheye views thus improve the
overview of source code, but cannot improve the understanding of a sys-
tem as a whole. For object-oriented languages with rather short methods,
fisheye views are less useful.

Polymetric Views [LANZz 03] are lightweight visualizations mapping
different software metrics to two-dimensional nodes representing entities.
Height, width, position, or color of a node can each express a particu-
lar metric value. Nodes are connected by edges representing relations
between source entities such as invocation or inheritance. Polymetric
views have been applied to many different visualizations such as the
system complexity view [LANZ 03], class blueprints [DUCA 05b], or the
condensed runtime information view [DUCA 04]. Polymetric views can
serve a multitude of different purposes such as providing an overview
of a system, of a group of source artifacts, or of single artifacts. Another
purpose is to support the understanding of control flow or relations be-
tween artifacts. Usually, polymetric views show statically determined
information, but as a general-purpose visualization they can easily be
enhanced with dynamic information. In Chapter A, we elaborate on how
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we integrated polymetric views based on static and dynamic information
in the IDE.

Whorf [BRAD 92] is a software maintenance tool hyper-linking dis-
tributed but conceptually related artifacts and explicitly visualizing the
relationships between such distributed artifacts. Whorf exploits differ-
ent kinds of (static) relationships between artifacts, such as variable and
function references or method call relationships [BRAD 92]. The visual
representations of these different relationships are displayed in interactive
and linked views. Whorf aids developers in navigating distributed and
scattered code.

SHriMP [STOR 01] provides an interactive environment for navigating
and browsing complex source spaces by using nested graphs to browse
hierarchical relationships such as inheritance. SHriMP allows developers
to zoom from high-level visualizations down to low level representations
of source elements such as Javadoc documentation or method source
code. The views of SHriMP provide links to navigate from source code
elements to the corresponding nodes in the visualization. The source code
is not editable in SHriMP and source elements are related based on static
information only. SHriMP particular aims at providing an overview of
the system and to help newcomers to a system to build mental models
of its higher-level design and architectural concepts. To the best of our
knowledge, SHriMP’s views are currently not integrated in any IDE.

Software Terrain Maps [DELIO05Db] is an interactive visualization of
source code, similar to cartographic maps, which provides landmarks to
keep a programmer oriented while navigating around. These maps are
provided by a dedicated, stand-alone tool. Software Terrain Maps aim at
reducing disorientation while navigating source code by activating the
spatial memory of the programmers to stay oriented. The software system
is modeled as a set of components (e.g. methods) whose size is mapped
to accordingly sized tiles arranged in a Voronoi diagram [DELI 05b]. The
differently sized shapes serve as memorable visual landmarks easing
the orientation and navigation in such maps. Different color shades
provide further orientation guide. Software Terrain Maps particularly im-
proves the overview of a system and the identification of code previously
browsed, provided that its visual representation is a landmark that can
be easily identified.

CodeMap [KUHN 08] enhances the basic principles of Software Terrain
Maps. CodeMap is integrated in an Eclipse view appearing next to
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structural views such as the package explorer. Navigation in the map and
the traditional Eclipse source tools are linked, search results or open files
are highlighted in the current map. CodeMap provides a spatial and stable
mental model of software projects to developers by mapping a system’s
structure and vocabulary on a cartographic view. Source artifacts are
shown as hills, the distance between them represents lexical similarity and
structural closeness, the elevations of hills map artifacts’ size expressed in
KLOC. CodeMap addresses the same problems as Software Terrain Maps.
Its landmarks, however, are usually more pronounced and thus easier to
locate in the map. As the positions of source elements remain stable over
time, the orientation in the map and the overview it provides is better
than in the case of Software Terrain Maps.

CodeCity [WETT 08] uses a city metaphor to represent software struc-
ture and evolution. Packages are represented as districts, classes as build-
ings, and methods as stories in a building. Positions of source entities
are determined based on the size of the entities using a modified tree
layout. CodeCity is built on top of Moose [NIER 05] and not integrated
in any IDE. CodeCity particularly aims at providing an overview of a
system. However, as source artifacts may change position over time,
CodeCity is less useful during software maintenance and evolution; it can
be considered as a pure analysis tool for a system to better understand its
high level static structure.

Kumpel [JUNK 09]is an interactive visualization simplifying the anal-
ysis of source file histories by visualizing the complete evolution of the
source code contained in a file in a single view. Each file revision is shown
as a vertical bar in this view. In this bar, each chunk of added code is
colored according to the corresponding developer. Modifications are rep-
resented as small dots which are also colored according to the developer
who performed the modification. Kumpel allows us to quickly identify
who changed which part of a file when and to which extent. Kumpel is
not integrated in an IDE, and while providing a comprehensive view on
a source file’s history, it does not help developers gaining an overview of
a system. Kumpel’s views are themselves overloaded with information
which renders their adoption in an IDE rather difficult.

Summary. To summarize the discussion of these different related works
concerned with static analysis, we report on their issues and limitations.

e First of all, these approaches, except CodeMap, are not integrated
in IDEs and thus cannot directly solve the identified IDE problems.
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Even when these proposals would be integrated, the issues men-
tioned below still exist.

* The presented visualizations would be an additional view in the
IDE, separated from the conventional source views such as package
tree and source editor. This separation is likely to distract developers
as switching between fundamentally different views (for instance,
between a visualization and the source editor view) imposes a
cognitive burden [EICK 92, ROBB 05]. This burden, however, is
dependent on how well such a visualization can be embedded in
the way how developers interact with the IDE.

¢ The so far presented visualizations are not able to represent a work-
ing context of task-relevant elements or dynamic collaboration be-
tween distant artifacts, two fundamental issues of IDEs we want to
address.

¢ None of these approach is capable of enriching the conventional
tools of IDEs that developers are familiar with. All approaches
throw in a completely new and unfamiliar means looking at and
navigating in the source space. Usually, these means are read-only,
they cannot be used to actually modify the software system under
study.

For all these reasons, we search further for works able to provide
information to be integrated in the conventional source perspectives of
IDEs and that can also gather and exploit runtime information.

2.2.2 Dynamic Analysis

We first report on existing work to gather runtime information and second
on approaches to visualize this information. These visualizations are
usually not embedded in IDEs.

Dynamic Information Gathering

In order to be able to augment an IDE’s static source perspectives with
dynamic information, we first formulate the following requirements on
a dynamic data gathering technique before looking at some concrete
proposals:

® Reification of sub-method elements. As our goal is to improve the
understanding of unclear static source code, we need to be able to
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gather runtime information about sub-method statements such as
variable assignments or message sending.

* Mapping dynamic information to static source elements. We aim at
mapping the collected dynamic information back to static source
code. For instance if the invocation of a particular method is written
several times in a method’s source code, we must be able to identify
which runtime argument types were used at which location in the
code.

e Selective data gathering. Often we are not interested in dynamically
analyzing all parts of a system. Thus we should be able to select the
specific artifacts (packages, classes or methods) and even particular
kinds of operations (e.g. message sending, variable accessing) we
want to cover by dynamic analysis.

o Complete and accurate information. Dynamic information to be inte-
grated in the IDE needs to be accurate and complete in the sense
that information has to be available for all the code executed in the
recorded runs of the system under study. Note that dynamic anal-
ysis is normally not able to completely cover all system behavior
[BALL 99], as usually only specific system features are executed and
dynamically analyzed. But for these features being analyzed we
expect to gather complete dynamic information with respect to the
information to be integrated in the IDE.

* Efficiency. Analyzing the dynamics of software systems is consid-
ered to be slow, because huge amounts of data are generated when
executing software systems. As the IDE should show dynamic in-
formation immediately after a system’s execution, a tremendous
slowdown of the subject system to acquire its execution data is not
tolerable.

o Extensibility. The data gathering approach should be easy to extend,
for instance to conveniently be able to integrate more or different
kind of dynamic information in the IDE.

Dynamic analyses are usually based on tracing mechanisms. Trac-
ing traditionally focuses on capturing a method call tree, but existing
approaches usually do not bridge the gap between dynamic behavior and
the static structure of a program [HAMO 04, DUNS 00, WILD 92]. Thus,
Lowe et al. [LOWE 01] merged information from static analysis with in-
formation from dynamic analysis to generate visualizations. Zaidman et
al. [ZAID 05] or Hamou-Lhadj et al. [HAMO 05] mined static entities in
dynamic tracing data to, for instance, reveal key classes forming good
starting points for further analysis.
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Many of today’s tracing tools such as those based on method wrap-
pers [BRAN 98] implement techniques allowing selective instrumentation
of the source code based on criteria such as package boundary or on indi-
vidual selection of methods to limit the amount of gathered data and the
collecting overhead. However, only a few tracing techniques such as that
described in the work of Ducasse et al. [DUCA 06] consider sub-method
elements such as variable assignments or message sending. Often tech-
niques able to gather information about sub-method elements suffer from
a huge overhead. As support for the reification of sub-method elements
is crucial for our work, we seek for approaches capable of efficiently
gathering data beyond the method boundary.

Partial behavioral reflection is a technique provided by Reflex
[TANT 03] for Java and by Reflectivity [DENK 07] for Smalltalk. This
approach allows us to selectively reflect on specific parts of a program’s
execution, such as only on specific classes or particular methods, thus lim-
iting the amount of data gathered and consequently also the performance
overhead. This approach can collect data at different levels of granularity,
also at a sub-method level [TANT 03]. The intention of partial behavioral
reflection is to introduce a layer of abstraction between the low level
details of the implementation language and the concept of capturing and
reifying high level runtime events such as message sends and variable
accesses [DENK 07]. Partial behavioral reflection features a convenient
specification of the dynamic data to be gathered.

MAJOR [BIND 07] is an aspect weaving tool enabling comprehensive
aspect weaving into every class loaded in a Java VM, including the stan-
dard Java class library, vendor specific classes, and dynamically generated
classes. MAJOR is based on the standard Aspect] [KICZ 01] compiler and
weaver and uses advanced bytecode instrumentation techniques to en-
sure portability [BIND 07]. MAJOR provides aspects to gather runtime
information of the application under instrumentation. The collected data
is used to build calling context profiles containing different dynamic
metrics such as number of created objects. MAJOR supports the precise
selection of the artifacts about which dynamic information is gathered.
In contrast to Reflex [TANT 03], MAJOR can collect data about any class
loaded into the VM, and the overhead introduced is even lower than the
one of Reflex.

Besides Reflex and MAJOR, other techniques for dynamic analysis are
available, but they do not meet all of our requirements.
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*J.  Dufour et al. [DUFO 03a] present a variety of dynamic information
for Java programs. They introduce a tool called *J] [DUFO 03b] for metrics
measurement. *J relies on the Java Virtual Machine Profiler Interface
(JVMPI), [SUN 00], which is known to cause high performance overhead
and which requires profiler agents to be written in native code. Other pro-
filers based on the JVMPI or its successor, the JVM Tool Interface (JVMTI),
such as JProfiler* or JProbe’, also suffer from platform dependence and
from limited extensibility. For this reason, these approaches are not usable
for our purposes.

JFluid [DMIT 04b] (cf. Section 2.1.4) exploits dynamic bytecode instru-
mentation and code hotswapping to collect dynamic information. Min-
imizing overhead is a cornerstone of JFluid’s design; it achieves this by
profiling a subset of the application’s methods [DMIT 04b]. By not pro-
filing the rest of the methods the profiling overhead can be dramatically
reduced. Developers select root methods of the call tree so that JFluid
only instruments methods in the call subgraphs determined by these
root methods [DMIT 04b], which greatly reduces the number of methods
being instrumented and consequently the amount of data gathered. Ad-
ditionally, JFluid allows profiling to be turned on and off at will even
while the analyzed system is still running. JFluid uses a hard-coded, low-
level instrumentation to collect gross time for a single code region and to
build a CCT augmented with accumulated execution time for individual
methods.

Sampling-based profiling techniques, which are often used for
feedback-directed optimizations in dynamic compilers [ARNO 01], help
to significantly reduce the overhead of dynamic data collection. How-
ever, sampling produces incomplete and possibly inaccurate information,
which is not appropriate for the integration in an IDE.

Dynamic Information Visualization

Before we discuss different proposals for visualizing dynamic information,
we formulate the following requirements for a visualization to be useful
when embedded in an IDE:

¢ Lightweight. A visualization should not be too large to not occupy
too much space in the IDE.

4http://www.ej-technologies.com/products/jprofiler
Shttp://www.quest.com/jprobe
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® Not overloaded. It must not contain too much or too complex in-
formation to not further worsen the information overload in an
IDE.

¢ Easy to understand. If a visualization is not easy to learn and under-
stand, developers will not use them in their daily work.

Substantial research has been conducted on runtime information vi-
sualization. Various tools and approaches make use of dynamic (trace-
based) information such as Program Explorer [LANG 95], Jinsight and its
ancestors [DE P 93], or GraphTrace [KLEY 88].

Program Explorer [LANG 95] provides interactive visualizations of de-
sign patterns to better navigate and understand frameworks. It par-
ticularly addresses the scaling problem by visualizing abstract but yet
accurate dynamic information which is combined with static information.
However, the dynamic information is not complete, information consid-
ered as less interesting is stripped away from the visualization to make it
more compact.

Jinsight [DE P 93]is a visualization tool providing several views analyz-
ing the running of Java programs to detect performance issues. Jinsight’s
support to gain an understanding for the program execution is limited
and its views are separated from the IDE.

Ducasse et al. [DUCA 04] propose polymetric views for condensed
runtime information to, for instance, provide an overview of the commu-
nication between classes in the whole system. However, they analyze
post-mortem data and cannot focus on specific static artifacts and their
interplay. Furthermore, these visualizations are only accessible in a tool
separated from the IDE, hence not interacting with static source entities
[Duca 04]. However, an integration of polymetric views showing run-
time information is feasible and could be of benefit to developers during
software maintenance, provided that these views specifically highlight
collaboration between static artifacts.

Jive [REIS 03] visualizes the runtime activity of Java programs. This tool
focuses on visually presenting runtime activity such as message sending
in real time. The goal of this work is to support software development ac-
tivities such as debugging and performance optimizations. Jove [REIS 05]
is an enhancement of Jive providing more detailed dynamic information,
for instance to determine the concrete code statements and instructions
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currently being executed. The animations of runtime activity provided by
Jive and Jove would be very difficult to integrate in an IDE as they show a
vast amount of data which cannot easily be embedded in the conventional
IDE perspectives. Furthermore, these two tools do not aim at supporting
software maintenance and program comprehension in general, but focus
more on efficiency issues of the analyzed system.

GraphTrace [KLEY 88] visualizes the behavior of object-oriented pro-
grams using graphs in which nodes represent artifacts such as objects,
methods or variables while edges represent relationships between the ar-
tifacts, such as inheritance or delegation. The current activity is animated
in these graphs by highlighting nodes and edges. For large systems, how-
ever, such graphs do not scale, in particular the animation of graphs is
hard to perceive. GraphTrace is provided in a tool separated from the
IDE and is thus not easily usable during software maintenance. Simi-
lar concerns as for Jive and Jove are raised over the usefulness of such
visualizations during maintenance activities performed in IDEs.

Collaboration Browser [RICH 02] recovers object collaborations from
postmortem execution traces and identifies collaboration patterns. A
pattern is displayed as a UML sequence diagram in a tool separated from
the IDE. Additionally, the collaboration browser allows for the querying
of the recovered collaboration patterns. This approach requires detailed
knowledge about the system implementation to reduce the amount of
information displayed in the diagrams, which renders the approach less
usable for unfamiliar systems. Furthermore, no interaction with the static
view on the system is possible, i.e. developers cannot use this browser to
maintain the system.

Shimba [SYST 01] is an environment for reverse engineering Java sys-
tems by combining static and dynamic analysis. Shimba visualizes system
artifacts and their static and dynamic dependencies (inheritance, invoca-
tion, containment, etc.). Shimba generates scenario diagrams to represent
execution traces. As these traces are usually large, it is often difficult to
apply Shimba in specific maintenance tasks and to seamlessly integrate
its visualizations in the IDE.

Gammatella [JONE 04] focuses on visualizing runtime data from de-
ployed software systems. The analyzed systems can be represented at
three different levels: statement, file, and system level. At the statement
level, a statement is colored if it was executed. At the file level, each
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source line is colored in a miniaturized view as a horizontal line of pixels,
as in Microprints [DUCA 05a] or Seesoft [EICK 92]. At the system level,
Gammatella uses a treemap visualization in which each node represents
a source file and its size the number of executable statements in this file.
At all levels, Gammatella chooses the colors to catch the attention of de-
velopers for source statements or elements that are, for instance, slow to
execute. Gammatella is a pure analysis tool, particularly suited for profil-
ing deployed applications. It is of limited use for software maintenance
tasks and not integrated in any IDE.

2.2.3 Summary

Concerning dynamic data gathering, the best suited technique fulfilling
all our requirements is, for Smalltalk, partial behavioral reflection as
provided by Reflectivity. For Java, MAJOR is more appropriate than
Reflex as it can cover all Java classes, including JDK and dynamically
loaded classes. All other proposals have some flaws and thus cannot be
used to achieve our goal of integrating runtime information in the IDE’s
static code perspectives.

Although the presented techniques and visualizations to present the
gathered dynamic information have their respective use cases, we believe
that most of them are too heavyweight to be integrated in IDEs. As IDEs
overload developers with information, we must not add complex visu-
alizations that occupy either much screen estate or otherwise impose a
cognitive burden on developers. Rather we aim at presenting the gath-
ered dynamic data using lightweight approaches that can be seamlessly
integrated in the conventional IDE tools and perspectives such as package
explorer or source editor. Such visualizations include, for instance, heat
maps, icons, or, to some degree, polymetric views, along with textual
presentation of dynamic information.

2.3 Conclusions

We conclude this section on the state of the art in research on develop-
ment environments, software analysis, and software visualization by
summarizing the most important lessons learnt:

¢ The existing research proposals and tools enhancing or enriching
IDEs are not capable of satisfactorily solving the problems of IDEs
we raised, that is, information overload and narrow focus on static
software structure.
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We learnt from existing work that in particular techniques such as
highlighting artifacts of interest (Seesoft, Microprints, Mylyn, and
others) are a useful means to visually and non-intrusively convey
information helping developers to focus on important and relevant
artifacts, thus mitigating the negative consequences of information
overload.

Representation of context and task-relevant information (FEAT, My-
lyn) is an important augmentation of IDEs to help developers re-
main oriented and focused on the current software maintenance
task.

Determining collaborating artifacts based on structural information
or investigation and modification activities performed by develop-
ers (FEAT, Mylyn, NavTracks, Hipikat, and others) does not yield
sufficiently precise results. Thus we additionally need to exploit
behavioral information to achieve precise collaboration information.

Approaches presenting dynamic information from one single execu-
tion or just from a slice of it (Compass, Whyline, other debuggers or
profilers) cannot give a comprehensive and sufficiently general view
on dynamic collaborations or execution flows in hard to understand
static source code. In particular for feature analysis, a permanently
accessible representation and visualization of features is helpful to
developers while maintaining software systems. Debuggers, how-
ever, usually provide volatile information not accessible from within
the static source perspectives of IDEs.

From studying several works on static analysis, we are optimistic
that easy-to-understand, lightweight visualizations such as poly-
metric views could be appropriate means to improve the overview
in IDEs while at the same time not overloading the developer with
even more information. Key is that any additional means added
to the IDE is well integrated with the existing perspectives and
tools. Although promising, we do not follow the path of provid-
ing complex and heavy-weight visualizations such as CodeMap
or CodeCity to developers in IDEs as such means might further
increase the information overload.

Our brief overview of existing work in the area of dynamic anal-
ysis revealed that only a few dynamic data gathering approaches
are able to meet all our requirements formulated to obtain behav-
ioral information required to successfully address the narrow focus
of IDEs on static views on software. Partial behavioral reflection
(Reflectivity) and aspect-based data gathering (MAJOR) provide
appropriate capabilities.
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e Existing visualizations of dynamic data are usually provided in
analysis tools separated from the IDE. Their integration in IDEs
is, though possible, not attractive as they usually show too much
information to be of use to developers while maintaining software
systems. We opt for the integration of dynamic information into
the existing IDE tools locally to the views on static source elements
and aim at using lightweight visualizations such as heat maps or
polymetric views.



Part1

Mitigating Information
Overload in IDEs






The first part of this dissertation introduces proposals aiming at allevi-
ating the information overload in IDEs. The work presented in this part
later on allows us to integrate dynamic information into the purely static
source perspectives of modern IDEs.

We discuss three distinct proposals in this first part of our work:

¢ HeatMaps (Chapter 3) highlight relevant source artifacts in an IDE’s
source perspectives to be able to more efficiently identify important
and interesting elements of a software system.

o SmartGroups (Chapter 4) provide workings sets of task-relevant
source artifacts to enable developers to focus on a small fraction
of the entire source space and thus reduce the negative impact of
information overload.

¢ AutumnLeaves (Chapter 5) performs “housekeeping services” by
automatically removing from a developer’s workspace unused win-
dows or tabs and thus tackles the plethora of open windows with
which a developer is overloaded in an IDE.

We conclude the first part of this dissertation by critically discussing
these three proposals to reveal to which degree they solve the shortcom-
ings of IDEs related to information overload.






Chapter 3

HeatMaps — A Navigational
Aid

3.1 Introduction

3.1.1 Positioning HeatMaps

In this chapter, we present HeatMaps, an approach we implemented in
the Squeak and Pharo Smalltalk IDE to address the problem of being
overloaded with information in the IDE. In particular when working on
a large software system containing many hundreds or even thousands
of classes, developers ultimately have problems gaining or maintaining
an overview of this system, in particular if they are not familiar with
it. HeatMaps tackle this problem by highlighting in the IDE views the
artifacts of interest with a heat color; the more red an artifact appears the
more important it is considered to be for the task-at-hand. Thus, HeatMaps
reduce the number of artifacts developers have to deal with by allowing
them to focus on artifacts colored in a “hot” color. Hence, developers can
more quickly gain an overview of the system. Additionally, HeatMaps also
provide some sort of context as it supports multiple means to determine
the importance of artifacts. Depending on the current development task,
the developer selects a particular HeatMap to be displayed. The entities
colored in this HeatMap are likely to be relevant for the current working
context.

Figure 3.1 lists the IDE problems the HeatMaps approach addresses.
The figure shows that HeatMaps are helpful during all development ac-
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Figure 3.1: HeatMaps highlight relevant artifacts to reduce the information
overload and increase the overview in static source views. HeatMaps
also provide limited support for the representation of context and helps
developers to identify distributed artifacts that are conceptually related.
As HeatMaps can also take into account dynamic information, they make
execution paths more tangible by highlighting executed artifacts.

tivities identified in Section 1.1.1. In the remainder of this chapter, we
motivate in detail the need for HeatMaps, discuss the various kinds of
maps we provide and the exact problems they tackle, report on how we
acquire the information for the HeatMaps, and ultimately validate this
work.

3.1.2 Introduction to HeatMaps

Conventional IDEs enable the exploration of a software system principally
by providing views and mechanisms based on the static structure of the
source code. Object-oriented language characteristics such as inheritance
and polymorphism can lead to conceptually related code being scattered
over many different source artifacts [DUNS 00, WILD 92]. This can lead
to an unfocused, undirected navigation of the source space, resulting in
the same entities being browsed several times during the same working
session. Empirical experiments have shown that during a one day coding
session, developers browsed 95% of all visited methods more than once
[PARN 06].

IDEs offer little support to efficiently navigate the source space aside
from the static system structure. Information about previous navigation,
about the system’s dynamics or its evolution, is not exploited. Previous
research efforts such as NavTracks [SING 05] and Mylar [KERS 05] show
that this additional information provides useful insights to a developer ex-
ploring a system or relocating previously browsed entities. If a developer
has for instance access to historical information about her own navigation
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or that of other developers, she will be able to locate previously navigated
entities more quickly [SING 05, KERS 05].

Although gathering additional information about navigation, history,
or even the dynamics of a system may not be particularly challenging
in itself, representing and displaying the vast amount of information
gathered in the constrained IDE space without further increasing the
information overload is inherently difficult. In this chapter we tackle the
following research question: “Is there a unifying mechanism to represent the
complex information that developers face in the context of a constrained IDE
space while working on a development task?” This question is then further
divided into the following issues:

¢ How can a uniform mechanism represent various kinds of complex
information in an IDE?

¢ What different kinds of information are of use to a developer while
performing various tasks on a large software system?

In this chapter we introduce a simple and uniform mechanism, called
HeatMaps, to represent complex information in an easily understandable
way in any IDE. This mechanism allows us to seamlessly integrate such
information without considerably increasing and worsening the informa-
tion overload in the IDE perspectives. Instead developers subjectively get
the impression of dealing with less information as HeatMaps help them to
quickly identify the relevant information.

A HeatMap maps all source artifacts presented in the IDE to colors
ranging from red (“hot”) to blue (“cold”). Hot entities contribute heavily
to a given property while cold ones contribute little or nothing. HeatMaps
represent a simple and uniform mechanism as we can apply them to very
different properties of software, such as how recently a source artifact has
been navigated or modified, how many versions or authors an entity has,
or even how much space is allocated to a method invocation. Different
HeatMaps may be more suitable than others for a given task-at-hand,
so the developer can configure the IDE dynamically to apply a selected
HeatMap. A HeatMap can also be defined as a combination of existing
HeatMaps, to simultaneously display different kinds of information.

In Section 3.2 we motivate the need for a uniform approach to repre-
sent various kinds of information in the IDE. In Section 3.3 we present
the HeatMaps mechanism in detail. We assess the efficiency and accuracy
of various HeatMaps for several case studies using a data set spanning
20 months of IDE navigation in Section 3.4. Section 3.5 discusses the
strengths and weaknesses of this approach while Section 3.6 concludes
the chapter with some remarks on future work.
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3.2 Information Overflow and Overload in
IDEs

As discussed in Section 1.1.2, development environments present vast
amounts of information to developers, usually reflecting the static struc-
ture of the code. For example, in the Eclipse IDE! there are more than
ten different types of projects, there is a huge icon set with more than
a thousand different icons, and a large number of source code entities
are distinguished, including packages, classes, interfaces, class hierar-
chies, methods, attributes, inner classes, and aspects. This vast range
of information can easily overwhelm developers, making it difficult for
them to focus on the particular entities relevant to a task, such as classes
working together at runtime, or methods changing in tandem in every
new version.

We therefore argue that there is a need for a configurable mechanism
to ease navigation by highlighting software artifacts of special relevance
to a given task.

Next we present a typical use case that could clearly benefit from such
a mechanism.

3.2.1 Motivating Use Case

As developers we face the task of correcting a defect in a large, unfamil-
iar web application written in an object-oriented language. This defect
occurs in a feature that has been previously implemented by another
developer who has left the team. Due to our lack of knowledge about this
system, we cannot easily identify the entities responsible for the broken
feature. Our IDE has recorded the development actions performed by the
developer while building this particular feature, so we can exploit this
information. However, it is not clear how this historical information can
be presented in the IDE to help us with this task. In addition to the histor-
ical navigation data, we also have access to the change logs, containing
data about previous versions, commits, and authors. It is known that this
kind of information can also be useful to direct the developers to software
artifacts likely to contain defects [GI 04, HASS 04, TARV 09, ZIMM 04b].
Besides correcting the mentioned defect, we are required to also boost the
performance of this feature in general. We hence want to see directly in
the IDE hints about the execution behavior in terms of execution time.

Thttp:/mwww.eclipse.org


http://www.eclipse.org

Information Overflow and Overload in IDEs 71

In our case we could benefit from the availability of three very different
kinds of information directly in the IDE: (i) information about previous
navigation and possibly modifications performed by developers in the
past, (ii) information about the system’s evolution, and (iii) information
about the runtime behavior of the subject system.

3.2.2 Development Driven Information

There is a large range of information that is orthogonal to the static
structure of a software system, but which may be of use for various devel-
opment tasks. In line with Chapter 2, we consider the following kinds of
non-structural information that can support developers performing the
task-at-hand:

» Exploiting navigation and modification activities. The history of naviga-
tion and modification of source artifacts can be exploited to provide
hints to developers where they may want to navigate to or what to
modify in order to perform a development task [SING 05].

— Recently browsed.

- Recently modified.

— Frequency of browsing.

- Frequency of modification.

- Modified by me, i.e. the degree to which an artifact has been
modified by the current author, measured by number of meth-
ods or versions contributed.

- Extent of modification, i.e. how many lines or methods
changed in a method or class.

— Inclusion in search results, i.e. how often an entity appears in
the results of submitted searches.

* Exploiting evolution history. Change logs contain a great deal of
information that can help the developer to understand how the
system has evolved [GI 04, LANZ 01, PINZ 05, ZIMM 04b].

— Number of different authors or versions.
- Age light-weight
® Exploiting execution. Dynamic information helps developers to rea-

son about issues occurring at runtime, such as performance bottle-
necks [DE P 93, JERD 96, WALK 00, ROTH 08a].

- Memory consumption.



72 HeatMaps — A Navigational Aid

— Execution time.

Given the potential value of these very different kinds of information
to help developers quickly navigate to software artifacts relevant to par-
ticular task, the challenge is to present this information in the IDE in a
way which does not further overload an already complex and busy user
interface. We claim HeatMaps to be exactly such a lightweight approach
to seamlessly integrate many kinds of information into IDE perspectives.

3.3 HeatMaps

We now introduce HeatMaps and explain our approach in detail. In
particular we explore how IDEs can use HeatMaps to display the different
kinds of information seen in Section 3.2.2 with a uniform mechanism.

Figure 3.2: A color gradient from light blue to light red representing heat.

A HeatMap? employs the metaphor of heat to color artifacts: colors
range from blue (cold) to red (hot) as Figure 3.2 illustrates. The “hotter”
an artifact is colored, the more relevant it is meant to be for the task-at-
hand. A HeatMap thus guides the developer and provides additional
information about the relative importance of different source artifacts. In
a large unknown system consisting of thousand of classes and methods,
the hot artifacts are readily visible and can serve as a starting point to
explore the system further. Figure 3.3 illustrates two examples where
source artifacts are highlighted (i) based on the number of versions and
(ii) how recently they have been browsed.

HeatMaps can be seamlessly integrated in all traditional tools of the
IDE. With the help of a dedicated interface, developers choose the kind
of information that the HeatMap displays, and they can also configure
how different HeatMaps are combined. The HeatMap for the chosen
information then appears in all views and tools in the IDE, for example,
in the package browser hierarchically presenting all system entities, as
well as in the hierarchy browser focusing on the class hierarchy of a
selected class. Source artifacts that appear in the data history for the

2NB: “HeatMaps” (in italics) refers to the prototype tool, while “HeatMap” (unempha-
sized) refers to an individual map.
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Figure 3.3: Two HeatMaps highlighting number of versions of source
artifacts, top left, and recently browsed artifacts, bottom right.

selected HeatMap, such as artifacts that have been browsed or modified
while correcting a defect, are assigned a background color representing
their heat; artifacts not in the history are still displayed but not colored.
HeatMaps do not replace or alter the display of the system’s source code
in any tool of the IDE, except by adding a background color to the display
of source artifacts such as packages, classes, or methods. Our prototype
runs in Squeak Smalltalk® but could easily be ported to other IDEs such
as Eclipse, as the technique does not depend on any Smalltalk-specific
idiom.

3http:/squeak.org/


http://squeak.org/

74 HeatMaps — A Navigational Aid

Typically, the navigation history, indicating how frequently entities
have been browsed in the past, is a good guide to the importance of
source artifacts. For a specific maintenance task other, more task-related
information might lead to a better assessment of the relative importance
of different artifacts. HeatMaps exploit all kinds of information as men-
tioned before in Section 3.2.2, that is, information from development
activities, system evolution and execution. Developers can freely choose
the appropriate HeatMap and even use maps combining different sources
of information. Depending on the exact nature of the task, the system’s
evolutionary information might give better results than, say, information
about historical navigation.

As the different HeatMaps to visualize the heat of an entity are based
on very different kinds of information, we briefly describe the way in
which heat is computed for two classes of HeatMaps, namely Time-based
HeatMaps and Metrics-based HeatMaps.

Time-based HeatMaps. HeatMaps highlighting recently browsed or
modified entities are used to reason about the time at which the navigation
or modification of entities occurred. The interest in an entity usually
decreases steadily after it has been navigated or edited. In Figure 3.4 we
can see how with a time-based HeatMap a cold entity is associated with
an early time while a hot entity is close to the current time. We assume
that the interest in an entity decreases steadily as time passes by, thus an
entity’s color constantly “cools down”. We experimented with several
mechanisms to cool down an entity (cf. Section 3.4) and got best results
when gradually cooling the entity as time passes by. There is a lower
bound of entities’ time values to take into account, determined by the
size of the available history and the time passed by between now and the
recorded time for an artifact. This means that if artifacts have not been
covered by a relevant event for a long time, they drop out and will not be
colored in this particular HeatMap. When reusing old navigation data,
as in the use case described in Section 3.2.1), HeatMaps take the highest
time value in the recorded data set as the current time to color the most
recent items red.

[ [ o &
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Figure 3.4: Time-based color gradient.
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Metrics-based HeatMaps Frequency of browsing or modification of an
artifact, and the number of developers having altered it are two examples
of metrics-based HeatMaps. Such HeatMaps are used to reason about
metrics associated with each artifact in the system. The higher the metric
value the more important the artifact becomes. Metric values are linearly
mapped to heat colors in metrics-based HeatMaps, as illustrated in Fig-
ure 3.5. To make sure that HeatMaps meaningfully highlight particularly
important source artifacts, we introduce a threshold if the data set con-
tains a wide range of different ordinal metric values. Hence we often
associate cold not with the minimum value in the data set but with the
threshold value (cf. Figure 3.5). We determine the threshold based on the
system size, the size of the data set, and the distribution of the data.

[ o o @
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Figure 3.5: Metrics-based color gradient.

Combined HeatMaps. We assume that combining different kinds of
information leads to a more accurate estimate for the source artifacts’
importance than just exploiting one kind of information. Combining
for example recently with frequently browsed HeatMaps is likely to
better assess the developer’s interest in an artifact than a single source of
information. We offer two different means to combine several HeatMaps:
(i) weighted linear combination of the color values of different HeatMaps
and (ii) exponential decay when combining one time-based with one
metrics-based HeatMap. Combining two HeatMaps linearly means that
an entity once colored in blue and once in red is assigned an in-between
color, if the two HeatMaps are equally weighted. It often makes sense to
weight one HeatMap more than the other(s). For instance, if we combine
recently browsed with recently modified, we weight the color value
from the recently modified map with a weight of 2 (or even higher), as
modification is rare and thus most likely increases the interest in an entity
more than its navigation does. In the exponential decay combination we
assume that the interest in an entity decreases exponentially over time.
Obviously we are most interested in an artifact at the moment when we
browse it. This event is additionally weighted with the number of times
we previously browsed the same entity. From this point on, the interest
in that artifact decays exponentially, similar to radioactive decay. Such
a combination has the advantage that entities not having experienced
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any action for a long time are still colored if they once had been very
important.

How to gather the information for the HeatMaps. For many time-
based HeatMaps we instrument the IDE itself to gather information
about the navigation, modification, or deletion of source entities. Most
metrics-based HeatMaps initially obtain their information by executing
a batch process that analyzes all system artifacts to extract information
such as number of versions or authors of specific artifacts. HeatMaps
used to visualize behavioral information require the developer to instru-
ment and exercise the application to gather execution time or memory
usage data. For this we use partial behavioral reflection in Smalltalk
[DENK 07, ROTH 08a].

Storing, caching, updating, and exchanging the information. We store
the data used by HeatMaps in a simple file format. For some HeatMaps
the underlying data sets quickly grow in size, thus we cache the results of
color computations. This is particularly important for aggregate entities
such as packages or classes, as they aggregate the color value from their
child elements (e.g. single methods), so rendering their color computation
is more time-consuming. Usually HeatMaps are not based on an imported
data set but on the data generated by the current developer in the current
development session; in such cases we update the caches whenever an
event occurs that is relevant to the currently selected HeatMap. These
caching mechanisms make sure that HeatMaps are efficiently displayed
even when their underlying data grows with the ongoing development
session. The HeatMap data is easily exchangeable (e.g. to append it
to a bug report) as it is stored in files. Thus we can easily import the
navigation data generated by the developer in our use case (Section 3.2.1)
to correct this defect.

3.4 Validation

HeatMaps are intended to help developers to more quickly navigate to
software artifacts relevant to the task-at-hand. To be successful, HeatMaps
have to fulfill at least two requirements: They need to be (i) efficient, so
updating and displaying should not slow down the IDE, and (ii) accurate,
that is, they should assess entities” importance properly, actually highlight-
ing what is relevant for developers. We performed initial experiments
to validate these two requirements by (i) benchmarking the efficiency of
updating and rendering HeatMaps, and (ii) testing HeatMaps against an
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available navigation and modification history spanning nearly two years
to verify whether the various HeatMaps would haven given accurate
hints to the developer. Finally, we report on an informal user experiment
we conducted with developers using HeatMaps.

3.4.1 Efficiency of HeatMaps

We tested the performance of the recently browsed HeatMap by observing
the time it takes to add new elements to the database, including updating
all dependent HeatMaps, refreshing all involved caches and updating
the visualization, and we measured the time to actually color all artifacts
for a particular HeatMap in the whole system. The system we used is
the Squeak Smalltalk system itself, consisting of 3180 classes and 57400
methods. We measured the display of HeatMaps in the system browser
that shows all system entities. Updating the HeatMaps database upon
navigation activities causes a non-measurable slowdown in the range of
some milliseconds. Coloring the whole system with a new map affecting
more than half of all entities took less than a second. Thus we consider
HeatMaps to be an efficient means to visualize information in IDEs.

3.4.2 Accuracy of HeatMaps

In this section we evaluate the accuracy of various HeatMaps and their
combinations using a benchmark.

Procedure. In anutshell, the benchmarking procedure we implemented
replays a recorded sequence of interactions, and measures the color of
each element that was interacted with (in sequence) according to the
HeatMap. The warmer the element is, the more accurate the map is. The
sequence of interactions we replay consists of nearly 90’000 navigation
and modification events recorded in an IDE while developing and main-
taining a medium-sized system (consisting of 7000 methods in 700 classes)
used to analyze software evolution over the course of 20 months. Bench-
marks have the advantage of being easily replicable, ease the comparison
of results, and can be used to test a restricted functionality, such as the
effect of the weight used in the combination of different HeatMaps. The
same approach has been used by other researchers to evaluate similar
works such as code completion engines [ROBB 08].

We implemented two variants of the benchmark, corresponding to
two distinct use cases for HeatMaps:
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1. In the Monitoring Use Case the developer uses HeatMaps in her daily
work. Information used in a HeatMap is continuously gathered
and displayed in the IDE, so when she navigates to a new artifact,
the recently browsed HeatMap immediately takes this event into
account.

2. In the Historical Use Case the developer does not record events about
her own development but imports a recorded history of another
development session, for example, a session recorded by another
developer while implementing a feature. This historical data is
assumed to be read-only, that is, newly created events are not added
to the HeatMaps database.

Evaluation. To simulate the first use case we create an initial database
with the first 500 records in the history, test for all following elements the
color value they would be assigned in a particular HeatMap, and add
the tested element itself to the HeatMaps database. The second use case
is similarly simulated; here we vary the records added from the history
to the HeatMaps database starting at the beginning of the history with a
database size of 500. We then test the 100 elements following next in the
history. Afterwards we create a new database with the next 500 elements
after the 100 tested elements, test the 100 subsequent elements, and so on.

Testing a single artifact means computing its color value for the cur-
rently active HeatMap, then computing the distance to red as a percentage
value, so “red” is a 100% fit, “blue” and not colored a 0% fit, and values
in-between are interpolated. This procedure assumes that if the developer
in the history selected an artifact and a HeatMap colored it red, then
the HeatMap would have successfully guided the developer to the right
artifact. The percentage values are aggregated for all tested elements to
form an average result for the whole HeatMap using the given history.
We compute accuracy for the Monitoring Use Case as follows:

Sor,dist(CV (x;), RED)

A =1-
ceuracy o dt1

where d represents the size of the initial database, n is the final size of
the database, z; is the ith element, C'V (z) is the color value assigned
to element x, and dist(cv;, cv;) is the distance between two colors. For
the Historical Use Case, the accuracy computation works similar with d
equal to 500 and n equal to 600. As the window containing the analyzed
hundred elements in the data set slides over the entire set, we take the
mean of all accuracy values obtained for each window individually to
compute the final accuracy value for the entire historical data set.
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HeatMap Accuracy
Recently browsed 74.48%
Frequently browsed 21.08%
Recently modified 34.52%
Frequently modified 4.01%
Artifacts’ age 43.12%
Number of versions <1%
Recently and frequently browsed combined 73.24%
Recently and frequently modified combined 39.17%
Recently browsed, recently modified combined 74.48%
Recently browsed and age combined 48.56%
“Best of everything” 75.91%

Table 3.1: Accuracy rates of different HeatMaps in the Monitoring Use
Case.

Evaluated HeatMaps. In this experiment we test six different
HeatMaps: recently browsed, frequently browsed (how often the artifact
has been visited), recently modified (created, update, moved, renamed, or
deleted), frequently modified, age of artifact, and number of versions (how of-
ten the artifact has been committed). Furthermore, we combine different
HeatMaps to test whether combined information yields better results. We
combined these maps using the weighted linear combination approach
and weighted the second map with a factor of 2. As stated in Section 3.3
we can give different weights to the individual HeatMaps when combin-
ing them; in this validation each HeatMap is assigned the same weight
in the combinations we tested. Finally, we did a best of everything experi-
ment, that is, we computed for each tested artifact the maximum accuracy
achieved under all tested HeatMaps. This final experiment thus leads to
the maximum accuracy rate we possibly obtain with our approach and
this data set.

Table 3.1 (Monitoring Use Case) and Table 3.2 (Historical Use Case)
show the various accuracy rates for different HeatMaps we obtained
using the recorded developer activities.

Discussion of the results. From these results we conclude that
HeatMaps perform similarly well for both use cases, that is, when continu-
ously used in a development session, or when imported from a recorded
history and used without taking into account events generated thereafter.
The recently browsed HeatMap is the best performing single metric, which
comes as no surprise since the past navigation actions are most likely to be
a good basis to predict future navigation actions; thus our motivating use
case (Section 3.2.1) should be easier to support by a HeatMap that gives
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HeatMap Accuracy
Recently browsed 68.27%
Frequently browsed 18.14%
Recently modified 39.02%
Frequently modified 3.62%
Artifacts’ age 21.93%
Number of versions <1%
Recently and frequently browsed combined 63.81%
Recently and frequently modified combined 39.02%
Recently browsed, recently modified combined 65.48%
Recently browsed and age combined 37.41%
“Best of everything” 70.36%

Table 3.2: Accuracy rates of different HeatMaps in the Historical Use Case.

us hints about what the developer browsed while originally developing
the broken feature.

Modification actions lead to significantly less accurate results com-
pared to navigation actions, as do frequency-based HeatMaps compared
to recency-based HeatMaps. This is intriguing as other researchers re-
ported higher accuracy rates for models based on modification activities
[KERS 05, SING 05]. We explain our contradicting results by the fact that
the used data set contains much fewer modification than navigation ac-
tivities (84000 navigation events compared to 4000 modification events);
thus many browsed entities have never been modified, which means that
those entities are not colored by modification-based maps. We performed
another experiment which tests modification-based maps only with those
entities that indeed have been modified. In this experiment we obtain
accuracies of 67.49% for recently modified and 31.08% for frequently mod-
ified. The low accuracy for the number of versions map is explained by
the fact that just a very small percentage of methods contains more than
one version. For systems with more evolutionary information available
we expect much better results for maps based on such data.

To assess the fitness of this experiment we also constantly studied the
ratio of entities colored by the evaluated HeatMap and all system entities.
This ratio varied between 5% and 38% throughout all experiments with
an average at 17%, hence colored entities clearly stand out.

Threats to validity. There are several threats to validity in the experi-
ment we performed. Firstly, the data set we used contains all navigations
and modifications occurring in one single application, thus we cannot
generalize our results to other systems as well (threat to external validity).
However, we consider this data set as being fairly typically for other
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applications of similar (medium) size. The system experienced several
extensions, changes, and refactorings. It also contained several defects
that had to be addressed, thus the recorded development history covers
all the typical tasks we want to support with HeatMaps.

Secondly, the observed navigation and modification patterns have
not necessarily been effective or even optimal, for instance, if developers
didn’t navigate directly to the right artifacts. Since HeatMaps should
guide developers effectively to the entities they have to understand or
modify in the context of a specific task, the HeatMaps should make
close to optimal suggestions. The recorded data set most likely does not
represent an optimal navigation in all cases, thus it is likely that HeatMaps
performing well in the simulated study are not necessarily optimal for the
task-at-hand (threat to external validity). However, as we know that the
developers generating this data set have been involved in the system’s
development from the start and have thus been very familiar with it,
we assume that their navigation patterns are generally very directed
to what they were actually looking for. The results of the experiment
would have been different if we had assumed that not the navigation
but the actual modifications performed indicate an optimal pattern. In
that case an optimal navigation directly opens the entities to modify in
order, for instance, to correct a defect. Under this assumption, the recently
and frequently modified maps give much better results, namely 72.25%
and 47.81%, respectively. Neither assuming that the navigation nor the
modification patterns are optimal in the available data set, is fully correct.
We opted for the former assumption because navigation activities are,
of course, much more frequent while working in an IDE [PARN 06] than
modification activities. The reliability of test results is usually higher
when based on larger data sets.

Thirdly, in this experiment we did not yet distinguish between dif-
ferent tasks. We are going to analyze the performance of HeatMaps with
respect to the task-at-hand in the subsequent experiment. We performed
this experiment under the assumption that the recorded data represents
one large task during which developers navigated optimally (threat to
construct validity). A separation by different development sessions, how-
ever, would make sure that a history of one session, for example, in which
a bug was fixed, does not influence the suggestions for navigation in a
completely different session dedicated, say, to refactoring. However, this
implicit knowledge would have rather increased the accuracy, as using
only the history of a similar session to generate the HeatMaps is very
likely to give better results.
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Task-dependent HeatMaps. The data set with which we performed
this validation also contains information about the nature of the task that
has been performed at the moment in which the navigation data has been
recorded. In another experiment, we use this information to compare the
performance of different HeatMaps for different specific tasks, to reveal
whether some HeatMaps are better suited for one kind of development
task than for another. We extracted four types of major development
tasks from the same data set as before, considering all 90’000 navigation
and modification activities: defect correction, new feature implementation,
refactoring, and navigation tasks (tasks which do not change the system,
probably performed purely to gain understanding).

To identify these four types of tasks in the data set, that is, determining
the set of activities representing a particular type of task, we use a semi-
automatic approach: The data set itself is split into development sessions,
that is, sets of activities separated from subsequent sets with a timespan of
at least two hours (to not include meetings, phone calls, or lunch breaks).
We assume that a task does not last longer than one development session.
We manually analyze each development session to reveal whether it
consists of more than one task. We assume that navigation tasks do
not contain any modification activities, defect correction tasks comprise
only a few modification actions, while both refactoring and new feature
implementation tasks contain many modification actions. Thus, we can
assume that a new type of task starts as soon as the modification patterns
change. By manually inspecting what has been navigated and modified,
we can more precisely identify the moment in time when the developer
switched task.

To determine the accuracy of each map for a particular type of task, we
use a similar procedure as in the Monitoring Use Case: The database from
which the accuracy value for a particular entity is computed basically
consists of all activities that occurred before the current item in the data
set. The aggregated accuracy value for a particular type of task is the
average of all accuracy values computed for each data set item being part
of this type of task.

In Table 3.3 we report how often a particular HeatMap most accurately
directed the developer to the desired entities. For refactoring and naviga-
tion tasks, the recently browsed map performs best. For defect correction
and feature implementation tasks the recently browsed combined with
the recently modified map performs best. We attribute this to the fact that
bug correcting activities often occur after a system has been modified,
thus the recently browsed combined with the recently modified map
gives best results. Feature implementation tasks often occur in sequences,
thus leading to the same effect as bug correction tasks. Refactoring and
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in particular navigation tasks often occur after navigation activities in
which developers have spotted issues or interesting code segments to be
investigated further. Hence visualizing previous navigation efforts helps
developers to find the entities to refactor or analyze in more detail. The
results in Table 3.3 serve as a guideline: when working on a task in one
of these four areas, developers obtain best results when using the sug-
gested HeatMap. We make use of this knowledge in HeatMaps to suggest
well-performing HeatMaps to the developer based on the task-at-hand
(cf. Section 3.5). We did not test how the HeatMaps visualizing dynamic
information would have performed as there is no recorded runtime data
about this system available. We expect such maps to outperform others
for specific bug corrections.

HeatMap Defect Feature Refactor. Navig.
Recently browsed 49.48%  50.90% 64.27%  75.19%
Frequently browsed 19.07%  20.28% 22.99%  24.82%
Recently modified 4520%  31.73% 38.03%  28.39%
Frequently mod. 32.98% 9.64% 17.62%  11.88%

Rec. brow. & rec. mod. 54.31%  51.14% 63.00%  72.04%
Freq. brow. & freq. mod.  32.78%  44.01% 29.22%  61.76%

Table 3.3: Performance of different HeatMaps in specific tasks.

3.4.3 User feedback

In addition to the benchmark validation we also gathered feedback from
developers using HeatMaps in practice. Four developers used HeatMaps
over a period ranging from several hours to a week while performing
various kinds of tasks such as maintaining a familiar system. We also
asked one developer to gain an initial understanding for a unfamiliar
system we had developed; we provided him with HeatMaps visualizing
our navigation history in this system. The developers using HeatMaps
generally appreciated their presence during their work. They consid-
ered this navigational aid to be useful; in particular they liked that fact
that HeatMaps are easy to understand and that the maps apply to a
wide range of different kinds of information. The colors we chose as the
background for the source artifacts are considered to be non-intrusive
(we opted to use a color gradient from light blue to light red to obtain
soft colors). All participants stressed the importance of suggesting task-
dependent HeatMaps; although the IDE should suggest, based on the
developer’s characterization of the task-at-hand, the best suited HeatMap,
the engineers still want to be able to customize the automatic suggestion.

After using HeatMaps for a while, one developer considered the fre-
quency and recently browsed HeatMaps to be most useful when he was
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interested in understanding the system in general; for addressing a spe-
cific maintenance task, he opted for HeatMaps focusing more on that task,
such as HeatMaps showing evolutionary information about a specific
part of the system or information involving frequency of modification, or
the number of versions, not just navigation.

These early user comments offer a promising feedback about how
useful HeatMaps can be in practice; performing a full-fledged controlled
experiment we leave as future work.

3.5 Related Work and Discussion

3.5.1 Related Work

Other works pursue a similar goal, most notably Seesoft [EICK 92], FEAT
[RoBI 03a], NavTracks [SING 05] and Mylar [KERS 05]. For a thorough
treatment of these approaches we refer to Section 2.1. We compare these
four approaches to HeatMaps and particularly stress their differences and
limitations.

Seesoft. While Seesoft visualizes single lines of code, HeatMaps focus on
entire source artifacts, the lowest level of granularity being the method.
Seesoft’s approach does not provide an overview of a system and makes
it hard to identify interesting artifacts. Even for small-sized systems,
Seesoft’s visualizations of single lines of code do not scale and cannot
contribute to a better system overview in the IDE. However, HeatMaps
complement the approach of Seesoft well: With HeatMaps, developers
can obtain an overview of the system and identify artifacts of interest. To
explore the implementation of an artifact, e.g. a method, Seesoft can visu-
alize the simple, basic metrics of HeatMaps (for instance, recency or extent
of modification) on a per line of code basis. This is for instance interesting
to reveal which lines of code have been added or modified together in
the same commit or by the same author. Profiling information exploited
by Seesoft also allows developers to, for instance, quickly spot lines of
code with high execution frequencies. Such detailed and fine-grained
information on an intra-procedural level is not provided by HeatMaps.

FEAT. HeatMaps pursue a different goal than identifying concerns as
FEAT does. A HeatMap can also represent a concern though, for instance
all entities colored in the same hot color can be perceived as a concern.
However, the HeatMaps approach does not claim to identify concerns
correctly, but to give hints about the relative importance of particular
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artifacts for the task at hand. Entities identified as being important might
or might not belong to the same concern. While FEAT aims at identifying
and presenting related artifacts for a given concern to the developer,
HeatMaps provide an overview of a system by drawing the attention of the
developer to particular entities likely to be of interest. To determine this
importance, HeatMaps take into account different data sources. HeatMaps
allow the developer to choose the appropriate HeatMap dependent on the
task and thus acknowledges the fact that there is no single answer to the
question which entities need to be examined to, for instance, comprehend
a system or a particular concern thereof.

NavTracks. HeatMaps, while using similar data as NavTracks (that is,
recency and frequency of navigation) pursue a different goal, namely
providing an overview of a system dependent on the development task
by highlighting entities of importance. Developers can freely choose
which kind of data assesses the artifacts” importance best for their task at
hand. As NavTracks does not aim to provide an overview of the system
to developers, the two approaches are not directly comparable. However,
often all entities colored in red with HeatMaps are related to each other
and would thus be in the recommendation lists for each other in the
NavTracks approach.

Mylyn. As Mylyn, HeatMaps also apply a heat-based coloring scheme
to highlight important artifacts, but the importance is assessed differently.
While the degree-of-interest model is fixed in Mylyn, the developer can
choose between different models in the HeatMaps approach and can even
combine various models with each other to obtain better results. The
HeatMaps models are also based on different information than that of
Mylyn, including runtime and evolutionary information, such as how
many different developers worked on a specific artifact in the past. For
many tasks, information about previous navigation or modification is
not sufficient to accurately determine the degree-of-interest, since dy-
namic or evolutionary information is likely to give better results. For
example, when addressing a software regression, taking into account
evolutionary information about who changed what in the system gives
appropriate hints to developers about what they should browse. For this
reason, HeatMaps provide suggestions to developers what information,
including combinations thereof, gives best results for which kind of task.
Considering the nature of the task when identifying important artifacts is
likely to give better results than the rather strict degree-of-interest model
provided by Mylyn. However, we have not yet formally compared the
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two proposals to each other, mainly due to the fundamental differences
in languages and IDEs (Eclipse and Java versus Smalltalk).

3.5.2 Discussion

Next we discuss several important aspects of our proposal: (i) combining
or aggregating different information from single HeatMaps, (ii) task-
dependent or goal-oriented usage of HeatMaps, and (iii) studying its
limitations.

Information aggregation. From the validation in Section 3.4.2 we learn
that combining HeatMaps does not appear to have a significant positive
effect on the accuracy of a HeatMap. The accuracy of combinations heav-
ily depends on the HeatMaps used, on their weighting, and on the data set
of recorded activities. As the experiment studying the task-dependency
of HeatMaps reveals, combined HeatMaps can outperform single maps
for specific goals or tasks, as was the case for defect correction and imple-
mentation of new features (cf. Section 3.4.2), where a combination of the
recently browsed map with the recently modified map performed best,
also better than the recently browsed map alone. Instead of combining
HeatMaps we could also already take into account the different actions
performed by the user when initially building a single HeatMap. Mylar
[SING 05] for instance creates a degree-of-interest model in which not
only navigation but also each key struck during the modification of an
artifact directly increases the interest value.

As one of our primary goals with this approach is to freely combine,
exchange, and distribute the underlying data for HeatMaps, as well as to
have a uniform approach to efficiently display very different information
in the IDE, we deliberately keep the information used in single HeatMaps
as simple as possible, even though gathering this information is often
complex or time-consuming, as is the case for HeatMaps presenting
dynamic information. This enables the developer to select from a wide
range of information that which best fits the specific task-at-hand; the
IDE supports the developer hereby by offering suggestions for proven
combinations.

Task-dependency, Goal-orientation A navigational aid such as
HeatMaps should ultimately guide the developer towards her goal, for
example, the entity she actually needs to modify to correct a defect. In
software maintenance the goals can be very diverse — gaining an under-
standing for the software is usually a prerequisite to attain any goal when
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maintaining software. HeatMaps contribute to program comprehension
by highlighting entities according to their importance. As an artifact’s
importance depends highly on the programmer’s task and on the concrete
goal she is pursuing, HeatMaps can visualize a wide range of information
and propose suggestions what configuration or combination of different
HeatMaps are most useful for a specific task. Developers can further
refine the suggestions given by the IDE.

For many tasks and goals it may be obvious what information is likely
to be most useful for identifying the important entities. For example, to
optimize performance, a HeatMap highlighting heavy computations is
a natural choice. Not only the HeatMap itself but also the nature or age
of the data it visualizes influences the accuracy. From our experience we
know that when starting a new task, the data for the HeatMaps should
either be freshly recorded from scratch or originate from a similar task,
otherwise the assessment of the entities’ relevance is not accurate enough
to properly guide the developer. For this reason HeatMaps provide the
means to easily store the used data for later reuse in another, similar task
(as done for the running use case in Section 3.2.1). Particularly useful
is saving the HeatMaps data used while correcting a bug together with
the bug report, thus giving other developers in the team the opportunity
to view the HeatMaps of the original developer who addressed this
particular bug [SING 05].

As mentioned in Section 3.4.2 we also provide best practice guidelines
to suggest which HeatMaps are most useful for which kind of task. For
developers correcting defects different entities may be important than
for new team members trying to gain an initial understanding for a
large software system. In the future, we want to perform empirical user
studies with different HeatMaps with respect to how well they perform
for various tasks. Of particular interest is the impact of HeatMaps on
initial program understanding, such as when a new developer joins a
team.

Limitations HeatMaps are limited in their expressiveness, since they
can, by definition, only display one ordered set of values at a time. We
can circumvent this limitation to some degree by combining different
HeatMaps. However, it is unclear whether we could display more than
one HeatMap at the same time in the IDE by, say, coloring artifacts in
several colors, or whether we could use discrete colors to visualize discrete
values, such as authors, but still show the degree of realization for a
variable, for example, how much an author contributed to an artifact, by
displaying a gradient around each discrete color. Abusing HeatMaps to
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visualize too complex information is likely to erode their main advantage,
that is, being easily understandable.

3.6 Summary of the Chapter

In this chapter we addressed the research question whether there is a
uniform means to guide developers working on various development
tasks through a large software space directly in the IDE without even
more overloading the existing IDE perspectives. We proposed HeatMaps,
a uniform approach to visualize various kinds of information orthogonal
to the static system structure in the IDE. Evolutionary information, infor-
mation about the historical navigation and modification performed in the
IDE, or dynamic information about a large software system, can direct
developers to software entities important for a specific goal and hence
improve the overview of the system, in particular as developers do not
have to care about all system artifacts but rather just about those being
highlighted by HeatMaps.

As software developers and maintainers face very diverse tasks,
HeatMaps offer a flexible and configurable means to visualize different
kinds of information relevant to these tasks. In particular, we provide
predefined configurations of HeatMaps that are, according to our evalu-
ations, best suited to direct developers when solving problems such as
navigating a system to gain an initial or deeper understanding, correcting
defects, implementing new features, or refactoring a system.

While HeatMaps help developers to quickly identify artifacts likely
to be relevant for the current task and to thus gain an overview of the
system, this approach has also some drawbacks: (i) building a mental
map of the task context is difficult; the entities colored in a hot color by a
HeatMap might not formulate a working set as needed for a given task
and the colored entities do usually not appear in a comprehensive list
but are distributed over the entire source space. (ii) A HeatMap shows
the importance of artifacts at a given moment in time; as this importance
evolves over time, the HeatMap also evolves (for instance, by taking
into account new modification events), thus such a map does not reflect
a persistent working context. Finally, (iii) a HeatMap cannot easily be
stored, distributed, or manually altered by the developer; each HeatMap
is bound to a particular environment and a particular computation of
the importance value. For this reason, the coloring of entities cannot be
distributed or adapted by the developer.

We addressed these shortcomings of HeatMaps by working on another
approach particular tailored to represent an explicit context in the IDE.
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This approach is called SmartGroups and is introduced in detail in the next
chapter.






Chapter 4

SmartGroups -
Representing Context in

IDEs

4.1 Introduction

4.1.1 Positioning SmartGroups

This chapter introduces SmartGroups, a categorization mechanism for
source artifacts available for the Squeak and Pharo Smalltalk IDE. Smart-
Groups alleviate the difficulties of locating and navigating in a large
software space the artifacts needed to accomplish a specific software
maintenance task. To do this, SmartGroups provide automatically built
working sets to help developers identifying the source artifacts likely to
be important for their current task. Such working sets hold just a small
portion of all artifacts defined in a system, thus SmartGroups reduce the
amount of information developers have to deal with and hence tackles
the information overload problem of IDEs. The artifacts contained in such
automatically created groups of artifacts are, for instance, determined by
analyzing the recent modification or navigation history of a developer, or
by exploiting historical or dynamic information, similar to HeatMaps.

SmartGroups also allow developers to manually create working sets
to persistently represent the context relevant for a particular software
task such as correcting a defect. As a working set in particular contains
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conceptually related entities, SmartGroups also address the problem of
having many widely distributed artifacts in a software system by bringing

them together in the same smart group.

Activity

Problem

Feature
investigation

Feature

Artifact

Dependency

ation

Overloaded
views

Information
overload

v

v

No context,
task support

A

v

Runtime
interaction

Artifact
usage

Execution

pattern

Quality
assessment

Domain
concept
analysis

Distributed
artifacts
Collaboration
hidden

AN

Static
views

A

Figure 4.1: SmartGroups primarily mitigate the problem of information
overload, represent context in IDEs, and, to a limited degree, also make
explicit hidden collaboration between distributed source artifacts.

Figure 4.1 comes back to the IDE problems discussed in Chapter 1
by summarizing all problems tackled by the SmartGroups approach, that
is, information overload, no context representation, and distant but col-
laborating artifacts. Thus, SmartGroups support developers in all typical
software maintenance activities except analyzing how particular artifacts
are used by other elements in the system.

The rest of the chapter discusses in detail our SmartGroups proposal,
the motivation for its realization, its concrete implementation and integra-
tion in the IDE, and ultimately its evaluation by means of a benchmark
validation.

4.1.2 Introduction to SmartGroups

To comprehend a software system, developers typically use a develop-
ment environment (IDE) to navigate the system and to locate important
artifacts, for instance a method which introduced a defect. However, the
navigation of a large system in an IDE is a time-consuming task as there
are many source artifacts such as packages, classes, or methods that im-
plement this system [KO 05]. Moreover, these entities are interconnected
with each other at runtime in ways that are difficult to foresee while
browsing the code [DUNS 00, CHU- 03]. In particular object-oriented lan-
guage features such as polymorphism, abstract types, or the use of design
patterns often lead to conceptually related but scattered and distributed
code [DUNS 00, WILD 92]. For instance, a system might statically refer to
abstract types, but at runtime concrete sub-types of these abstract types
are used [DUNS 00]. As inheritance hierarchies often consist of many
classes and interfaces that might be distributed in several packages, iden-
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tifying the few types actually relevant for a specific task is often difficult
or time-consuming [MARC 04, SOLO 86].

The IDE usually does not support well the identification of task-
relevant artifacts. Instead, developers see in their development envi-
ronment just the hierarchical structure of the software system under
investigation, but there is no notion of a context specifically tailored to
the current task. However, the interest of the developer in specific source
artifacts is typically heavily dependent on the nature of the task. To gain
an overview of an unfamiliar system, a developer needs to study different
artifacts than when correcting a defect in a specific functionality of a
well-known application. But the IDE always gives the same view on the
source space to the developer, independently of the nature of the current
development task.

We propose in this chapter the inclusion of the concept of working
context in the IDE. A working context is a set of artifacts relevant for a
particular task. To identify these relevant entities, we define types of tasks,
namely defect correction, feature implementation, and general program
understanding tasks. Different types of tasks have different relevant
artifacts, thus SmartGroups adapt how it categorizes source elements
based on the nature of the task. For defect correction tasks, for example,
SmartGroups also take into account evolutionary information, that is,
artifacts that were committed to the source repository in the past to
correct a defect. For program understanding tasks, mainly navigation
activities performed in the IDE are analyzed to suggest relevant entities.
Developers manually specify the nature of the task; SmartGroups use this
information to associate development activities with a task type and to
recommend the artifacts appropriate for the specified task type.

Besides defining the task type (defect correction, feature implemen-
tation, or system understanding), we can further characterize the nature
of the task by specifying which static or dynamic parts of a system are
involved when carrying it out. The involved static part is defined by enu-
merating packages while the dynamic part is characterized by involved
software features.

We implemented our proposal as an extension to the IDE called Smart-
Groups which is available for the Squeak and Pharo Smalltalk IDE. This
extension represents working context by categorizing source entities in
groups. These groups are “smart” in the sense that they hold source enti-
ties automatically categorized by algorithms tailored to specific task types.
These algorithms use various kinds of information such as the modifica-
tion and navigation activities performed in the past on the system under
study, evolutionary information such as recently committed artifacts, or
dynamic information such as number of invocations of a method.
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The main contributions of this chapter are (i) a thorough analysis of
the difficulties in navigating the software space in IDEs, (ii) an implemen-
tation of SmartGroups mitigating these difficulties, (iii) the evaluation of
various algorithms to automatically identify the elements in the smart
groups, and (iv) the validation of how correct and accurate SmartGroups
identify task-dependent entities.

This chapter is structured as follows: Section 4.2 thoroughly studies
the problem of software navigation and comprehension in IDEs while
Section 4.3 reports on related approaches such as Mylyn or NavTracks. In
Section 4.4, we introduce SmartGroups, our implementation of a smart and
automatic categorization mechanism for source artifacts in IDEs, and the
algorithms and their parameters SmartGroups use to identify task-relevant
source artifacts. Section 4.5 evaluates our proposal with a benchmark
validation based on a recorded set of development activities. Eventually,
Section 4.6 concludes the chapter.

4.2 Software Space Navigation Issues

As we stated in Section 1.1.2 an IDE’s views on a software system are
typically overloaded. It is difficult to navigate a large software space
in such overloaded views, in particular as the IDE does not provide
any guide to the developer how to locate relevant artifacts [KERS 05].
However, software navigation is a crucial prerequisite for program com-
prehension [BASI 97, CORB 89], since most software systems spread their
functionality over multiple source artifacts [DUNS 00, CHU- 03, SOLO 86].
Even reasonably sized systems contain several hundreds of these artifacts
(classes, methods, etc.). As conceptually related code is often distributed
over the entire source space, understanding for instance a particular soft-
ware feature requires developers to spend considerable time and effort to
navigate a feature [KO 05, MARC 04]. During this navigation, developers
often lose the overview and have to start over searching for the right path
to be able to comprehend a software feature [NIEL 89a].

In this section we empirically analyze the software space navigation
problem developers suffer from when working on software maintenance
tasks in IDEs such as Eclipse or Smalltalk. We examine several recorded
development sessions to study the extent of navigation problems in the
traditional Pharo and Squeak IDE and to obtain some indicators giving
evidence for the existence of navigational difficulties in IDEs. Although
the two IDEs we cover in our study are dedicated to the non-file based,
dynamically typed Smalltalk language, we do not expect major differ-
ences in the analysis results for other IDEs such as Eclipse or NetBeans,
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Indicator Avg. of 20 sessions
Number of window switches 38.85
Number of entities revisited 35.10
Edit / navigation ratio 9.51%
Number of navigation actions until first edit 52.14
Number of navigation actions btw. two edits 19.31

Table 4.1: Five indicators highlighting navigation issues occurring in the
Squeak Smalltalk IDE.

which are used for programming in statically typed file-based languages
such as Java. We further analyzed these development sessions to elicit
ideas for the improvement of software navigation, in particular to reveal
whether having a representation of a working context could help to cure
software navigation issues.

Problem indicators. As indicators for navigation difficulties we con-
sider the number of window switches (changing focus from one window
to another), the number of re-visits of source artifacts purely for reading
and understanding (without modification), the edit/navigation ratio (ratio
of edit actions compared to navigation actions), the extent of navigation
until first edit (how many navigation actions a developer performed until
modifying the first artifact), and the average extent of navigation between
two edits (how many navigation actions occur between two subsequent
modification actions). By analyzing 20 development sessions we obtained
the results displayed in Table 4.1 for these five indicators. All the recorded
and analyzed sessions originate from developers working for 30 minutes
on software maintenance tasks (defect correction or feature adaptation) in
small or medium-sized applications with up to hundred classes in Pharo
and Squeak Smalltalk.

As partially introduced in Section 1.1.2, the figures resulting from
this study corroborate the hypothesis that navigating the source space in
Smalltalk is often difficult. Developers very frequently switch between
different windows and visit many source entities several times, even
during short development sessions lasting just half an hour. Locating an
artifact to be modified in order to carry out a software maintenance task
requires developers to spend a considerable amount of time. This is indi-
cated by the low edit/navigation ratio (less than ten percent). All these
figures demonstrate that the amount of navigation activity required to
identify an artifact to be changed is large. This is in particular true at the
beginning of a task when developers perform on average 52 navigation
actions before they locate the first entity they want to modify. Another
indication for ineffective navigation in IDEs is the average number of nav-
igation actions performed between two subsequent modification actions;
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on average developers perform 19 navigation actions until they again
modify an artifact, which we consider to be a large amount of navigation
between two consequent modification activities.

Study conclusions. From the numbers shown in Table 4.1, and addition-
ally from informal interviews and discussions we had with developers,
we conclude that software space navigation is an important develop-
ment activity that takes a considerable amount of time as it is not well
supported by conventional IDEs. We further conclude from this study
that one reason for these navigational difficulties in IDEs is the fact that
development environments do not represent a working context that is
adapted to the current development task. Instead, IDEs always present
the entire, usually huge software space to developers without providing
guidance how to locate relevant information in this space.

As we revealed in Section 1.1.2 there are other reasons why developers
struggle to navigate a software system in the IDE, such as a surfeit of open
views, tabs or windows, the fact that dependencies between artifacts are
hidden, or because features are not explicitly represented. However, rep-
resenting working context in the IDE is already an improvement as such
a representation is likely to drastically reduce the amount of navigation
required to discover relevant entities by enabling developers to focus on
a constrained portion of the software space.

In this chapter we aim at alleviating the navigation difficulties and the
information overload in IDEs by categorizing source artifacts in groups
to represent a context of artifacts that are relevant for the current software
maintenance task. As other works described in the literature pursue a
similar goal, we first study these proposals to reveal to which degree
they already achieve a representation of working context in IDEs be-
fore we elaborate in the remainder of the chapter on SmartGroups, our
implementation of a categorization mechanism for task-relevant artifacts.

4.3 Existing Approaches

Several existing proposals also aim at presenting task-relevant entities and
at representing a working context in the IDE. We have introduced such
proposals in Section 2.1.3. However, these related works have several
limitations and shortcomings and cannot achieve our goal of representing
context in the IDE. In the following, we report on these shortcomings of
existing work and how we want to overcome them.
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FEAT [RoBI 03a] identifies concerns from recorded program investi-
gation activities performed in the IDE and visualizes these concerns
with graphs. However, the quality of the identified concerns is heavily
dependent on how organized the analyzed investigation sessions were
[RoBI 03b, ROBI 07]. Disorganized investigation sessions cannot be used
to identify concerns [ROBI 03b], thus FEAT’s algorithms are not robust.
We tackle this problem in SmartGroups by exploiting more than one data
source to identify entities belonging to the same context or concern. This
renders the SmartGroups approach more robust, that is, less dependent
on the quality of the analyzed transcript of past investigation activities
as SmartGroups combine several data sources to identify related entities,
such as navigation and investigation but also modification activities, and
even dynamic or evolutionary information. Thus, SmartGroups usually
identify more related entities than FEAT but might be less precise, as
we consider it to be more helpful for a developer to relate an artifact to
a task that is actually not relevant than to not link a relevant element.
The authors of FEAT report that their concerns contain just twelve dif-
ferent source entities on average [ROBI 03b], while a typical smart group
contains twenty or more entities.

NavTracks [SING 05] recommends source entities related to the cur-
rently selected entity by analyzing how developers navigated and modi-
fied the system in the past. With SmartGroups we take into account more
information than just recency of navigation; we also consider evolution-
ary data (age, versions, or authors of source artifacts) or dynamic data
such as number of invocations, memory usage, or execution time. The
analysis of this data yields groups of entities that form a particular con-
text, for instance those that are relevant for a specific software feature or
that are related to a specific task such as bug correction. These groups
are permanently accessible and do not depend on the currently selected
artifact, thus they act as a categorization of source entities. The nature of
the current programming task is an important factor for the identification
of relevant entities. NavTracks recommends related files independently
of the task and thus ignores the relation between tasks and importance of
entities.

Mylyn [KERsS 05, KERS 06] exploits programmer activity to build a
degree-of-interest model for the program elements in a system and high-
lights the elements considered interesting for the task-at-hand. Smart-
Groups are related to Mylyn in the sense that they use similar information
to automatically build groups of source artifacts, namely recency and
frequency of modification and navigation of source entities. However,
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as mentioned before SmartGroups also exploit dynamic and evolutionary
information.

Another difference to Mylyn is that SmartGroups adapt to the nature
of the development task currently being performed (either defect cor-
rection, feature implementation, or system understanding). Depending
on the type of task, SmartGroups use different algorithms to determine
the elements in specific groups. While Mylyn just provides a single and
fixed algorithm to identify related entities, SmartGroups allow develop-
ers to influence how the approach locates relevant artifacts. Developers
understand their development task and the system under study usually
well enough to support SmartGroups in the identification process by, for
example, specifying the task type and packages being involved in the
task, thus we do not apply such a strict model as Mylyn which computes
the degree of interest value for each artifact independently of the nature
of the task and the knowledge and experience of the developer. Although
developers can alter the elements shown as relevant for the task in Mylyn,
they cannot influence how they are initially computed.

4.4 SmartGroups in a Nutshell

In this section we introduce SmartGroups. The focus is on the automatic
categorization of entities that are part of the working context, that is,
relevant for the task-at-hand. Besides providing automatically populated
categories, the so-called smart groups, we also support manual categories
to which developers can manually add artifacts. This is useful to group
artifacts that are personally considered to be interesting, such as candi-
date artifacts for a refactoring. SmartGroups also provide a third kind of
category which holds the results of search queries. These three kinds of
smart groups are discussed in the following. Eventually, we describe how
the SmartGroups view is integrated in the Smalltalk IDE.

44.1 Automatic Smart Groups

To automatically identify source entities relevant for a particular task,
SmartGroups exploit various kinds of data sources, namely recorded de-
velopment activities performed in the IDE, evolutionary information
extracted from source repositories (versions, authors, etc.), and dynamic
information extracted from program execution. All available data sources
are combined to reveal task-relevant relations between source artifacts.
For a list of the different kinds of information extracted from these three
data sources we refer to Section 3.2.2.



SmartGroups in a Nutshell 99

By specifying in the interface provided by SmartGroups the type of
task currently being performed, the developer supports the process of
automatically identifying the task-relevant source elements. This task
specification is abstract and high-level: the developer can choose between
defect correction, feature implementation or adaptation, and general pro-
gram comprehension tasks. Note that there is no dedicated task type
for refactoring tasks; usually they are considered to be defect correction
tasks in SmartGroups (cf. Section 4.5.1). This task specification can option-
ally be further refined by enumerating system packages that are relevant
for a task or by characterizing one or several features with which the
task-at-hand is concerned.

As soon as the developer has specified the nature of the current task,
SmartGroups analyze its various data sources based on the given task
specification. Recorded development activities are analyzed with regard
to the task type developers performed during the recording. We assume
that the same types of tasks involve similar entities; for instance, bug
correction is likely to involve certain kind of entities, such as recently
added or modified elements [GRAV 00], elements that contained bugs
in the past [TARV 09], or that have been frequently changed [GRAV 00].
Thus, SmartGroups specifically take into account recency and frequency
of modification to suggest relevant entities for defect correction tasks.
Typically, more artifacts are navigated than modified; thus additionally
to entities frequently or recently modified we also consider entities that
have been frequently navigated but not modified to be task-relevant; the
importance of such entities depends on the type of task.

SmartGroups suggest either methods or classes as entities being rele-
vant for a task. Packages for instance are not considered, mainly because
they are rarely modified and their navigation is not meaningful in the
sense that developers, for instance, still do not know where to look for
the cause of a defect in a package consisting of many classes and methods.
In object-oriented applications developers mostly modify single methods
to correct defects or adapt features. For program comprehension, the un-
derstanding of methods is also crucial, thus SmartGroups mostly suggest
methods as task-relevant entities. Classes are also suggested, in particular
for program comprehension tasks. As we do not consider the addition
of a method to a class as a modification of the class itself (this is not true
if attributes are added), classes are rarely modified during maintenance
tasks, thus they are usually not directly considered as task-relevant for
defect correction or feature adaptation tasks. However, developers are en-
couraged to also examine other methods of a class of which SmartGroups
identified a method as task-relevant.
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Task Type Identification. If recorded development activities do not
have a task type associated, SmartGroups try to automatically determine
this task type by analyzing the recorded activities. A sequence of recorded
activities usually contains several distinct development sessions. Start and
end of such a development session is either marked by the termination
of the IDE or after a certain period of inactivity (two hours or more). A
development session might contain more than one task. For sessions
containing commits to a repository, we consider the time of a commit as
the end of a defect correction or feature implementation task (see below).
Sessions without commits are either considered to be a single program
comprehension task, or, if they contain modification activities, as a single
defect correction or feature implementation task. To distinguish between
defect correction and feature implementation or adaptation tasks, we
analyze the extent of modification: Sequences of development activities
containing just moderate and local modification (that is, involving just
a few entities) are perceived as defect correction tasks; if modification
involves several entities that were changed relatively extensively, we
assume a feature implementation or adaptation task.

Determining task types from evolutionary data works similar. As this
kind of data does not include information about entity navigation, we
basically just distinguish between defect correction and feature imple-
mentation or adaptation tasks by considering the extent of modification
(both in terms of number of modified entities and added, changed, or
removed lines of code in specific artifacts). Defect correction tasks usually
cover just a few entities while the extent of feature implementation tasks
is larger. If a programmer specifies a type of task in SmartGroups, this
information is automatically stored in the commit message, thus we can
retrieve this information from evolutionary data.

Evolutionary data extends data about recorded development activities
(i) by grouping modified entities into a coherent set, that is, the entities
being part of the same commit, (ii) by adding date and time, author
information, and a commit message to this set of modified entities, and (iii)
by finalizing a batch of modification actions. From recorded modification
actions it is difficult to separate intermittent modifications from those
finally solving a particular task. We expect that committed entities contain
final changes while recorded modification actions are often just a step
towards the final modification of a particular entity in a particular task.
We thus take the time of commit as the completion time of a task, at
least in cases where developers did not manually specify when a task is
finished using the interface of SmartGroups. Furthermore, commits help
to refine information contained in recorded modification activities as they
usually just include entities that indeed have to be modified in order to
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complete a task while they should not include entities modified to, for
instance, introduce logging statements to better understand a program.

The identification of task-relevant entities based on development ac-
tivity and evolutionary data works as follows for the different types of
tasks:

Defect correction. First, we map particular commits to recorded devel-
opment sessions to mark the end of a task. The beginning of a task has
been either specified by the developer or has been automatically deter-
mined as described above. As soon as the extent of the task in the recorded
development activities is determined, we extract all modification actions
and the involved artifacts and count how frequently each artifact was
modified. The set of modified entities is firstly ordered by frequency and
extent of modification and secondly compared to the set of committed
entities; modified entities that have not been committed are moved to
the end of the ordered list of entities. Additionally, we also incorporate
entities that have been frequently navigated but never modified. Such
entities are placed at the end of the list, after those not committed. Source
elements that have been recently modified or frequently and recently
navigated in a development session are considered to be more important
and thus move up in the list.

This procedure is repeated for all defect correction tasks in the
recorded set of development activities. The lists of relevant entities from
all considered tasks are merged; entities from recent development sessions
are prioritized and thus appear higher in the merged list.

As defects often occur in artifacts that have been recently added to
the system [GRAV 00], we increase the priority of artifacts that are young
(age is measured in number of commits since an artifact has been ini-
tially added to the system). We also rank artifacts higher that have been
changed in many commits or that have many different authors, as we
expect the likelihood to contain a defect to be higher for artifacts with
these characteristics.

The ranked list is shown in the SmartGroups view under the label
“suggestions” as illustrated in Figure 4.2. Only the first twenty elements
are shown by default. Developers are presented with all elements in
the list on demand. We limit the maximum number of entities in the
list to 50 elements; elements placed beyond this limit are not presented.
Developers can change the position of elements in the list or manually
add or remove elements, but the list can never grow beyond 50 elements.
This hard limit has been empirically determined to be an appropriate
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Figure 4.2: SmartGroups view integrated on the left side of Pharo
Smalltalk’s system browser, the core of the Smalltalk IDE.

compromise between having many suggestions for related artifacts and
not overloading the SmartGroups view.

The algorithm to rank a specific artifact to determine its position in
the list of related artifacts encompasses many parameters such as how
frequently navigated entities move up in the list. Each element in the
ranked list has an initial weight which equals its position in the list. Each
parameter adds weight to some of the entities. We automatically add the
maximum weight given by a parameter and increase this weight by one
for entities that have not yet received weight for this parameter to move
such entities towards the end of the list. Eventually, the list is sorted by
the weight of entities in ascending order which leads to the final ranked
list.

The different parameters in this algorithm are listed and explained in
Table 4.2. We empirically determined the optimal value of each parameter
by running a benchmark experiment using ten recorded development
sessions. Each session contained several defect correction tasks for which
we knew precisely the involved development activities. We used the
recorded activities of all but one task to compute the ranked list of relevant
entities for the last task in the session. We knew precisely the elements
that actually had to be modified to correct the defect of this last task. We
then varied in several benchmark runs the different used parameters (e.g.
whether and how to take into account a specific parameter). Eventually,
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Parameter

Description

Initialization

Initially, the list is ordered by extent of modification, that is,
number of lines that are added or adapted, and by frequency
of modification.

Committed entities

Entities that have been modified but not committed are ap-
pended to the end of the list in their initial order.

Frequently navigated
but not modified

The 30 most frequently navigated entities are ordered by
frequency and appended in this order to the end of the list.

Recent navigation

The 100 most recently navigated entities are ordered and the
weight of each entity in the ranked list is increased by its rank
from the ‘'recent navigation’ list.

Frequent navigation

The 40 most frequently navigated entities are ordered and the
weight of each entity in the ranked list is increased by its rank
from the ’frequent navigation’ list.

Recent modification

The 20 most recently modified entities are ordered and the
weight of each entity in the ranked list is increased by its rank
from the "recent modification’ list.

Recent dev. session

All development sessions are ordered by recency and the
weight of all entities in the ranked list is increased by the rank
of the development session in which they have been lastly
modified.

Age (young entities

ranked higher)

The 50 youngest entities are ordered by age (number of com-
mits

since creation) in ascending order and for each of these entities
appearing in the ranked list we increase its weight by the rank
from the "age’ list.

Number of versions

Each entity is ordered by number of versions in descending or-
der and the weight of each entity in the ranked list is increased
by its rank in the ‘number of versions’ list.

Number of authors

Each entity is ordered by number of authors in descending or-
der and the weight of each entity in the ranked list is increased
by its rank in the ‘number of authors’ list.

Table 4.2: The different parameters used in the algorithm to identify
entities relevant for defect correction tasks and how they influence the
order of the relevant entities.

we chose the parameters from the benchmark run which proposed a list
of relevant artifacts best aligned with the set of elements that developers
actually had to modify to correct the last defect in each development
session. The benchmark validation principle is explained in more detail
in Section 4.5.

Feature implementation and adaptation. The identification of source
elements relevant for feature implementation tasks works largely in the
same way as described above for defect correction tasks, except that
feature implementation tasks extracted from the development activity
and source code history are analyzed instead of defect correction tasks.
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Parameter Description
Initialization Initially, the list is ordered by extent of modification, that is,

number of lines that are added or adapted, and by frequency
of modification.

Committed entities

Entities that have been modified but not committed are ap-
pended to the end of the list in their initial order.

Frequently navigated
but not modified

The 20 most frequently navigated entities are ordered by
frequency and appended in this order to the end of the list.

Recent navigation

The 200 most recently navigated and modified entities are
ordered and the weight of each entity in the ranked list is
increased by its rank from the ‘recent navigation’ list.

Frequent navigation

The 100 most frequently navigated entities are ordered and the
weight of each entity in the ranked list is increased by its rank
from the ’frequent navigation’ list.

Recent modification

The 100 most recently modified entities are ordered and the
weight of each entity in the ranked list is increased by its rank
from the "recent modification’ list.

Recent dev. session

All development sessions are ordered by recency and the
weight of all entities in the ranked list is increased by the rank
of the development session in which they have been lastly
modified.

Age (young entities Not used.
ranked higher)

Number of versions Not used.
Number of authors Not used.

Same author

Entities changed by the same author as the current developer

are ordered by the recency of the development session in which
this author changed the entity. The weight of each entity in the
ranked list is increased by its rank in the 'same authors’ list.

Table 4.3: The different parameters used in the algorithm to identify
entities relevant for feature implementation and adaptation tasks and
how they influence the order of the relevant entities.

There are also some minor differences in the identification algorithms
compared to defect correction . For instance, we rank artifacts higher that
have been previously modified or navigated by the same author as the
current developer, as we consider it as likely that the same developer
will work on similar features throughout the lifetime of a system. Thus,
entities this developer changed during previous development sessions are
more likely to be relevant for the current task than artifacts this developer
has never touched before. We expect this effect to be less pronounced for
defect correction tasks as often defects have to be urgently corrected, thus
the first available developer may perform the correction and not the one
who normally works on the affected feature.

Compared to defect correction tasks, we slightly adapted the param-
eters of the identification algorithm as depicted in Table 4.3. This adap-
tation was necessary because the benchmarks executed to gauge the
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Parameter Description

Recent navigation The 100 most recently navigated entities are ordered and the
weight of each entity in the ranked list is increased by its rank
from the 'recent navigation’ list.

Recent dev. session | All development sessions are ordered by recency and the weight
of all entities in the ranked list is increased by the rank of the
development session in which they have been lastly modified.
Search results The weight of all entities to which developers have navigated
from search results is not increased while the weight of all other
entities is increased by ten.

Reading time All entities are ordered by reading time in descending order and
the weight of each entity in the ranked list is increased by its
rank in the ‘reading time’ list.

Time of visibility All entities are ordered by the time they are visible in a view in
in a view descending order and the weight of each entity in the ranked
list is increased by its rank in the ‘time open in view” list.

Table 4.4: The different parameters used in the algorithm to identify
entities relevant for program comprehension tasks and how they influence
the order of the relevant entities.

parameters for feature implementation tasks yielded best results using
different parameters values, since the nature of feature implementation
tasks differs from defect correction tasks.

General program comprehension. Identifying source elements rele-
vant for program comprehension tasks differs from the procedure dis-
cussed above as this type of task does not encompass any modification,
thus we cannot consider evolutionary information or modification activi-
ties for the identification process. We only take into account navigation
activities for program comprehension tasks. We build the list of related
entities in the following way: (i) the initial list of related entities is ordered
by how often an entity was navigated, (ii) recently navigated entities are
ranked higher, (iii) entities which developers selected in the result lists
of searches are considered to be more important, (iv) the more time de-
velopers spent reading a specific artifact, the more importance we assign
to it (an entity’s “reading time” is measured in the outlier-adjusted time
spent between selecting this entity and selecting the next one), and (iv)
the longer a view on a particular entity is open, the higher we rank this
entity. Table 4.4 depicts the different parameters used in this algorithm.

For program comprehension, entities added or changed during defect
correction and feature implementation could also be highly interesting.
Thus, when identifying the entities relevant for a pure program compre-
hension task, we also consult the ranked list of the other two task types.
The ten top elements appearing in the ranked lists of the two other task
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Parameter Description

Not used artifacts All artifacts not used in the recorded execution of a feature
are moved to the end of the list. Thus, such entities appear
after all used entities in the order they had in the original
list.

Frequency of occurrence | All used entities are ordered by frequency of occurrence in
the method call tree and their weight in the ranked list is
increased by the rank they have in the ‘frequency of occur-
rence’ list.

Level in tree All used entities are ordered by the highest level in which
they appear in the method call tree and their weight in the
ranked list is increased by the rank they have in the "tree
level’ list.

Table 4.5: The different parameters for considering dynamic information
to refine the ranked list of relevant entities.

types are also taken into account for program comprehension tasks; they
either move up in the ranked list of the latter if they have already been
identified as relevant for the program comprehension task, or otherwise
are appended to the end of the list and marked with a special annotation.

For all types of tasks, we can additionally consider specific packages,
authors, or time frames, if programmers opted to specify such information
to identify task-relevant source artifacts. In this case, only development
activities matching the specified criteria are considered to identify task-
relevant entities, for instance just artifacts of a specific package.

Inclusion of dynamic information. Behavioral information is not al-
ways available, thus we do not include such information in the basic
algorithms identifying task-relevant entities. However, if dynamic in-
formation is available it can greatly improve the predictive quality of
the algorithms used in SmartGroups. To gather dynamic information the
developer has to run the software feature to be corrected, extended, or
adapted. For the task of implementing a completely new feature, it can
be helpful to execute an existing software feature related to the yet to be
implemented feature. The execution of the system is analyzed using par-
tial behavioral reflection [TANT 03] as integrated in the IDE with Hermion,
which is treated in Chapter 7.

The collected dynamic information (basically a tree of method invoca-
tions) influences the ranked list of task-relevant artifacts identified based
on development activity and source history information in the following
ways: (i) the ranking of artifacts not used in the executed feature(s) is
decreased, (ii) artifacts appearing several times in the method invocation
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tree in different branches move up in the list, and (iii) artifacts appearing
close to the root of the method invocation tree are considered as more
important, thus they also move up in the list. The parameters used in the
algorithm considering dynamic information are depicted and explained
in Table 4.5.

Artifacts appearing in the gathered method invocation tree but not
in the ranked list are only appended to the list if it has not yet reached
the limit of 50 elements. These dynamically identified entities are added
to the list in the order determined by number of occurrences in distinct
branches of the call tree. Thus, dynamic information refines the ranked
list already identified based on development activity and evolutionary
information.

4.4.2 Manual Smart Groups

Besides automatically grouping entities using the algorithms discussed
above, SmartGroups also allow developers to manually create groups and
to associate entities with such groups. All kinds of source elements (that
is, packages, classes, methods, class categories, etc.) can be associated
with one or more groups. One smart group could for instance hold all
classes and methods implementing a logging feature of an application and
another smart group could contain the artifacts responsible for an export
to PDF feature. Thus, manual smart groups make distributed source
artifacts accessible under a name given by the developer, for instance
“logging”.

Manual smart groups are integrated in the same view as the automatic
groups and are presented there under the label “manual groups” (cf.
Figure 4.2).

4.4.3 Query Results as Smart Groups

SmartGroups offer a third kind of group holding results of submitted
search queries. At the top of the system browser included in the Pharo
or Squeak Smalltalk IDE there is a text field accepting search queries
covering all static artifacts in the system, that is, all classes, methods
but also statically defined class references, and senders or implementors
of messages. After submitting such a query, the developer obtains the
result in a smart group named after the search query. Such a smart group
permanently stores search queries and makes their results easily accessible
in the IDE. Whenever such a group is selected, the query is processed
again, thus the search results are always accurate and up-to-date.
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This kind of smart group tackles the problem that developers often
submit several times the same search query, as the search results vanish
some time after the first search, for instance because they closed the
window holding the search results. In the empirical study introduced in
Section 4.2 we found that in nearly all sessions, several search queries
have been submitted more than once, for instance the same searches for
senders of a message are very frequently submitted several times as the
original window holding these senders was closed or could not be located
again in the plethora of open windows [ROTH 09a]. Smart groups for
search queries appear below the manual smart groups under the label
“searches” (cf. Figure 4.2).

4.4.4 Integration of the SmartGroups View

The SmartGroups view is tightly integrated in the Smalltalk IDE which is
implemented with the OmniBrowser framework [BERG 07a]. This frame-
work provides a system browser showing four columns for packages,
classes, method categories, and methods, respectively. These columns are
used to hierarchically navigate the source space, similar to the way we
navigate a MacOS file system with the Finder. We embed the SmartGroups
view in the first column, that is, the package column. Tabs allow develop-
ers to switch between the traditional view showing packages in the first
column and the SmartGroups view showing smart groups. In the Smart-
Groups view we show automatic, manual, and ‘searches’ smart groups
in this order (cf. Figure 4.2). Developers can collapse and expand each
group. For the automatic smart groups, developers can change between
the different types of tasks (defect correction, feature implementation, or
program comprehension) to view the appropriate suggestions for rele-
vant artifacts for each task type. Furthermore, we provide a lightweight
interface to specify the type of the current task to be performed when
starting to work on it. This specification can be further refined by defining
feature(s) or package(s) involved in this task.

By integrating the SmartGroups view in the familiar IDE interfaces,
we lower the burden for the adoption of smart groups presenting task-
relevant artifacts. These groups allow developers to focus on (usually)
small but relevant parts of the system, thus reducing the amount of in-
formation (that is, source artifacts, but also windows or tabs) developers
have to deal with. As the SmartGroups view is not an additional, com-
plicated tool but an embedded perspective in an existing and familiar
environment, we believe that SmartGroups offer an appropriate means to
successfully reduce the information overload in IDEs. Switching from the
SmartGroups view to the conventional package view in which all system
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artifacts are displayed is easily possible by activating the provided tab
called ‘packages’ (cf. Figure 4.2).

4.5 Validation

This section validates SmartGroups by two means: (i) we evaluate how
accurate the suggestions for task-relevant artifacts are and (ii) we report
on the practicality of SmartGroups by presenting user feedback.

4.5.1 Correctness of SmartGroups

For the adoption of SmartGroups by developers it is crucial that the sug-
gestions for relevant artifacts be accurate, that is, the automatically deter-
mined entities supposed to be relevant for the current task should meet
the following criteria: (i) the suggested entities should indeed be task-
relevant (high precision, few false positives), (ii) many of the task-relevant
entities should be suggested (high recall, few false negatives), and (iii) the
task-relevant entities should appear as early as possible in the ordered list
of suggested entities to make sure that developers do not have to skim
the entire list to find a relevant artifact.

Procedure. To evaluate precision and recall of the suggestions of Smart-
Groups for task-relevant artifacts, we conduct a benchmark validation
similar to the one applied for the validation of HeatMaps (cf. Section 3.4.2);
benchmark validations have already been used for similar purposes by
other researchers such as Robbes et al. [ROBB 08]. We analyze a recorded
sequence of development activities (navigation and modification actions
performed in the Smalltalk IDE) accompanied with evolutionary infor-
mation (commits, versions, authors). We automatically identify the task
types as described in Section 4.4.1 because developers did not specify
the task types during the development activities we recorded. In an ini-
tialization phase, we use the ten first tasks of each type appearing in the
sequence of development activities to build the initial lists of recommen-
dations for task-related artifacts. To measure the accuracy of SmartGroups,
we compare the recommendation list for a particular task type with the
set of entities that have actually been relevant for the subsequent task
of this type. For example, the ten first defect correction tasks suggest
relevant entities for the eleventh defect correction task in the recorded
sequence of development activities and the accuracy of the suggestions
for the eleventh task is measured. The first eleven tasks are then analyzed
to build the lists of relevant entities for the twelfth task, the accuracy of
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the suggestions for this twelfth task is measured, and so on until the end
of the sequence of activities is reached.

Identification of task-relevant entities. For a particular task, we deter-
mine the entities that are actually relevant as follows: For defect correction
and feature implementation or adaptation tasks, relevant entities are those
that are committed to the source code repository during the execution of
a task. The committed entities are often a subset of all modified entities
as not every modification is eventually relevant for the completion of
a task. For program comprehension tasks that usually do not contain
any modifications or commits, we consider all navigated entities to be
relevant. Thus, we assume the recorded navigation of developers to be
optimal which might not be appropriate in all cases. This assumption is
certainly a threat to validity of our experiment (see below).

Data set. The recorded data sets we analyzed in this benchmark stem
from five different developers who contributed in total nearly 50000
navigation and modifications events that were accompanied with 268
commits to a source repository. These developers worked on six different
systems of medium size (consisting of between 300 and 1200 classes). The
time span covered in the recorded sets for each system varies from three
weeks to five months. For each system, we use the recorded sequences of
development activities independently of sequences originating from other
systems to evaluate the accuracy. At the end, we average the determined
accuracy measured over all available sequences of activities.

Evaluation. To determine how accurate the identified task-related en-
tities are, we compare the set of entities that have actually been related
to the task (determined with recorded development activities and evolu-
tionary information) with the suggestion list of SmartGroups. This list is
ordered and contains a maximum of 50 elements. None of the recorded
defect correction or feature implementation tasks spanned 50 elements
(the number of relevant elements varied between one and 37). Actually
relevant task entities should be included in the respective suggestion list
for each task to achieve a recall of 100%. Some program comprehension
tasks exceeded the limit of 50 elements. For these tasks, we temporarily
allowed SmartGroups to suggest more than 50 entities, namely all elements
it could identify as being task-relevant. To measure recall we thus count
the number of task-relevant entities not identified by SmartGroups (false
negatives). We can measure precision by analyzing how many entities
SmartGroups suggested that are actually not task-relevant (counting false
positives).
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As the suggestion list is ordered, we can also consider the position of
a correctly suggested element in this list. If the list has n elements and
x elements are actually task-relevant (x < n), then SmartGroups achieved
a fully correct identification if all x elements are contained in the first x
elements of the suggestion list. Even when the suggestion list contains all
x relevant elements, it makes a difference to a developer whether these x
elements are, for instance, shown at the beginning or at the end of the list,
as a developer might not browse the entire list but just check the first few
elements. Thus, we calculate an ordering correctness value which takes
into account the position of elements in the suggestion list. Therefore, we
rate each of the x relevant artifacts that are not part of the first x elements
in the list with a correctness value proportional to the distance of the
element from the first x elements. Figure 4.3 illustrates the calculation of
an elements’s correctness value. If, for example, a task-relevant elements
appears at position x + 2, its correctness value is ";122. Thus, the closer

to the first x elements an element correctly identified as relevant appears,
the higher its correctness value is. If an element is included in the first x
elements, its correctness value is equal to 1.

n-x-1 n-x-2 n-x-3 1
nXx nx nx nx O
| | | .- | |
I
n

correctness 1 1

Xx+1 x+2 x+3 n-1

w4
> 1 o

|
|
element 1 2

Figure 4.3: Procedure to determine the correctness of an identified task-
relevant elements depending on its position.

We define the following three formulas for precision, recall, and order-
ing correctness:

number of true positives

Precision = — —
number of true positives + false positives

number of true positives

Recall = — -
number of true positives + false negatives

z  n—z—P(i)
i=1 n—x

Ordering correctness =
X

True positives are the relevant entities SmartGroups correctly identi-
fied, false positives the entities SmartGroups wrongly identified as being
relevant, false negatives are the relevant entities SmartGroups could not
identify. Note that it is not possible to determine the true negatives as we
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Measure Value
Measure Value Number of tasks 84
Number of tasks S 1,72 Number of dev. activities | 77982
Number of dev. a<?t1V1t1es 15’364 Number of commits 35
Nun.lb.er of commits 179 Precision 35.0%
Precision 39.0% Recall 54.9%
Recall‘ 65.3% Ordering correctness 27.8%
Ordering correctness 29.1%

Table 4.7: Results of the bench-
mark evaluation for feature im-
plementation and adaptation
tasks.

Table 4.6: Results of the bench-
mark evaluation for defect cor-
rection tasks.

do not know the exact number of source artifacts in the system at any one
time during the recorded data set. Thus, we cannot compute the accuracy
of SmartGroups defined as the proportion of true results. Precision and
recall, however, give a good impression of SmartGroups’s accuracy. High
precision and high recall values lead to a high accuracy [Z1MM 05].

n is the number of task-relevant entities identified by SmartGroups
(that is, the sum of true and false positives),  the number of entities
actually being relevant for a task. The function P(i) answers the position
of the correctly identified element i, that is, either O if element ¢ is part of
the x first elements in the ordered suggestion list or the distance between
the position of ¢ and the first x elements. Thus, the correctness value is 1
(100%) if and only if all x relevant elements appear in the first x elements
of SmartGroups’s recommendation list.

These measures are computed for each task individually and are
averaged over different tasks by computing the arithmetic mean value.

Results. We show the results of the benchmarks separated by type of
tasks. The result tables present precision, recall, and ordering correctness
averaged over all analyzed tasks of a particular type (except the tasks
used to initialize the identification procedure). Table 4.6 presents the
results for defect correction tasks, Table 4.7 for feature implementation
and adaptation tasks, and Table 4.8 for program comprehension tasks.

Note that we were not able to use all recorded development activities
as some were identified as belonging either to a defect correction or a
feature implementation task, but there was no corresponding commit in
this time period, hence we could not determine a set of entities actually
being relevant for such a task. We skipped such sequences of development
activities. For program comprehension tasks it is not necessary to have a
corresponding commit. We ignored, however, development sessions that
matched the criteria for being concerned with a program comprehension
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Measure Value
Number of tasks 143
Number of dev. activities | 21’354
Number of commits 0
Precision 24.9%
Recall 20.7%
Ordering correctness 19.4%

Table 4.8: Results of the benchmark evaluation for program comprehen-
sion tasks.

task but which lasted a very short amount of time, that is, a few minutes.
In general, we consider the identification of program comprehension
tasks as less reliable than for the other two task types, partially because
this kind of task is associated to a development session when no other
task type matches.

Result interpretation. The results show that precision and recall for
defect correction and feature implementation tasks is fairly high. The
ordering correctness, however, is relatively low which is a sign that Smart-
Groups were often not able to correctly rank the task-relevant entities, but
since SmartGroups could propose many candidates, the entities actually
relevant were also included “somewhere” in the suggestion list. For pro-
gram comprehension tasks, both precision and recall are rather low. We
attribute this to the fact that identifying program comprehension tasks
and separating them from other kind of tasks was more difficult than for
defect correction and feature implementation tasks. Furthermore, Smart-
Groups have to rely on much less information, basically just historical
navigation activities, to determine artifacts related to program compre-
hension tasks, while for the other types of tasks, modification activities
and evolutionary information can considerably improve the prediction
quality of SmartGroups.

Threats to validity. There are several threats to validity in our experi-
ment:

Task type identification. As mentioned above, automatically deferring
the type of task from a sequence of recorded development activities is
error-prone. We might have mistaken feature implementation tasks for
defect correction tasks, and vice-versa. Furthermore, since separating a
development session from another one is either based on a large amount
of time elapsed between two activities or by terminating the IDE, the same
task might actually span more than one development session. However,
for program comprehension tasks we assume that they are completed



114 SmartGroups — Representing Context in IDEs

at the end of a development session while the developer actually might
have continued with this task in the next session. Similarly, it could be
that at the beginning of a session, the developer worked on a program
comprehension task unrelated to the defect correction task following
afterwards. Yet still the entire session, at least until the first commit
ending the defect correction task, is considered to be a defect correction
task. Moreover, it might not be accurate in all cases to consider the time
of commit as the end of defect correction or feature implementation tasks,
as developers might actually continue with the same tasks even after
the commit. Thus, SmartGroups might suggest different entities as being
relevant if type, start, end, and length of tasks were correctly specified.

Granularity of tasks. The three task types we propose are very high
level. There are several kinds of tasks such as performance optimization
or refactoring that do not match any of the three task types. In our ex-
periment, however, such tasks would be considered to be either defect
correction or feature implementation tasks. A more fine grained catego-
rization of tasks is more realistic and is likely to also improve the accuracy
of the suggestions determined by SmartGroups. However, it is currently
not possible to automatically defer the type of a task in a more fine grained
manner. Furthermore, in reality a particular task often contains several
sub-tasks matching the criteria of different task types than the main task.
For instance, a defect correction task usually encompasses aspects of a
pure program comprehension task. SmartGroups do currently not take
into account the different phases occurring in a particular task. We do not
know whether suggesting relevant entities matching the type of sub-tasks
would yield a better suggestion quality for the overall task.

Parameter determination. We determined the different parameters and
their values (cf. Table 4.2, Table 4.3, Table 4.4, and Table 4.5) used in
the algorithms to identify relevant entities for specific types of tasks by
running a benchmark validation using ten recorded data sets. These
data sets were different than those used in this validation, but partially
stem from the same developers working with the same systems as we
considered in the validation. The ten data sets stem from three different
developers working on four different systems. Two of these three devel-
opers also contributed data sets to this validation, and two of the four
systems were also covered in the validation. Thus, the determination
of the parameters is based on similar development sessions as those we
used to validate SmartGroups. Nonetheless, we do not expect that this fact
imposes a considerable threat to validity as the different development
activities and tasks are fairly typical for software maintenance because
all of them were concerned with software systems representative in size
and complexity for many industrial applications. Thus, we expect similar
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validation results even if the parameters had been gauged using other
sequences of development activities.

Assumption of optimal navigation. For program comprehension tasks,
we specify that all entities that have been navigated in the recorded data
set are task-relevant. It is likely, however, that developers did not opti-
mally navigate the system to answer the task-relevant questions as they
did not have a perfect knowledge about the system. As the developers
whose activities we recorded were very familiar with the respective sys-
tems they were working on, we expect their navigation to be effective and
close to optimal, even though we do not have a means to validate how
optimal their navigation actually was. We determined the indicators for
navigation problems discussed in Section 4.2 for the recorded develop-
ment activities and revealed that number of window switches (21.63 on
average) and number of entities revisited (16.79 on average) were lower
than in the data sets of developers navigating unfamiliar systems. As
no modification occurs in program comprehension tasks, we could not
measure indicators like edit/navigation ratio.

Generalization. It is unclear how well the recorded data set of devel-
opment activities and tasks are typical and representative for software
maintenance. There are several variables that might impose a threat to
the generalization of the experimental results, such as the extent or sever-
ity of the defects corrected during the recorded tasks, the extent of the
implemented or adapted features, the software systems being worked
on, the length of the development sessions or tasks, and the developers
themselves. Most developers that provided us with recorded data sets
are researchers from academia working on research tools. It is impossible
to say whether systems and developers from industry would lead to
other results when assessing the prediction quality of SmartGroups for
entities relevant for tasks concerned with industrial software systems,
even though the considered systems are fairly representative in terms
of size and complexity. Further experiments need to clarify this point.
We, however, do not expect the performance of SmartGroups to depend
heavily on the nature of the system or on how developers maintain this
system. The quality of the recorded data sets on which SmartGroups base
the prediction of task-relevant entities, particularly for program compre-
hension tasks, is crucial though. For this reason, recorded navigation of
novice developers unfamiliar with a system should not, for instance, be
used to predict relevant artifacts.

Conclusions. This benchmark validation showed that the algorithms
proposed by SmartGroups are indeed able to properly identify task-
relevant entities, in particular for defect correction and feature imple-
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mentation or adaptation tasks. The predictive quality for relevant entities,
however, drops for program comprehension tasks, which we attribute to
the lack of substantial and reliable information to suggest related entities
for this type of task. Another issue of the current SmartGroups algorithms
is that related entities often do not appear at the top of the suggestion list,
thus the developer is required to navigate in the list. We plan to improve
the ranking of relevant entities by experimenting with other parameters
or different parameter values than those presented in Section 4.4.1.

4.5.2 User Feedback

From the discussions with developers about the concept and implementa-
tion of SmartGroups, we got the following feedback:

Importance of Context. Developers stressed how important a context
representation in the IDE is when we showed SmartGroups to them. In
their daily work, they are overwhelmed with information, particularly
with views containing too many static source artifacts. Developers want
to be able to focus on artifacts relevant for their current task. For this
reason, they considered the various smart groups as very useful. They
also appreciated the categorization of search results, but asked for an
automatic mechanism to remove old queries from this group as old search
results are unlikely to be useful anymore after a while. The developers
we discussed with were not very excited about the manual smart groups.
They might use them occasionally, but it is usually too much of a burden
for them to manually add entities to a smart group and to maintain
these groups on a regular basis. They appreciate, however, the fact that
such manual groups can be used to communicate important aspects of a
system by distributing smart groups containing for instance, important
artifacts of a system crucial for its understanding. In general, the ability
to distribute smart groups between developers was highly appreciated.

Priority of SmartGroups view. Developers are tired of dealing with
views showing a huge software space, for instance a tree of all packages
in a system. Only a small portion of the system, usually just a few entities,
is actually relevant for the current development task. Hence, developers
asked to see by default the SmartGroups view instead of the package tree
which is usually shown in the first column of Smalltalk’s system browser.
We thus changed the SmartGroups view to be activated by default while
developers can switch to the traditional package tree by using the tab
"packages’.
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Limited number of presented entities. Developers were glad to be able
to focus on a limited number of entities (not more than 50) considered to
be task-relevant. They agreed with the principle of ranking the entities
by assumed relevance and to show low-ranked entities less prominently,
that is, in an extended list, while only the first 20 elements are shown
by default. As developers experienced that sometimes the suggested
elements did not include those they actually had to modify, for instance, to
correct a defect, they expressed the wish to be able to access the complete
list of entities considered to be relevant by SmartGroups, even the elements
ranked after the first 50 elements. In general, developers considered the
ranking mechanism as intransparent and thus wanted to see all entities
identified as possibly relevant, since the automatic ranking might have
wrongly put a related entity after the first 50 elements causing it to be
stripped away.

We value the obtained feedback from developers and plan to adapt
SmartGroups accordingly.

4.6 Summary of the Chapter

SmartGroups mitigate the problem of being overloaded with information
in IDEs by explicitly representing context by means of working sets con-
sisting of a small portion of all source artifacts of a particular system. In
particular the automatic identification of task-relevant artifacts supports
developers to quickly locate artifacts of importance for a particular defect
correction or feature implementation task. Developers have to spend
less time navigating the software space as SmartGroups provide them
with a suggestion list of relevant artifacts on which they can focus. As
revealed by empirically validating SmartGroups by means of a benchmark
validation, the automatic determination of task-relevant entities performs
well for tasks encompassing modification activities and commits, but is
more error-prone for pure navigation tasks performed to, for instance,
gain an initial understanding for an unfamiliar system. For these kinds
of tasks, SmartGroups offer a means to manually group relevant artifacts;
such manual groups could be built by senior developers to represent the
artifacts novice developers should analyze to comprehend the basics of
the system. During their daily work, developers are usually not willing
to extensively create manual groups, but such groups can serve as an
additional system documentation and can be created and maintained by
the entire development team on a regular basis.

HeatMaps also address the problem of being overloaded with too much
information in the IDE by highlighting important artifacts in the entire
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source space and thus helping developers to find their way through the
software space. However, not only are developers overwhelmed with
too many source artifacts while working in an IDE, but also with many
windows or tabs they need to open to actually view, browse, and modify
these entities. Maintaining an overview of all these open windows that
clutter a developer’s workspace even during short working session is
challenging. Thus, we elaborate in the next chapter on a technique we
developed to reduce the number of open windows or tabs; this technique
is called AutumnLeaves.



Chapter 5

AutumnLeaves — Reducing
the Number of Open
Windows

5.1 Introduction

5.1.1 Positioning AutumnLeaves

This chapter presents AutumnLeaves, a technique to automatically close
unused open windows in the Squeak or Pharo Smalltalk IDE or tabs in
the Eclipse Java IDE. AutumnLeaves mitigates the information overload
by providing “housekeeping services” to reduce the number of open
windows or tabs in a developer’s IDE workspace. To achieve this goal,
AutumnLeaves continuously analyzes all open windows to check whether
any open window does not align anymore with the current focus of
development. AutumnLeaves then suggests to close such a window.

Figure 5.1 puts the problems addressed by AutumnLeaves in context
with respect to all other IDE problems raised in Chapter 1. AutumnLeaves
primarily mitigates the problems of information overload. Having fewer
open views in an IDE’s workspace also eases maintaining an overview of
the system or of the current development task. AutumnLeaves supports
developers while performing feature investigation or implementation,
analysis of system quality and domain concepts, and particularly also
when studying dynamic dependencies and runtime interactions, as dur-
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Figure 5.1: AutumnLeaves primarily alleviates the problem of an over-
loaded workspace in IDEs, which, in turn, also gives developers a better
overview of the system under investigation.

ing these activities developers have to open many windows to anticipate
the runtime relationships between artifacts, especially when dynamic
information is missing in the IDE.

The rest of the chapter explains AutumnLeaves in detail. After an-
alyzing the problem, we present the concepts and algorithms behind
AutumnLeaves, the different possible variations and adaptations of the
algorithms, and finally an evaluation of the approach’s accuracy by means
of a benchmark validation.

5.1.2 Introduction to AutumnLeaves

Navigating large software systems is difficult as the various artifacts are
distributed in a huge space, while the relationships between these artifacts
often remain hidden and obscure [DUNS 00, WILD 92]. As a consequence,
developers are forced to open views on numerous source artifacts to
reveal these hidden relationships, which leads to a crowded workspace
with many open windows or tabs. Developers often lose the overview
in such a cluttered workspace as IDEs provide little support to get rid of
unused windows. IDEs do not show how these windows are related to
each other, thus developers are confronted with an immense number of
independent, apparently unrelated windows or tabs to reason about. It
is unclear which windows are still important and which ones have been
opened to explore a branch of the navigation space not leading to the
final goal. Thus developers are usually uncertain when a window will
not be used anymore and are thus not willing to take the risk of closing
windows potentially needed in the future. As a result, the number of
open windows steadily grows.

Having many windows open at a given point in time worsens the
information overload and negatively impacts system overview and nav-
igation efficiency as developers have to spend more time locating the
window of interest and as they need to keep a larger, more complex
mental map of the content and purpose of each open window. Thus it
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