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Smalltalk is a pure object-oriented, dynamically typed class-based object-oriented program-
ming language. The first official version dates from 1976, but the language used today is
the ANSI standard Smalltalk-80. Since it was around for quite a long time and because
it was purely object-oriented from its inception, lots of pioneering effort for object-oriented
languages was done in Smalltalk. These advances spread to mainstream object-oriented lan-
guages and systems: virtual machines using byte codes, garbage collection, reflection and
integrated development environments have been part of the language since its early stages.
A big open-source library of classes (e.g., collections and graphical user interface support)
was also there. More recently we have seen how refactoring, unit testing frameworks and
extreme programming were developed in Smalltalk before gaining widespread acceptance in
other languages and systems. The impact of Smalltalk becomes obvious when looking at
modern current-day development environments featuring “advanced” concepts such as fix &
continue debugging and realizing that the same functionality has been around in Smalltalk
environments since the early eighties.

But Smalltalk is not just an old language that one can marvel at to see glories long past.
Recent years have seen a come-back of novel research using Smalltalk, as evidenced from
publications in major object-oriented conferences such as ECOOP or OOPSLA. Smalltalk’s
flexibility is once more put to good use to research and validate novel ideas in diverse areas.
The papers published here can be seen as a glimpse in the future, not only for Smalltalk
but for object-oriented languages and systems in general. They were a selection of papers
presented at the Research Track of the yearly Smalltalk event organized by ESUG - the
European Smalltalk Users Group1. Like last year, the goal of the research track is to give
wide academic recognition to high-quality research done in or with Smalltalk. The topics
we were interested in are (in a non-exhaustive list): language features, development process,
meta and reflective programming, code analysis, applications, virtual machines, integrated
development environments, and software maintenance evolution.

Each paper received five reviews by members of the following international program com-
mittee:

• Prof. Dr. Andrew Black (Oregon Health and Science University, USA)

• Dr. Gilad Bracha (SUN, USA)

• Dr. Noury Bouraqadi (École des Mines de Douai, France)

• Prof. Dr. Serge Demeyer (University of Antwerpen, Belgium)

• Prof. Dr. Theo D’Hondt (Vrije Universiteit Brussels, Belgium)

• Prof. Dr. Christophe Dony (University of Montpellier, France)
1http://www.esug.org
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• Prof. Dr. Stéphane Ducasse (University of Berne, Switzerland)

• Dr. Robert Hirschfeld (DoCoMo Euro-Labs, Germany)

• Prof. Dr. Ralph Johnson (University of Urbana Champain, USA)

• Prof. Dr. Michele Marchesi (University of Cagliari, Sardinia, Italy)

• Prof. Dr. Kim Mens (Université catholique de Louvain la Neuve, Belgium)

• Dr. Serge Stinckwich (Université de Caen, France)

• Prof. Dr. Dave Thomas (Bedarra, USA-Canada)

• Prof. Dr. Roel Wuyts (Université Libre de Bruxelle, Belgium)

Papers accepted for the ESUG 2004 Conference Research Track give a glimpse of high
quality work conducted using Smalltalk. The spectrum of these research projects ranges
from new programming concepts and reflection to applications in various domains such as
Embedded Software and Robotics. The best six papers we selected for a special issue in the
Journal Computer Languages, Systems and Structures. The current proceedings contains the
ten papers accepted for the ESUG Research Track held at Kothen the 6th September 2004.

Session: Program Analyzis

• “Delving Source-Code with Formal Concept Analysis”, Kim Mens and Tom Tourwé

• “Power Laws in Smalltalk”, M. Marchesi, S. Pinna, N. Serra, and S. Tuveri

Session: AI and Robotics

• “A Dynamic Graph Implementation in Smalltalk for Self-Reconfigurable Robots Simu-
lation”, S. Saidani and M. Piel

• “An Aspect-Based Multi-Agent System”, R. Robbes, N. Bouraqadi, and S. Stinckwich

Session: Language Development

• “Design, Implementation and Evaluation of the Resilient Smalltalk Embeded Platform”,
J.R. Andersen, L. Bak, S. Garup, K. V. Lund, T. Eskildsen, K. M. Hansen, and M.
Torgersen

• “Prototalk: an Environment for Teaching, Understanding and Prototyping Object-
Oriented Languages”, A. Bergel, Ch. Dony, and S. Ducasse

Session: Reflection and Meta-Level Programming

• “Language Support for Adaptive Object-Models using Metaclasses”, R. Razavi, N.
Bouraqadi, J. W. Yoder, J. F. Perrot, and R. Johnson

• “Uniform and Safe Metaclass Composition”, S. Ducasse, N. Schrli, and R. Wuyts
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Session: Modules, Packaging, and Deployment

• “Classboxes: Controlling Visibility of Class Extensions”, A. Bergel, S. Ducasse, O.
Nierstrasz and R. Wuyts

• “Parcels: A Fast and Feature-Rich Binary Deployment Technology”, E. Miranda, D.
Leibs, and R. Wuyts

We’re sure that you’ll enjoy reading those papers and hope to see you at 2005 ESUG
Research Track.

October 2004
Dr. Noury Bouraqadi, Prof. Stéphane Ducasse and Prof. Roel Wuyts
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Delving Source-code with

Formal Concept Analysis
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Abstract

Getting an initial understanding of the structure of a software system, whether it is
for software maintenance, evolution or reengineering purposes, is a nontrivial task.
We propose a lightweight approach to delve a system’s source code automatically
and efficiently for relevant concepts of interest: what concerns are addressed in the
code, what patterns, coding idioms and conventions have been adopted, and where
and how are they implemented. We use formal concept analysis to do the actual
source-code mining, and then filter, classify and combine the results to present them
in a format that is more convenient to a software engineer. We applied a prototype
tool that implements this approach to several small to medium-sized Smalltalk
applications. For each of these, the tool uncovered several design pattern instances,
coding and naming conventions, refactoring opportunities and important domain
concepts. Although the tool and approach can still be improved in many ways, the
tool does already provides useful results when trying to get an initial understanding
of a system. The obtained results also illustrate the relevance and feasibility of using
formal concept analysis as an efficient technique for source code mining.
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1 Introduction

When maintaining or evolving a software system it is important to gain some
knowledge of its overall design first. Demeyer et al. [1, Chapter 4] explain
how obtaining such an initial understanding is crucial for the success of a
reengineering project, and discuss some techniques and lightweight source-
code analysis tools to get such an understanding. The tool proposed in this
paper can be seen as another such tool in the software engineer’s toolbox.

The tool implements a bottom-up approach that can help in getting an initial
idea of the coding conventions, idioms and patterns used in the source code
of a software system. In a sense, it is related to the “Study the Exceptional
Entities” reengineering pattern documented in [1, Chapter 4], but in a com-
plementary way, as it focusses on finding commonalities in the structure of
the source code, rather than potential design problems.

Our tool builds on the technique of formal concept analysis [2], which has many
known applications in data analysis and knowledge processing, and some in
software engineering. The essence of our contribution lies not in the idea of
applying formal concept analysis (FCA) to source code, but in our particular
choice of elements and properties for the FCA algorithm, and how we filtered
and classified the discovered concepts in order to mine a system’s source code
in a lightweight way that is independent of the actual system being analyzed.

Although the proposed approach can still be improved in many ways, and in
spite of its apparent simplicity, our case studies show that it allows us to delve
Smalltalk source code for many interesting symptoms of good design, like de-
sign patterns, programming idioms and naming and coding conventions. It also
allows us to discover symptoms of bad design which may provide opportunities
for refactoring, as well as some features of which the implementation is spread
throughout the source code. Most of the discovered information provides a
good starting point for understanding the source code in more detail.

The remainder of this paper is structured as follows. Section 2 briefly intro-
duces the mathematical technique of formal concept analysis. In Section 3 we
explain our approach and how we use formal concept analysis to delve the
source code for relevant concepts of interest. Section 4 briefly presents the
tool and Section 5 gives an overview of the experiments we conducted on five
different small to medium-sized case studies and presents the design symptoms
we discovered. Sections 6 and 7 discuss related and future work. We conclude
the paper in Section 8.
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2 Formal Concept Analysis

Formal concept analysis (FCA) [2] is a branch of lattice theory that can be
used to identify meaningful groupings of elements that have common prop-
erties. 1 The FCA algorithm takes as input a relation, or Boolean table, T
between a (potentially large, but finite) set of elements and a set of properties
of those elements. An example of such a table is given in Table 1, in which
different programming languages and properties are related. A mark in a table
cell means that the programming language in the corresponding row has the
property of the corresponding column.

Table 1
Programming languages and their supported programming paradigms.

Progr. language OO Functional Logic Static typing Dynamic typing

Java
√

- -
√

-

Smalltalk
√

- - -
√

C++
√

- -
√

-

Scheme -
√

- -
√

Prolog - -
√

-
√

Taking such a table T as input, the FCA algorithm determines maximal groups
of elements and properties, called concepts, such that:

• each element of the group shares the properties,
• every property of the group holds for all of its elements,
• no other element outside the group has those same properties, and
• no other property outside the group holds for all elements in the group.

Intuitively, a concept corresponds to a maximal ‘rectangle’ in the table T , up
to a permutation of the table’s rows and columns.

All concepts are ordered into a concept lattice, an example of which is depicted
in Figure 1. The lattice’s bottom concept contains those elements that have
all properties. Since there is no such programming language in our example,
that concept contains no elements. Similarly, the top concept contains those
properties that hold for all elements. Again, there is no such property. Other
concepts represent related groups of programming languages, such as the con-
cept ( { Java, C++ }, { static typing, object oriented } ), which groups all
statically-typed object-oriented languages.

1 As in Arèvalo et al. [3], in this paper we prefer to use the terms element and
property instead of object and attribute used in traditional FCA literature, because
these latter terms already have a very specific meaning in OO software development.
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{}
{object oriented, functional, 

logic, static typing, 
dynamic typing}

Java Smalltalk C++
Scheme Prolog

{}

Scheme

{dynamic typing, 
functional}

Prolog

{dynamic typing, 
logic}

Java C++

{static typing, 
object oriented}

Smalltalk

{dynamic typing, 
object oriented}

Scheme Prolog Smalltalk

{dynamic typing}

Java C++ Smalltalk

{object oriented}

Fig. 1. Concept lattice corresponding to Table 1.

For more details on formal concept analysis we refer to [2]. The next section
explains the details of our approach to use FCA for source code mining.

3 Delving Source Code

When applying FCA for delving Smalltalk source code, we first have to choose
the elements and properties to compute the concept lattice (§3.1). When com-
puting the lattice (§3.2), lots of concepts are produced, many of which are
irrelevant or redundant. Therefore, we filter the discovered concepts (§3.3)
and classify (§3.4), combine and annotate them (§3.5) in a way that is more
relevant to a software engineer. It is important to stress that the FCA algo-
rithm, filters and analyzers need to be tuned only once, for the specific kind of
symptoms that are of interest. Afterwards, this tuning can simply be reused
“as is” in order to mine other applications for similar design symptoms.

The novelty of our contribution is not in the idea of applying FCA to source
code. What is more important is our particular choice of elements, properties,
filters and analyzers, and how these allow us to discover interesting design
symptoms in the source code, in a way that is independent of the considered
application, and even largely independent of the considered programming lan-
guage. Proof is that the tool has recently been generalized to support delving
Java source code as well.
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3.1 Generate FCA elements and properties

Since our goal in this paper is to mine Smalltalk source code, as FCA elements
we choose source-code entities like classes, methods and method parameters.
The reason why we did not (yet) consider additional entities like bundles,
protocols and categories, is two fold. Firstly, in order to avoid cluttering the
results, we choose to be pragmatic and include initially only the most relevant
source code entities. Secondly, we want our approach to be language inde-
pendent, and most other programming languages do not feature protocols,
categories, etc.

As properties we take simple substrings of the names of the chosen source-code
entities. Evidently, an application’s source code contains a wealth of other
information, such as call-graph or parse-tree information. Computing such
information and reasoning with it, requires vastly more resources, however,
which would make our approach much less lightweight. For this very reason,
we chose to resort to a simple “name matching” approach at first. Preliminary
experiments that reason about similarities in parse trees are ongoing at the
moment, but should still be considered future work.

Because we take as properties simple (sub)strings occurring in the names of
the considered source-code entities, the discovered concepts will group enti-
ties with similar names. Our motivation for choosing these properties, is that
in Smalltalk in particular and in many other programming languages, pro-
grammers often rely on naming conventions to reveal their intentions and
to implement certain programming idioms and design patterns. Keeping the
properties simple has the additional benefit that they can be generated and
manipulated efficiently.

Nevertheless, in order to limit the number of properties, we do not consider all
possible substrings. Instead, we split class, method and parameter names in
substrings according to the capitals and other separators occurring in them. In
addition, we discard substrings with little conceptual meaning or that are used
too often, such as ‘with’, ‘from’, ‘the’, ‘object’, as well as substrings that are
too small (i.e., less than 3 characters). We also ignore colons, plurals and the
difference in case when comparing substrings. For example, the properties as-
sociated with a class QuotedCodeConstant are the substrings ‘quoted’, ‘code’
and ‘constant’. The properties corresponding to a method named
#unifyWithDelayedVariable:inEnv:myIndex:hisIndex:inSource: are
‘unify’, ‘delayed’, ‘variable’, ‘index’ and ‘source’.
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3.2 Compute the concept lattice

Applying an FCA algorithm to the elements and properties generated in the
previous step, results in a large concept lattice of several hundreds to thousands
of concepts, depending on the size of the application Table 2, Section 5, shows
some quantitative results of applying our approach on five different Smalltalk
applications.

For now, let it suffice to give an illustrative example of a simple kind of con-
cepts that is discovered by the FCA algorithm: accessing methods. Indeed,
since both accessor and mutator methods are named after an instance vari-
able, they share the same substring. E.g., the following concept we discovered
in one of our case studies groups the #callStack accessor and #callStack: mutator
methods of the callStack instance variable defined in the Environment class:

Environment >> callStack

^ callStack

Environment >> callStack: aStack

callStack := aStack

They are grouped based on the properties ‘call’ and ‘stack’ that are shared
by these methods, but by no other methods, classes or parameters in the
application.

3.3 Filter the concepts

As we will see in Section 5 (see column #raw of Table 2), for the considered
cases the number of concepts discovered by FCA, before applying any filtering,
is of the same order of magnitude as the number of considered elements. This
would imply that a software engineer needs to look at a significant number
of concepts in order to try and understand the source code. However, the
concepts do contain a large amount of redundancy and noise that we can
easily filter.

A first filter ignores all concepts that contain two or less elements, since these
concepts are generally too small to provide relevant information. Note that this
filter discards most accessing method concepts, since these typically contain
only two elements: an accessor and a mutator method. However, since access-
ing methods are rather fine-grained, since there are a lot of them, and since
they can be inspected with standard browsers easily or they can be retrieved
with more dedicated tools, we don’t mind that they get discarded.

A second filter ignores all concepts that share only one property (substring).
Although this filter may discard some interesting concepts, it does throw away

12



many more irrelevant concepts. We think that, during initial understanding
of an application, getting a quick and focussed idea of certain commonalities
in the source-code is more important than getting a precise list of all possible
commonalities. A nice improvement of this filter would be to discard those
concepts of which the properties ‘cover’ only a small fraction, based on some
threshold, of the concept elements’ names. As such, the filter becomes relative
to the size of the elements’ names.

Whereas these two generic filters are independent of the kinds of elements be-
ing analyzed, our third filter is more targetted. It discards concepts that con-
tain only classes (with a similar name) in the same hierarchy. These concepts
typically do not provide very useful information — since classes belonging to
the same hierarchy often have similar names — except if we want to discover
exactly which naming convention these classes are relying upon.

3.4 Classify the filtered concepts

Being mere sets of elements (classes and methods) and properties (substrings
of the elements’ names), the concepts that remain after filtering are rather
unstructured. Therefore, we reorganize the concepts automatically in a way
that is more easy for a software engineer to analyze and interpret.

More precisely, we flatten the concept lattice and classify the concepts in a way
that makes more sense to the software engineer. Our classification distinguishes
3 main groups of concepts:

(1) Single class concepts group concepts of which all elements are methods
(or parameters of those methods) belonging to one and the same class;

(2) Hierarchy concepts have a larger scope as they group classes, methods
and parameters of those methods, that belong to a single class hierarchy;

(3) For crosscutting concepts we explicitly require that at least two different
class hierarchies are involved. We do this by verifying that the most spe-
cific common superclass of the considered classes is Object and that none
of the methods in the concept are defined by the Object class itself (which
would be a degenerate case of a hierarchy concept).

Such a classification helps a software engineer in several ways. Knowing that a
certain concept belongs to a given classification helps him to better understand
that concept. For example, knowing that a concept containing several methods
with exactly the same name belongs to the hierarchy concepts classification
allows him to qualify those methods as polymorphic methods. Or, observing
that a crosscutting concept contains polymorphic methods that exhibit a lot
of duplication, may point out the need for an aspect-oriented solution.
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3.5 Combine and annotate concepts

By organizing the concepts in a classification like the above, the structure of
the lattice is lost. Concepts that were nearby in the lattice (e.g., that were in
a subconcept relationship) will not necessarily belong to the same classifica-
tion, and vice versa. As a consequence, since there is a lot of overlap between
concepts that are nearby in the lattice, when reorganizing the concepts this
may lead to redundancy among concepts that get classified into different clas-
sifications. Whenever possible, however, when nearby concepts in the concept
lattice are put in the same classification, we automatically reconstruct part
of the original structure of the lattice, in order to reduce redundancy. More
specifically, we recombine highly overlapping concepts into a single nested one.

In addition, we automatically regroup and annotate the concepts belonging
to each classification, in order to present them in a way that is more conve-
nient to the software engineer: different concepts related to the same class(es)
are combined, methods are annotated with the classes they belong to, and
concepts are annotated with their properties.

4 DelfSTof, our Conceptual Code Mining tool

Fig. 2. DelfSTof : Discovered concepts for the Refactoring Browser.
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We developed a prototype tool, DelfSTof 2 , that implements the approach
outlined above, and presents the discovered concepts in a way that is easy
to use and manipulate. We capitalize the letters “ST” because the tool is
implemented completely in Smalltalk and originally only analyzed Smalltalk
source code.

The tools consists of an efficient FCA algorithm, a set of filters, and a set of
‘analyzers’ that are in charge of the classification, combination and annota-
tion of concepts. The resulting classification of concepts is directly visualized
with the StarBrowser [4]. A screenshot of the tool, which is essentially a Star-
Browser plugin, is presented in Figure 2.

5 Discovered Design Symptoms

We applied our tool to five different cases, as summarized by Table 2. Every
row in this table corresponds to a different application of which we delved
the source code for design symptoms. SOUL is an interpreter for a Prolog-
like language and DelfSTof is our own conceptual code mining tool. We chose
these two applications because we know their implementation well, which al-
lowed us to better assess the relevance of the discovered results. Both the
StarBrowser and the Refactoring Browser are advanced Smalltalk browsers
and CodeCrawler is a language-independent reverse engineering tool which
combines metrics and software visualization. These cases were chosen because
they are relatively stable and well-developed, have been around for several
years, and are of perfect size for initial experimentation.

Table 2
Quantitative results of FCA applied to some Smalltalk applications.

Case #elements #properties #raw #filtered time (sec)

DelfSTof 756 (135) 237 617 126 5

StarBrowser 731 (52) 352 740 115 7

SOUL 1469 (111) 434 1188 281 22

CodeCrawler 1370 (93) 477 1419 327 24

Refactoring Browser 4779 (271) 729 4179 1234 414

2 The name coins the Dutch word ‘delfstof’, which designates the result of a delving
process. In English, the first meaning of the verb “to delve” is “to make careful
investigation for facts and knowledge”. Coincidentally, the pronunciation of the
word “delfstof” sounds like the English “delve stuff” which is indeed what the tool
does.
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The column #elements gives an indication of the size of each considered case as
it equals the total number of classes plus methods in that case. (The number
between brackets is the number of classes.) Note that we did not consider
method parameters as separate elements since they are part of the method
signature.

The column #properties shows the number of substrings that have been gener-
ated from the considered elements. We observe that the number of properties
is always a factor 2 to 4, in the case of the Refactoring Browser even almost
a factor 7, less than the number of elements. This is a good sign as it implies
that a significant amount of the properties are actually shared by the elements.

The third column #raw shows the raw number of concepts discovered by FCA.
Column #filtered shows how many concepts remain after having applied the
simple filters that were explained in §3.3. We observe that, after filtering,
there remain about 4 to 7 times less concepts than the number of considered
elements. We still think that this is a bit too much, especially for larger cases,
but we will come back to this discussion in Section 7.

For all considered cases, the time of computation — which includes all steps
explained in Section 3 and not only the computation of the concept lattice —
was acceptable (ranging from a few seconds to a few minutes), although theo-
retically it increases in a non-linear way with the number of considered objects.

The remainder of this section discusses some of the “design symptoms” we
discovered when manually analyzing the results of our FCA experiments. As a
matter of fact, we could refine the classification of §3.4 to classify explicitly and
automatically most of these symptoms as well (for example, by using our logic
meta-programming environment SOUL). However, a certain trade-off needs to
be made, since this would require more automated analysis and thus slow down
the tool. Also, we want to keep the tool sufficiently general so that it still can be
applied to other languages (maybe even non OO languages). Nevertheless, we
already extended our tool so that it classifies automatically the programming
idioms listed in Subsection §5.1 : polymorphic methods, chained messages and
delegating methods.

5.1 Programming idioms

Polymorphic methods are a symptom of good design that is readily recog-
nized by our tool, since polymorphic methods have exactly the same name.
Consequently, they are grouped together in a concept. In addition, if there
are several polymorphic methods for a same class hierarchy, these will all
be grouped together automatically in a single combined concept.
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For example, in the source code of the Refactoring Browser we discovered
a concept containing 4 methods named #acceptReturnNode, implemented on dif-
ferent subclasses of RBProgramNodeVisitor. This is a typical example of polymor-
phism of which many examples can be found in any OO application. In
fact, for the class RBProgramNodeVisitor alone many more polymorphic method
concepts were discovered, as can be seen from Figure 2.

Polymorphic methods across class hierarchies are equally interesting to de-
tect as they may trigger interesting refactorings or tell us something about
possible multiple inheritance problems the original developers encountered.
We will come back to this in Section 5.5

Chained messages are concepts that group a method together with some of
its auxiliary methods in the same class. These chains are recognized by FCA
since the auxiliary methods often have a name that is similar to that of the
originating method, though sometimes slightly longer and taking an extra
parameter. E.g., in the CodeCrawler application the class CCMetricsChooserDialog

implements a method #applyChosenMetrics, which calls an auxiliary method
#detectChosenMetrics, which in turns calls #assignChosenMetricsTo:. These 3 methods
share the substrings ‘chosen’ and ‘metrics’.

Delegating methods delegate responsibility by calling a method with the
same name. Our tool discovered some interesting sets of delegating methods
with a similar name that all belonged to the same class. The presence of
many such delegating methods in a single class may indicate that the class
is a Decorator [5].

5.2 Code duplication

By closely inspecting the discovered concepts, we also detected several cases
of copy and paste reuse: several concepts contain methods that not only have
a similar name, but a similar implementation as well. This may seem logical,
since methods that implement similar behavior can be expected to have similar
names. However, from an implementation point of view, this duplicated code
could just as well be factored out and reused.

For example, in CodeCrawler’s CEVModelHistory class we discovered a concept with
2 methods #predecessorModelNameOfModel: and #predecessorModelNameOfModelNamed: which
had nearly the same implementation. Since one of them is no longer being
used, we assume that the original developer(s) created one of the methods by
copying it from the other one, then replaced all calls to the old one to the new
one, but in the end forgot to remove the old method.
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In general, particular reasons for duplication may become clear by looking at
the classification of the concepts:

• a developer who was not aware that a method implementing the desired
behavior was already defined, may accidentally implement a method with a
similar signature and behavior. Such methods are often grouped in concepts
classified as hierarchy concepts, because the method that already implements
the desired behavior is probably not implemented by the class the developer
is looking at, but by one of its sub- or superclasses.

• a method was needed whose behavior differed slightly from the behavior
already implemented by an existing method, and this behavior was copied
and adapted slightly, without extracting the common code into a separate
method (or merely deleting the original version if it is no longer needed, such
as in the example of the CEVModelHistory class above). Concepts containing such
duplicated methods tend to be classified as single class concepts, because
such duplication typically occurs inside a single class.

• the duplicated behavior could not be factored out into a single piece of
code, and thus could not be reused. This is mostly due to the fact that the
duplicated code occurs in classes defined in different class hierarchies. As
such, these concepts are often classified as crosscutting concepts.

5.3 Design patterns

As many design patterns [5] use certain naming conventions, it is no surprise
that they are detected by our tool. For example, the Visitor pattern uses the
convention that each visit method defined by a visitor class encodes the name
of the class being visited. Since they clearly share some substrings, our tool
will group a class and its corresponding visit methods inside a single concept.

The Refactoring Browser uses a Visitor design pattern in order to perform
a variety of operations on source code entities, such as renaming and moving
them. These entities are represented as subclasses of the RBProgramNode hierarchy,
while the visitor hierarchy is defined by the RBProgramNodeVisitor class hierarchy.
Our tool recovered this design pattern instance in two concepts:

(1) A combined concept in classification hierarchy concepts which groups all
polymorphic methods in the RBProgramNodeVisitor hierarchy, that implement
the behavior to be executed when a particular term is visited. The con-
cept consists of a several sub-concepts, each of which contains all methods
defined by subclasses of class RBProgramNodeVisitor, dealing with one partic-
ular term. For example, one such concept is defined by the properties
‘accept’, ‘return’ and ‘node’, and contains various implementations of
the acceptReturnNode: method, defined in the RBProgramNodeVisitor hierarchy and
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responsible for implementing behavior associated to a RBReturnNode object.
More specifically, the concept consists of four acceptReturnNode: methods,
implemented in the classes RBFormatter, RBConfigurableFormatter, ParseTreeRewriter

and RBProgramNodeVisitor.
(2) The second concept is also a hierarchy concept and contains all acceptVisitor:

methods defined by subclasses of RBProgramNode. These methods are respon-
sible for calling the appropriate method, corresponding to the node being
visited, in the supplied visitor object. They are grouped based on the
‘visitor’, ‘accept’, ‘program’ and‘node’ substring properties. This is an
example of a concept that takes into account both the method’s name
and the name of its formal parameter, since the acceptVisitor: methods
always define a formal parameter named aProgramNodeVisitor.

Note that the polymorphic methods depicted in Figure 2 are also a part of a
visitor pattern, used in the Refactoring Browser implementation.

Another example our tool detected is the Abstract Factory design pattern that
is used in the Soul application. The factory is responsible for creating new
instances of many different classes in the system, among others, subclasses
defined in the AbstractTerm and HornClause hierarchies. Its presence was recognized
by one classification that groups different concepts, and that looks similar to
the first classification for the visitor design pattern. The classification groups
all concepts that contain methods that instantiate new objects. Each such
concept groups an abstract method of the Factory class and its concrete coun-
terpart defined in the StandardFactory class. For example, a concept based on the
properties ‘make’ and ‘cut’ is identified, that contains the two implementa-
tions of the makeCut method in the Factory hierarchy. In addition, the choice of
the word ‘make’ strengthens our belief that it indeed is a factory.

Several other design patterns, such as the Builder, Observer and Decorator
design patterns, were detected in other applications as well.

5.4 Relevant domain concepts

Frequently occurring properties give a good idea of what the important con-
cepts in the application or problem domain are. This information is very useful
to understand the domain, and to provide a common vocabulary which can
be used to talk with maintainers. For example when applying our FCA tool
to the source code of DelfSTof itself, we found several concepts with proper-
ties like ‘concept’, ‘attribute’, ‘analyze(r)’, ‘filter’ or ‘classification’. Likewise,
we found concepts with properties ‘lint rule’ and ‘browser’ in the Refactoring
Browser, as well as concepts whose properties name the different refactorings,
such as ’add method’, ’rename variable’ and ’change name space’. In SOUL,
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we found concepts with properties ‘resolution’ and ‘repository’. Clearly, these
strings convey information that is important in the domain of the respective
applications.

5.5 Opportunities for refactoring

In addition to revealing interesting symptoms of good design and important
domain concepts, our approach can identify opportunities for refactorings [6]
that improve the source code quality.

An obvious opportunity for refactoring is to get rid of some of the code du-
plication that was detected (§5.2). The way a concept containing duplicated
methods is classified, can provide useful hints about which refactorings to
apply. If the concept is classified as a single class concept, the duplication oc-
curs in a single class, and an Extract method refactoring is appropriate. If the
concept occurs in the hierarchy concepts classification, a combination of Ex-
tract method and Pull up method refactorings is probably more appropriate.
Of course, if the duplication is caused by having copied a method that is no
longer used, it suffices to simply remove that method.

Concepts that were recognized as polymorphic methods can also be inspected
for refactoring opportunities, to ensure that polymorphism is well-implemented:

• We could check whether all classes in a class hierarchy understand the poly-
morphic method. If not, we may need to add an additional one.

• A polymorphic method might also be implemented by several subclasses
of a particular superclass, but not by that superclass itself. In that case, a
Pull up method or Add class refactoring may be appropriate to define the
methods in the superclass, or to insert an intermediate superclass.

A particular example we discovered in SOUL is the #updateRepositories method,
which is only defined separately in subclasses RepositoryBrowser, SoulQueryBrowser

and SoulClauseBrowser but not in their common superclass ApplicationModel. Intro-
ducing an intermediate superclass here might be appropriate.

In the CodeCrawler case, we also found several examples where the same
polymorphic method appeared in several subclasses, but not in their com-
mon superclass. However, in most of these examples the code in one sub-
hierarchy did not seem to be used, which made us believe that the code was
moved from one part in the hierarchy to another, but that the developer(s)
forgot to remove the original code.

• Crosscutting polymorphic methods are also suspicious. For example, we dis-
covered that in SOUL, the #usesPredicate:multiplicity: method is implemented
in both the AbstractTerm and HornClause hierarchies. Smalltalk, which has dy-
namic typing, still allows classes of these hierarchies to be used polymor-
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phically. A static type system, as in Java, would prohibit such polymorphic
use. In that case, an interface probably has to be introduced in order to
avoid explicit type checks and type casts. If the crosscutting polymorphic
methods also happen to exhibit a lot of code duplication, the solution might
be to introduce aspects into the application. In that respect, our tool might
also be considered as an aspect mining tool, capable of detecting aspect
opportunities. Future research into this area appears very interesting.

Concepts that represent design pattern instances can also be scanned for par-
ticular design flaws. For example, the Visitor design pattern requires that each
visitor class defines an appropriate visit method and, vice versa, that each el-
ement class defines an accept method that calls the appropriate visit method.
The concepts that identify instances of the Visitor design pattern can be used
to inspect the implementation in a quick and straightforward way, and verify
whether these constraints are adhered to.

6 Related Work

The use of FCA in software engineering is not new. Snelting et al. [7] use FCA
to reengineer C++ class hierarchies, while Arévalo et al. [3] analyze object-
oriented framework reuse using FCA. Closer to our work are the techniques by
Tonella et al. [8] and Dekel et al. [9]. The former use FCA to detect instances of
design patterns in source code. Since they specifically tune the FCA algorithm
for detecting such instances, they are not able to detect other kinds of design
symptoms, as our approach does. The latter use FCA to reveal the structure
of single classes only. They partition the methods of a class, according to the
fields these methods use, and then use the concept lattice to visualize and
understand the structure of that class. Tilley et al. [10] provide an overview
of the use of FCA for several other software engineering purposes.

A large number of tools to verify the quality of the source code of an appli-
cation exists. The spectrum ranges from very simple tools that detect basic
coding errors [11], over specialized clone detection tools [12,13,14,15], to tools
that detect high-level bad smells [16,17,18] and propose appropriate refactor-
ings.

Other tools exist that are capable of detecting high-level structures in source
code, such as coding conventions and design patterns [19,20,21,22]. The main
difference between these tools and ours, is that our approach requires no a pri-
ori knowledge. Most of these existing tools, however, rely on the fact that de-
sign pattern implementations follow particular naming conventions and guide-
lines. Our approach is not targeted to detecting a specific kind of conventions,
but is able to detect a variety of symptoms that reveal bad design (bad smells,
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duplication), good design (design patterns, programming idioms), and oppor-
tunities for refactoring. This is particularly useful during initial understanding,
whereas in a later phase, when the code is better understood, a more directed
tool is preferable.

Research in the domain of aspect mining is also related. Tonella et al. [23]
and Breu et al. [24] find aspect instances in existing applications by means of
dynamic execution traces. The former work even uses formal concept analysis
to that extent. Our approach seems to complement these approaches, since
we combine static analysis techniques with formal concept analysis. Marin et
al. [25] use the fan-in metric in order to mine for aspects, whereas Shepherd
et al. [26] and Bruntink et al. [27] use clone detection techniques.

7 Future work

An important topic of future work is to further improve the filtering of the
concepts discovered by FCA, so as to reduce the remaining redundancy in
the discovered concepts. The problem is that this redundancy occurs between
concepts that are classified in different categories. As was briefly mentioned
in §3.3, this redundancy is a consequence of having flattened the concept
lattice. By doing so we lost some important dependencies between concepts.
But exactly this information may be useful to get rid of the redundancy.
Therefore, we propose to keep the lattice as an internal representation, so that
advanced filters can take advantage of it to resolve the remaining redundancy.

Since the time of computation of our tool theoretically increases in a non-linear
way with the number of considered objects, this may pose problems regarding
the scalability of the approach. However, we do not think that it is a good
idea to apply the approach to very large amounts of source code, since the
tool assumes that certain naming convention are adhered to in a consistent
way. This is unlikely for very large cases. In such a context it would be better
to apply the approach multiple times on several smaller pieces of which we
know they are more or less independent and have been developed by a same
development team. As a side-effect, this will also resolve the problem with the
time of computation.

8 Conclusion

In this paper we proposed a fairly efficient tool, capable of delving an applica-
tion’s source code for meaningful and interesting symptoms of good and bad
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design. The tool combines formal concept analysis with filtering and classifi-
cation techniques, in order to provide simple and effective views on structural
commonalities in the source code. In order to validate the approach we ap-
plied the tool on a number of small to medium-sized Smalltalk applications.
In spite of relying on nothing more than similarity of names of source-code
entities, we discovered symptoms of programming idioms, code duplication,
design patterns and domain concepts, as well as interesting opportunities for
refactoring. Although the approach can still be improved in many ways, in
particular to further reduce the redundancy, we do believe it can be very use-
ful when an application has to be understood, little a priori knowledge about
the source code is available and time is scarce.
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Abstract

Many real systems have been described as complex networks, where nodes represent
specific parts of the system and connections represent relationships among them.
Examples of such networks come from very different contexts. Traditional theories
suggest to represent complex systems as random graphs, according to the models
proposed by Erdős and Rényi. However, there is an increasing evidence that many
real world systems behave in different ways displaying scale-free distributions of
nodes degree. Random graphs are not suitable to describe such behaviors, thus new
models have been proposed in recent years. Recently, it has emerged the interest
in applying complex network theories to represent large software systems. Software
applications are made of modules and relationships among them. Thus, a repre-
sentation based on graph theory is natural. This work presents our study 1 in this
context. We analyzed four large Smalltalk systems. For each one we built the graph
representing all system classes and the relationships among them. We show that
these graphs display scale free characteristics, in accordance to recent studies on
other large software systems.

Key words: software graphs, smalltalk, power-laws, scale-free networks, software
architecture

1 Introduction

In recent years, many studies have been carried out on the application of
complex networks theory to physical, biological and human phenomena. In
fact, many systems can be described as complex networks, whose nodes repre-
sent the elements of the system, and edges represent the interactions between
them. Examples of such systems are living systems, whose nodes are macro-
molecules with different functions, connected through chemical links; the stock

1 This study is part of MAPS research project (Agile Methodologies for Software Production, funded by
FIRB research fund of MIUR.)
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market, where many traders are connected through information and opinion
exchanges; the Hollywood movie system, where stars take part together in a
movie; the Web, where pages link other pages. Such networks grow and evolve
increasing their complexity in an apparently disordered way.

Using the classical random graph theory developed by Erdős and Rényi [10][11]
to model such systems looks sensible, but most of these systems in fact behave
according to laws significantly different from those predicted by Erdős and
Rényi theory.

More precisely, there is increasing evidence that several real networks behave
as small worlds, simultaneously showing a short average minimum length path
and a high clustering behavior [16]. Moreover, many real networks show inter-
esting laws in the distribution of the number of links connected to a node. The
tails of such distributions follow a power law, that is a significant deviation
from the Gaussian behavior that would be expected if links were randomly
added to the network [3]. The meaning of the term small worlds and the dif-
ference between power law and gaussian law will be clarified within the next
section.

Surprisingly, such properties are common to very different real systems. This
suggests that the modeled behaviors are independent of the particular nature
of the represented real system. By the contrary, it seems like these are general
and universal behaviors which raise as a consequence of the sole complexity
of the system.

Large software applications are considered to be among the most complex
artifacts ever produced by man [6], and consequently are good candidates to
be modeled as complex networks, and to be studied with complexity theory.
This is particularly true for object-oriented systems, where objects and classes
are natural candidates to be represented as nodes, and the various possible
relationships between them – such as inheritance, instantiation, composition,
dependence – are represented as arcs connecting nodes. Thus, it is natural to
try to describe such systems by complex systems theory models. Very recently,
some studies have been performed on software systems showing that run-time
objects [13] and static class structures of object oriented systems are in fact
governed by scale free power law distributions [14][15]. Other studies have
been performed by Myers [12] and Wheeldon and Counsell [17], leading to
similar results. Most of these studies of complex software systems are based
on C++ and Java code.

In this paper we present a study on the Smalltalk system, a very complex
software application that is considered the most pure object-oriented system.
Namely, we study the Squeak [9] and VisualWorks [8] Smalltalk implemen-
tations. The dynamic typing nature substantially differentiates Smalltalk by
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other languages such as C++ and Java. This makes the study of Smalltalk
systems particularly interesting. Accordingly to our previsions and similarly
to other software systems developed using different languages, we will show
that Smalltalk systems display link distributions whose tails follow a power
law. We think that this approach could be an important starting point to bet-
ter understand the nature and evolution of large software systems. Therefore,
with this paper we want to suggest a new point of view for reviewing well
known properties of software systems and for leading to new results that are
not reachable with the classic software engineering measurement approaches.

2 Small Worlds and Scale Free Networks

Traditionally, complex networks have been described as completely random
or completely deterministic. Only recently it has been shown that many real
technological, biological and social networks lie somewhere between these
extremes. Erdős and Rényi pioneered the study of the behavior of random
graphs. According to their model, a “random graph” is made starting from a
set of n nodes and connecting each pair independently with a given probabil-
ity p. Random graphs exhibit many interesting properties, depending on how
large is the number of nodes n, and on the connection probability p. The prob-
ability distribution of the nodes degree, k in a random graph with n vertexes
and z connections is the well-known Poisson distribution:

pk =

(
n

k

)
· pk · (1− p)n−k ∼=

zk · e−z

k!
(1)

where the second approximation becomes exact as the number of nodes n
becomes very large. Watts and Strogatz [16] observed that a very important
property of random graphs is the small value for the average minimum length
path, coupled with the low clustering coefficient. In a graph, the minimum
length path between two nodes is the shortest path of consecutive edges con-
necting the two nodes. The average minimum length path is the average of such
value taken among all possible node pairs. The clustering coefficient of a graph
is a measure of how clustered, or locally structured, a graph is. Specifically, if
node i is linked to Ki neighbor nodes, then we define the clustering coefficient
for node i, Ci, as the fraction of the total possible Ki·(Ki−1)

2
arcs that are real-

ized between i’s neighbors. Empirical evaluation of many real networks shows
that they are characterized by a small value of the minimum length path,
and by a large clustering coefficient. This means that random graphs are not
suitable to model these real-world networks. Watts and Strogatz defined as
small worlds, the networks characterized by a small average minimum length
path, and by a large clustering coefficient, and proposed an interesting method
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to build small words networks starting by a lattice network. The other main
obstacle to apply Erdős and Rényi theory to real networks is the empirical
observation that the predicted Poisson distribution of the nodes degree given
in equation 1 does not fit the observed nodes degree distribution of a great
number of real technological, social and biological networks. Barabasi and Al-
bert [3] showed how this incongruence between the random graphs theory and
real networks is due to two main factors not accounted for by the Erdős and
Rényi model:

• Real networks expand continuously by the addition of new vertexes
• Connection between nodes are preferential rather than independent

The above conditions are demonstrated to be sufficient conditions for display-
ing a power law tail in the distribution of the node degrees:

pk ∝ k−γ (2)

The theoretical model provided by Barabasi asserts the value for the exponent
to be γ = 3. Empirical studies on real networks such as the Web, the North
American power grid, the Hollywood actors network and others, display values
for the exponent very close to the theoretical γ.

It is very surprising how many real systems modeled as networks reflect this
power law distribution in accordance with theoretical evidence. This suggests
that many real systems share common properties and behaviors in their struc-
ture, which are independent of the particular nature of the system itself. Those
properties seem to be related exclusively with the complexity of the system
modeled. Software systems play an important role in this context, as they are
obviously characterized by a high level of complexity.

3 Software Applications as Complex Systems

Software applications and architectures have become ever larger and more
complex over the past years. So, it is sensible to apply complex systems and
graph theories to model and to study large software applications. The study of
software systems as complex networks has a great scientific interest. It is ac-
knowledged that software networks play a special role in the context of random
networks theory, as it seems reasonable that the small world and scale-free sig-
nature origin from different factors compared to other real networks. In fact,
software is built up out of many interacting modules and subsystems at many
detail levels (methods, classes, hierarchies, libraries, etc.), and good software
is developed following collective and collaborative designs, design patterns and

30



optimization principles, rather than an explicit preferential attachment. This
suggests an alternative scenario for generating scale-free networks, which is
more related to optimization rather than to Barabasi hypothesis[14]. This en-
forces the idea that the power law shape of degree distribution tails describes
general behaviors of complex networks.

Moreover, the analysis of software systems structure and evolution as complex
networks could also be of practical interest, as it might provide an alternative
perspective able to help a better understanding of the mechanisms ruling
software production or the relationships among network structure and software
quality. For instance, an entire new bunch of metrics computed on the program
graph could be introduced, and correlated with external software metrics.

One of the first studies of this kind[13] has shown that the graphs formed
by run time objects, and by the references between them in object-oriented
applications are characterized by a power law tail in the distribution of node
degrees. Valverde and Sole[14][15] found similar properties studying the graph
formed by the classes and their relationships in large object-oriented projects.
They found that software systems are highly heterogeneous small worlds net-
works with scale-free distributions of connections degree. Wheeldon and Coun-
sell[17] performed similar studies on Java projects. Myers[12] found analogue
results on large C and C++ open source systems, considering the collaborative
diagrams of the modules within procedural projects and of the classes within
the OO projects. He also computed the correlation between complexity met-
rics and topological measures, reveling that nodes with large output degree
tend to evolve more rapidly than nodes with large input degree.

Our study is a contribution to the open issues quoted above. This paper in-
troduces a procedure for building the class graphs of a group of Smalltalk pro-
grams, and presents the related results. Smalltalk language provides a powerful
environment to easily build and analyze graphs representing its own classes.
Moreover, the dynamically typed structure of the language adds more interest
as it represents a fundamental difference with respect to other related studied
languages. On the other hand, for the same reason, it is hard to statically
resolve all class relationships.

4 Building the Smalltalk Graph

A software system is made of modules and relationships between them. More
precisely, a software application developed according to the object-oriented
paradigm is made of classes and well defined relationships between classes.
Representing such a software system as a graph is natural. In this graph, each
node represents a class within the system, while the arcs between nodes repre-
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sent the relationships among classes. An arc links a couple of nodes, one rep-
resenting the starting class, and the other the ending class. The graph is thus
an oriented graph. An arc has also a weight, which is a measure of the degree
of the relationship between the two classes. While there may be many kinds
of relationships between classes, for the sake of simplicity, in this study we
have considered just two kinds of relationships: inheritance and dependence,
each one giving a different contribution to the arc weight. The inheritance is
represented by an arc with unitary weight, from the subclass to the superclass.

As regards dependence, we say that class A depends on class B when one of
the following conditions holds:

• class A has an instance variable whose type is B (composition);
• a method of class A has a variable (parameter or local variable) whose type

is B;
• an object of class B is obtained by a method call, or created, inside a method

of class A.

The dependence analysis must consider that Smalltalk is not a typed language.
It is a dynamic, implicitly typed language where objects, not variables, carry
type information. This frees the programmer from declaring variable types, but
embeds less information into the source code. None of the three conditions
reported above can be easily tested by an analysis of Smalltalk code. We
observe, however, that having access in the code of a method to a variable
of a given class is significant only if one or more messages are sent to this
variable. So, we define that class A depends on class B if a method of class
B is called from within a method of class A. If the considered method has
only one implementor, class B, the dependence link is clearly unambiguous. If
the method has more than one implementor class, say n, it is not possible to
ascertain with a static analysis which one is the right one.

In this situation, we decided to introduce a dependency towards all imple-
mentor classes, weighting such a dependency with weight 1/n. If a method
of class B is called by more than one method of class A, or more than once
within the same method of class B, we introduce weighted arcs for every call.
Inheritance is not considered in the dependency analysis. For instance, let us
suppose that class C is subclass of class A, that class D is subclass of class B,
and that a method of B – which is not overridden in class D – is called inside
a method of A, which in turn is not overridden in class C. At run time, it
may be possible that an object belonging to class C calls the method, and/or
that such a method is in fact executed on an object belonging to class D.
Nevertheless, in this case only a dependence between class A and class B is
recorded. Note that this issue holds also for typed languages, such as Java or
C++, when dynamic binding is used.
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In conclusion, our graph is a collection of nodes:

G ≡ {Ni}i=1..Nc (3)

where Nc is the total number of classes within the represented software system.
Thus, the graph contains one node for each system class Ci. A node Ni has a
collection of links, each representing a relationship that the class represented
by Ni has with other classes in the system. Links, or arcs, are pairs of nodes
representing respectively the starting and the ending class:

Lij = (Ni, Nj) (4)

A link Lij, carries also a weight that we indicate as W (Lij). Now let’s introduce
the symbols we use for representing methods, messages and implementors:

• M(Ci) = {methods of the class Ci}
• S(m) = {messages sent insidem}, m ∈ M(Ci)
• P (s) = {implementors of message s}, s ∈ S(m)
• dim(P (s)) = number of implementors of message s

We define the weight of a link as the sum of related dependence, Wdep, and
inheritance, Winh, contributions:

W (Lij) = Wdep(Lij) + Winh(Lij) (5)

Wdep(Lij) =
∑

m∈M(Ci)

∑
s∈S(m)

1

dim(P (s))
· Is(Cj) (6)

Is(Cj) = {1 if Cj∈P (s) (Cj is an implementor of s)
0 otherwise (7)

Winh(Lij) = {1 if Cj is the direct superclass of Ci

0 otherwise (8)

Now we can define both the input degree, and output degree of node Ni:

outputDegree(Ni) =
Nc∑
j=1

W (Lij) (9)

inputDegree(Nj) =
Nc∑
i=1

W (Lij) (10)
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The graph built in this way reflects the relationships between the classes, using
in the least biased possible way the information that can be inferred by static
analysis of a Smalltalk system. The input degree of a class is directly linked
to the usage of this class in the system.

We performed also another measurement on Smalltalk system, considering
the distribution of classes implementing a method. For each method selector,
M , we easily found in the system its implementors, P (M), and their number,
dim(P (m)).

5 Analyzing Smalltalk Classes

Once defined the graph model used to capture the structure of the software
system under study, we need to build an analyzer able to generate such a graph,
starting from the software system. With strong typed languages, this would
be accomplished by parsing the source code, recognizing class and variable
definitions, and generating the graph, as in [17]. Another approach is to use a
CASE tool able to reverse-engineer the code, building the related UML class
diagram [5]. The code analyzer can then take advantage of the navigation
API of the CASE tool, to explore class relationships and to build the graph.
Following this approach, it is possible also to directly analyze UML design
models. This is the approach followed in [15].

With Smalltalk, we can take full advantage of the introspection of the lan-
guage. The whole system is accessible from within itself, and no source code
parser or reverse engineering is needed. Moreover, Smalltalk is endowed of pow-
erful query methods able to return useful information, as for instance the set
of all the classes of the system, the set of classes implementing a given selector,
the set of messages sent within a given method, and so on. We remember that
in Smalltalk everything is an object, including the classes, the methods, the
message calls themselves. We analyzed two dialects of Smalltalk – Squeak (ver-
sion 3.5), an open-source implementation [9], and VisualWorks (version 7.2), a
commercial implementation which is freely available for non-commercial uses
[8]. The system classes and methods to perform queries about the system dif-
fers between Squeak and VisualWorks, but they are substantially equivalent.
We defined a simple data structure able to hold the needed information on the
graph describing the system. Figure 1 shows the UML class diagram depicting
this structure. A Graph is a collection of nodes; a Node has a related class
and a collection of links. A Link has a startNode, an endNode and a weight.

To give an insight on how the dependence analysis was performed, we shortly
describe its implementation in Squeak. The main classes involved in the com-
putation are SystemNavigation, Class and CompiledMethod. The method
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Fig. 1. The graph structure

allClasses of SystemNavigation returns the collection of all classes in the
system. For a given class, the method selectors returns all selectors of that
class. A selector is a Symbol (a kind of String) representing a method signature.
The whole method, instance of class CompiledMethod, can be obtained
by sending the message compiledMethodAt: aSelector to the class. The
CompiledMethod class implements the method messages which returns
the collection of all messages sent inside the CompiledMethod. A message
is in turn a Symbol representing the selector of the corresponding invoked
method. The SystemNavigation class implements the method allClasses-
Implementing: aMessage which returns a collection of all classes imple-
menting the given message. In this way, it is possible to navigate the system,
building the graph described in the previous section.

A similar approach has been adopted for Visual Works even if the involved
classes are not the same in the two systems. For example in VW we use the
class Refactory.Browser.BrowserEnvironment instead of SystemNav-
igation, and so on. The graph construction has taken about four hours in
Squeak (1797 classes), and three hours in VisualWorks (2227 classes) on a PC
running Windows, powered by a 2.6 GHz processor.

6 Results

Our study has been structured across the following points:

• Building of the class relations graph
• Computing the survival distributions of the input degree and output degree
• Plotting the survival distributions on a Log-Log plot
• Discussing the results

Our main purpose is to verify that the distributions tails are better fitted by
a power law rather than by the Poisson distribution typical of the random
graphs. Moreover, we want to interpret the results in a less general context
and from the more practical point of view of the software developer.
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Namely, we analyzed four Smalltalk systems:

• Squeak
• Visual Works with three different parcels installed:
· Base image
· Base image plus Jun parcels
· Base image plus VisualWave parcels

Jun is a large 3D graphical application. VisualWave is the VisualWorks ex-
tension to support the development of Web applications. Note that the Vi-
sualWorks parcels are analyzed together with the base image, so the results
referring to these cases are clearly correlated to the results referring to the
base image.

6.1 Distributions of input degree and output degree

Figure 2 and figure 3 display the distribution tails of the input degree and
output degree respectively for VisualWorks and for Squeak systems. More
precisely, we computed the survival distributions and plotted them in a log-log
plot. The survival distribution depicts the probability that a value exists that
is greater than the current one. The log-log plot performs a transformation of
the power law function into a straight line function, with slope equal to the
power exponent of the original curve. This allows to visually better verify the
presence of a power law and to estimate the γ coefficient.

As expected, the plots show that distribution tails are actually well fitted by a
power law. Table 1 shows the fitted γ exponent of the power law distributions
obtained for each system graph, compared with the number of classes of the
analyzed systems. The power exponent γ of the distributions is quite close
to the theoretical value (γ = 3) obtained by Barabasi and it is coherent
to the empirical values (2 < γ < 4) obtained for many real networks. An
higher exponent denotes a tail decreasing quicker. A small exponent denotes a
“fatter” tail, that is a bigger deviation from the behavior of a Gauss or Poisson
distribution.

Despite this general result, which is in fact shared by various kind of different
real networks, our main interest is to interpret its meaning in the specific con-
text of software systems. The number of outgoing links of a node is a measure
of how many messages are sent from within the methods of the corresponding
class. A high value of the number of outgoing links denotes that the class per-
forms many message calls from within its methods. This can be considered also
as a measure of the coupling between classes. Thus, a power law distribution
with fat tails is a clue that the system is characterized by a certain number
of classes with an high level of coupling, while the bulk of the classes tends
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to be much less coupled. This interpretation is supported by other previous
studies. For example, Chidamber and Kemerer [7] and Basili [4] found similar
distributions for coupling metrics.

Note also that, since the output degree of a node is not divided by the number
of methods of the related class, it is clearly proportional to the number and
size of methods of the class. Consequently, the power law behavior seems to
be related also with the distribution of class sizes, and with the fact that,
when a new method is added to the system, it is more likely that it belongs
to a class that already has many methods. However, both high coupling and
big classes are not considered good object oriented programming style. A
good object oriented system should be composed of many cohesive classes, at
different detail levels, each one focusing on a single task, and endowed with
a few, short methods. Our empirical analysis of the Smalltalk system shows
that this is not the case, because the distribution of the number of outgoing
links decays with a power law. This observation is confirmed by other studies,
showing the same behavior in Java applications [15].

A broad analysis of many OO systems is outside the scope of this paper.
However, these behaviors clearly point out an interesting research direction,
suggesting to perform more detailed analysis on this indicator, for instance
analyzing separately system classes and classes written by programmers, and
analyzing the values of the outgoing links power law degree in systems with
different quality rating, or before and after an extensive refactoring.

The other main indicator we examined is the input degree, which gives a
measure of how a certain class is referenced by other classes in the system.
The shape of the distribution is due to the fact that in Smalltalk system, there
are “service” classes that are used by almost other classes. Classes such as
Object, the Collection and the Magnitude hierarchies, come immediately
to mind. There are also classes which are fairly used, both in the system and
in specific parcels, while most other classes are rarely used. The usage rate
is certainly not random. This behavior suggests the hypothesis that when
defining a new class, it is likely to be subclass of a class already having more
subclasses, and that when writing a new method the probability to send a
message implemented in another class is roughly proportional to the number
of sending of that message in the system. In fact, this probability is more than
proportional to this number, as the coefficient values smaller than 3 suggest.

6.2 Distributions of method implementors

We also computed the distribution of the method implementors on the Visu-
alWorks system, respectively for the base image and for the base image with
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Fig. 2. Log-Log plot of input degree survival distribution computed on VisualWorks
system. Similar plots are obtained for other analyzed systems: Squeak, VisualWorks
with Jun and VisualWorks with VisualWave.

inDegree outDegree number of classes

Squeak -2.07 -2.3 1797

Visual Works -2.28 -2.73 2227

Jun -2.39 -2.55 3022

Visual Wave -2.26 -2.53 2648

Table 1
Power Law exponents for input degree and output degree distributions.

Jun and VisualWave parcels loaded. Figures 4 and 5 show the log-log plots of
the survival distributions for the number of implementors of each method for
VisualWorks base image and Jun, together with best-fit Poisson distribution
of the same data.

Table 2 shows the exponent γ of the power law distributions obtained for each
implementors graph, compared with the total number of considered methods.
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Fig. 3. Log-Log plot of output degree survival distribution computed on Squeak
system. Similar plots are obtained for other analyzed systems: VisualWorks,
VisualWorks with Jun and VisualWorks with VisualWave.

Clearly, also the tail of these distributions show a power-law behavior, with
exponent lying in ranges similar to those of previous distributions.

This behavior denotes that, in the Smalltalk system, there are methods with
the same name implemented in many classes, while most methods are imple-
mented in one or few classes. This means that, when defining a new method,
the probability that its name is the same of a method already present in the
system is roughly proportional to the number of times that method is imple-
mented in different classes. We know that it is good programming practice to
give the same name, in different classes, to methods performing the same kind
of service. This seems to be confirmed by the behavior of these distributions.

7 Conclusions and further works

In this paper we have studied distribution laws related to object-oriented class
relationships of large system and application libraries of a “pure” object-
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Fig. 4. VisualWorks, log-log plot of survival distributions of the number of implemen-
tors of each method. The best-fit Poisson distribution of the same data is also shown.

oriented system as Smalltalk. Not unlike very recent findings by others on
different object-oriented designs and systems, we found that key statistical
distributions of the class-relationship graph exhibit scale-free and heavy-tailed
degree distributions qualitatively similar to those observed in recently stud-
ied biological and technological networks. Moreover, these distributions show
strong regularities in their characteristic exponents.

Following Wheeldon and Counsell [17], we believe that these regularities are
common across all non-trivial object-oriented programs. This is a strong impli-

−γ Number of Methods

Visual Works -2.56 23883

Jun -2.27 33489

Visual Wave -2.54 27780

Table 2
Power Law exponent for the distributions of the number of implementors of each
method
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Fig. 5. VisualWorks with Jun parcel loaded, log-log plot of survival distributions of
the number of implementors of each method. The best-fit Poisson distribution of
the same data is also shown.

cation indeed, and could show the path of future research along the following
directions:

• What are the statistical mechanisms involved in software development, and
how it is possible to model them, accounting for the hierarchical nature of
software design, and for the relationships among network structure, object
interactions, and system evolution?

• During system development, when these scale-free patterns do emerge? Is it
possible to develop a growth theory of software graphs, which in turn could
be used to predict the dimensions of future systems and to estimate the
complexity of developing and maintaining those systems?

• Is it possible to correlate statistical graph properties with software quality?
What about the impact of refactoring on the software graph?

• Are there differences in statistical graph properties between open-source
software, which is developed by many programmers in a somewhat destruc-
tured way, and commercial software developed following a strict process by
full-time developers?

• Are there differences in statistical graph properties between software de-
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veloped in the agile way, with short iterations, test-driven development,
continuous integration and extensive refactoring, and software developed
with waterfall-like approaches?

Answering to these questions using an innovative approach such as the aug-
mented random graph theory could break new grounds in software engineering,
and could be very valuable.

As a further conclusion, we agree with Valverde [15] that software systems
present novel perspectives also to the study of complex networks. Software
must be both functional and evolvable, and unlike biological systems it is to
a large extent designed in advance. Traditional software does not emphasize
redundancy to support fault tolerance, but it presents other degrees of free-
dom that play a central role in supporting evolvability, such as modularity,
layering, cohesion, genericity, polymorphism, and collaboration. Are some of
these degrees of freedom relevant also to the organization and evolution of
biological networks? The study of software systems from the new perspective
of statistical graph properties may be also useful in suggesting novel insights
into collective biological function.
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Abstract

In the field of self-reconfigurable robots, a crucial problem is to model a modular
robot transforming itself from one shape to another one. Graph Theory could be
the right framework since it is widely used to model different kind of networks.
However this theory in its present state is not suitable to model dynamic networks,
i.e. networks whose topology changes over time. We propose to inject a dynamic
component into graph theory, which allows us to talk about dynamic graphs in the
sense of a discrete dynamical system. To address this problem, we present in this
paper the theoretical framework of dynamic graphs. Then we describe the Smalltalk
implementation of a dynamic graph, allowing us to perform simulations useful to
understand the dynamics of such graphs.

Key words:
Self-Reconfigurable Robots, Dynamic Graphs, Dynamic Cellular Automata

1 Introduction

1.1 Self-Reconfigurable Robots

Our work is situated in the more general field of modular robotics research
and specifically in the area of self-reconfigurable robots. Self-reconfigurable
robots have the ability to adapt to their physical environment and their re-
quired task by changing shape. Some of the self-reconfiguring robot systems
are heterogeneous : some modules are different from the others, whereas in
homogeneous approach all the modules are identical.
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In the literature, we distinguish two kinds of work. The first one tries to define
elementary modules which can be human-assembled to rapidly build robots
dealing with specific problems. For example, RMMS [1] applies this approach
to build manipulators, as well as the Golem project [2] where ”robots have
been robotically designed and robotically fabricated” and Swarm-bots [3] for
the design and implementation of self-organizing and self-assembling artifacts.

On the other hand, modular robotics look for self-reconfigurable structures.
In this case, the problem is often to build identical components which dy-
namically reconfigure themselves to adapt their behavior to a specific task.
Some works already done on this kind of self-organizing components include
the Molecule Robots [4], based on a single component with two elementary
movements, USC/ISI Conro [5] assembled as a serial chain with two degrees of
freedom and docking/dedocking connectors, I-Cube [6] modules, quite similar
but with three rotations. In the Crystalline robot [7], the elementary compo-
nent uses a 2D translation movement, Telecube [8] implements a 3D version
of this Crystalline component, PolyBot/Polypod [9] has a very rich structured
based on simple components and finally the MEL [10] proposes a two-rotation
element with a universal connecting plate allowing dynamic coupling. There
is already a lot of proposals, but we think there is still an interest in building
another kind of robotic atom : in our project, each module can move around
autonomously and connect each other to form a new robot. In this manner,
they act as ants : they can cooperate to achieve various tasks or they can form
a new structure by connecting themselves to cross a hole for instance.

1.2 The MAAM Project

The MAAM 1 project, supported by the Robea project of the French CNRS,
aims at specifying, designing and realizing a set of elementary robots able
to connect each other to build reconfigurable systems. The self-reconfigurable
robot is based on a basic component called atom. An atom is defined as a body
with 6 orthogonal legs (see Figure 1). Each leg moves in a cone around his
axis and the extremity of a leg holds a connector allowing connection between
atom legs.

The goal of MAAM is to leverage this kind of atom to build dynamic re-
configurable structures called molecules. An advantage of such reconfigurable
structures is that atoms move autonomously and they find and move to other
atoms to connect with them by using their sensors on the end of each leg. In
a 2D plan, they build an active carpet by array connection. A snake robot
can be assembled to move into encumbered world. With a 3D structure, the
molecules climb on objects, transform itself into a tool, surround objects and

1 MAAM is a recursive acronym that means : Molecule = Atom | Atom + Molecule
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(a) An atom (b) A spider

Fig. 1. MAAM Project atoms and molecules

manipulate them. This project leveraged the cooperation of researchers from
different fields : robotics, electronics, computer science, mechanics... Several
french universities are involved in this project: Université de Paris VI (LIP6),
Université de Caen (GREYC), Université de Bretagne Sud (LESTER and
VALORIA), Laboratoire de Robotique de Paris.

1.3 Self-Reconfiguration Algorithms

A self-reconfigurable robot is ideally composed of cheap elementary units.
The cheapness constraint makes an industrial manufacture possible and has a
direct consequence on self-reconfiguration algorithms design. These algorithms
must be the simplest one since the power calculus of the units is very weak.
Therefore we think that reconfiguration algorithms requiring the description
of the target shape are not relevant in this perspective.

So we are especially interested in distributed reconfiguration algorithm not
requiring the exact description of the target shape. Thus Bojinov et al. (2000)
[11], [12] proposed biologically inspired control algorithms for chain robots, us-
ing growth, seeds and scents concepts to make the target shape emerge from
local rules. Another approach designed by Butler et al. (2003) [13] [14] is based
on architecture-independent locomotion algorithms for lattice robots, inspired
by the cellular automata model. Abrams and Ghrist (2003) [15] considered
geometrical properties on a shape configuration space adapted to paralleliza-
tion.

Actually we are looking for a general approach to tackle self-reconfiguration for
different kind of modular robots. Modular robots are modules networks, and
networks are usually modeled by graphs, ideal to stress the relation between
entities. We can for example express the modules connectivity by bounding the
degrees of a graph, unidirectional and bidirectional connections by directed or
undirected edges... However, the reconfiguration of a modular robot implies
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the evolution of the modules network topology, and thus of its underlying
graph.

Modeling the evolution of a network topology is quite hard to capture in
graph theoretical model, which is essentially static. The fundamental work on
random graphs, by Erdös and Rényi [16] was the very first attempt to add
dynamicity in a graph. Recently, interest has grown among graph theoretician
in dynamic graphs, and especially in dynamic algorithms able to incrementally
update a solution on a graph while the graph changes. To represent a dynamic
graph, Harary (1997) [17] proposed dynamic graph models based on logic
programming and the study of the sequence of static graphs. Ferreira (2002)
[18] proposed a model called ”evolving graph”, whose definition is based upon
an ordered sequence of subgraphs of a given digraph. But this given digraph
induces an a priori knowledge on the dynamic process.

In the following sections, we will try to answer two main questions : how to
model the modules network of a self-reconfigurable robot and how to design
self-reconfiguration algorithms so that a self-reconfigurable robot converges to
the required shape ?

2 Modeling Self-Reconfigurable Robots with Dynamic Graphs

2.1 Emergent Calculus

We are looking here for a way to control the convergence of dynamic graphs
- modeling modules network - to a target topology by emergent calculus,
that is to say the modules do not know the goal configuration and the final
configuration emerges from the modules collective behavior.

We would like too to found the notion of dynamic graph in the area of dy-
namical systems. A dynamical system is characterized by a configuration space
and a function defined on this space: the goal is to understand the dynami-
cal behavior of this function according to the structure of the configuration
space and to the property of the function. Dynamical system theory is a rich
and well developed field and we hope to benefit of research and results of this
field by defining a dynamic graph as a special dynamical system. Moreover,
extending the modeling power of graph theory on dynamic network should
be interesting since dynamic networks seem to appear fundamental in very
different fields as it was recently stressed by Albert and Barabasi [19].

In addition, to take into account the distributed nature of a lot of observed
phenomena, we would like the graph topology to evolve in a decentralized way
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with local and simple rules : each node has a local knowledge on its neigh-
borhood and a limited power for computation and communication. Cellular
automata are well known for their ability to express complex dynamics from
the local knowledge of the cells. The underlying lattice of a cellular automata
is usually static, but Ilachinski and Halpern (1997) [20] developed a cellular
automata model in which the underlying infinite d-dimensional array (i.e. the
metric space Zd) evolves according to link transition rules. But the very for-
mulation of this model, expressed through the array data structure, is not
relevant to express a graph topology. Let us note also that link transition
rules depend on the states of cells neighborhood and we are looking for purely
“topological” rules.

To combine graph theory expressness with richness of cellular automata dy-
namic, we define the notion of topodynamic of a graph, with the assumption
that a module only knows about its neighborhood and the neighbors of its
neighborhood.

The last part is devoted to the validation of the framework proposed in the
following section, by building a dynamic graph implementation in Squeak [21]:
we present the overall architecture behind the DynaGraph software and show
an example of simulation where the final topology emerges from the dynamic
nodes collective behavior.

By this way, we hope to transform the shape controlling problem into the
study of graph topodynamic, where simulation should be a valuable tool in
discovering of topodynamics converging towards a given topology.

2.2 Topodynamic of a Graph

We first remind basic notions in graph theory and then state a topological
definition of a graph independent of its embedment in metric space. We finally
define the notion of graph topodynamic.

2.2.1 Preliminaries

Definition 2.1 (Graph) A graph is a pair (V, E) with V a finite set of ver-
tices and E a set of edges, finite subset of V × V .

A graph is undirected if the relation defined on V is symmetric, otherwise
the graph is directed, and edges have a direction. The order of a graph is its
number of vertices |V |. Two vertices are said to be adjacent if they are joined
by an edge.
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The neighborhood of a vertex v is the set τ(v) of vertices such that they are
adjacent to v. If there is no ambiguity with the context, we note a neighbor-
hood τ(v) = {x, y, . . . , z} by xy . . . z. The out-neighborhood of a vertex v is
the set τ+(v) of vertices outgoing from v. The in-neighborhood of a vertex v is
the set τ−(v) of vertices pointing to v. We see that an undirected graph (resp.
directed graph) is completely described by giving the set of its vertices and
a neighborhood (resp. in-neighborhood or out-neighborhood) on each vertex.
The degree (resp. indegree, outdegree) of a vertex is the number of its neigh-
bors (resp. in-neighbors, out-neighbors). The degree of a graph, noted d◦(G)
is the maximum degree of a vertex. Note that for an undirected graph, each
edge v, w could be considered as a double arrow (v, w) and (w, v), so the in-
neighborhood is equal to the out-neighborhood of a vertex.

Definition 2.2 (Graph Topology) The topology τ (resp. τ+, τ−) of a graph
G is the family of its neighborhoods (τv)v∈V (resp. out-neighborhoods (τ+

v )v∈V ,
in-neighborhoods (τ−v )v∈V ).

Example 2.3 Let G be the following graph :

aOO

�� ��>
>>

>>
>>

>

b c

��

^^

==
==

==
==

d oo // e

The neighborhood τ(a) of a is {b, c} or in short bc. We have also the following
relations: τ+(a) = bc, τ−(a) = b, τ(c) = ade, τ+(c) = d, τ−(c) = ae, d◦(G) =
3 because |τ(c)| = 3. The graph topology is the family (τ+(a), τ+(b), τ+(c), τ+(d),
τ+(e))

2.2.2 Topodynamic

Let us now define the notion of a sequence of graphs.

Definition 2.4 (Sequence of Graphs) A sequence of graphs is a family of
graph (Gi)i∈N with Gi = (Vi, τi).

For simplicity, we consider from now only sequence of graphs with constant
order, i.e. ∀i ∈ N, Vi = V0.

What is the difference between a sequence of graphs and a dynamic graph
? Usually, a dynamic system is characterized by its transition function : we
can compute the state of the system from an initial state and past states.
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Basically, the graphs in a sequence of graphs cannot change their topology on
their own : the evolution of the topology is predetermined by giving a family
τi of topologies. However, we can associate a transformation function to a
sequence of graphs. So we call dynamic graph a sequence of graphs consisting
of an initial graph and a function which transforms its topology to a new
topology.

Definition 2.5 (dynamic graph - global transition function) A dynamic
graph is the pair (G0, ∆), such that G0 = (V, τ0) is an initial graph and
∆ : (V 7→ 2V ) 7→ (V 7→ 2V ) define a topodynamic by mapping a topology
on V to a new topology.

So the topodynamic is an algorithm taking as input a graph and giving as
output a graph of the same order. More precisely, this algorithm takes a node
and its neighborhood of the input graph and computes a new neighborhood
for this node. It continues to compute over all the nodes of the input graph
to render the output graph. Then this output graph becomes the input graph
and we apply the topodynamic again. This whole process draws the dynamic
graph.

Nevertheless, we would like to have dynamic graph vertices more active than
in a sequence of graphs, namely able to change their own degrees by accept-
ing, keeping or removing its adjacent edges, according to local transition rules
inducing the graph topodynamic. Local transition rules are widely used in
cellular automata area: the state of an automaton depends on its own state
and the state of its neighbors. Local transition function, simultaneously ap-
plied to each cell, determine the dynamic of a cellular automaton. Although
cellular automata are usually defined on regular lattices, this definition can be
extended to more complicated graph: graph of automata (connected bounded
degree graph), first introduced by Rosenstiehl (1966) [22]. In a graph of au-
tomata, each node has a state and the next state depends of its current state
and the state of its neighbors.

Definition 2.6 (graph of automata) A graph of automata is a triplet (S, G, δ)
where S is a finite set called set of states, G = (V, τ) is a graph, δ : S ×
{(S ∪ ε)d◦(G)�σ} 7→ S is the transition function where ε is a special element
used when the vertex has less than the maximum degree of the graph. σ is the
equivalence relation defined on the cartesian product Sn with xσy if x is a
permutation of y. So Sn�σ is the unordered set Sn.

In this definition of graph automata , the underlying graph is static. We study
here the possibility to have an evolving underlying graph : this evolution may
be controlled by active vertices, kind of automata able to connect and discon-
nect their own edges in the network. We give to the automata the control of
its underlying graph by slightly modifying the graph automata definition as
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following.

Definition 2.7 (dynamic graph - local transition function) A dynamic
graph is the pair (G0, δ) where G = (V, τ0) define an initial graph, and δ :
S × {(S ∪ ε)|V |−1�σ} 7→ S with S = 2V the set of states, define the local
transition function, where ε is a special element used when the vertex has less
than |V | − 1 (the maximal degree of the dynamic graph).

A node chooses its next neighborhood according to its current neighborhood
and the current neighborhood of its neighbors. If we replace “neighborhood”
in the precedent sentence by the word “state”, we retrieve the usual definition
of the evolution of a cell in cellular automata.

To deal with the different neighbors of a given neighborhood, we build from the
application τ an application ~τ which for each vertex gives its neighbors vector
: ~τ : {v} 7→ ({1, . . . , |τ(v)|} 7→ V ) such that

⋃|τ(v)|
i=1 ~τ(v)(i) = τ(v) where v ∈ V

If a vertex v has a degree n, its next state τi+1(v), namely its next neighbor-
hood, is given by :

τi+1(v) = δ(τi(v), τi(~τi(v)(1)), . . . , τi(~τ(v)(n)), ε, . . . , ε)

We define now the fix-point topology for a given topodynamic as a graph
topology unchanged by applying this topodynamic.

Definition 2.8 (fix-point topology) A fix-point topology τ for the topody-
namic ∆ is a topology such that ∆(τ) = τ

A question we may ask is for which topodynamic a given topology is the fix-
point, i.e. the so-called inverse dynamic problem. For the moment the design of
such topodynamic rules is rather a matter of intuition supported by computer
experimentations, but resolving the inverse dynamic problem would provide
us with a means of constructing a desired topology, or at least to show us
the impossibility to automate this construction. Anyway the simulation of
dynamic graphs should be valuable to address this problem.

3 DynaGraph : an Environment for Dynamic Graph Simulation

We present here the DynaGraph environment intended to understand and
simulate the dynamic of a graph, following the theoretical framework stated in
the first section. Through this environment, we hope a better understanding
of the dynamic graphs behavior. For instance, we could ask what kind of
dynamic graph converges to a path graph when the initial graph is a star
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graph, so we have to define the relevant rules allowing such a convergence. We
also need to implement this rules to gain trust on this rules before proving
their correctness.

3.1 The DynaGraph Environment

Let us imagine that we want to reconfigure a spider robot, represented to the
left of Figure 2, to a caterpillar robot. Each node represents a module, and
directed edges the connection between modules.

Fig. 2. A star to chain reconfiguration

The expression DynaGraphSystemWindow open launches the DynaGraph GUI
(Fig. 3).

Fig. 3. The DynaGraph System Window

The DynaGraph window (Fig. 3) is currently composed of two parts : the
first one is the gui interface and the second one is for debugging purpose.
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Several buttons allow the user to start, stop or run the simulation step by
step. The user chooses the initial graph of the dynamic graph thanks to the
Graphs button. Several metrics i.e. function of the graph at the current step
are available, like degree distribution, clustering coefficient and average path
length, to gain some information during the evolution of the dynamic graph.
We use the PlotMorph package [23] to display such kind of informations (see
Figure 4).

Fig. 4. Dynagraph metrics

We have enhanced this package to export the curves in the gnuplot format to
exploit thouroughly the collected data. Note that we have also implemented a
GraphSystemWindow to deal with graphs, e.g. random graphs, so the metrics
are available for this graphs. For instance, Figure 5 shows the degree distri-
bution of a single random graph of 10000 nodes and a connection probability of
0.0015, generated through the exampleRandomGraphWithOrder:probability:
method. We verify that the deviation is small between the generated ran-
dom graph and the theoretical result stating that for large N , the proba-
bility for a node to have a degree k follows roughly a Poisson distribution

P (k) ' e−pN (pN)k

k!
.

The simulation shows in Figure 6 that after few steps the initial star topology
is transformed into an undirected acyclic graph to finally reach a fix-point.
The local topodynamic rules, when applied to the neighborhood of each node,
does not change their neighborhood anymore. We show thanks this simulation
that it is possible to make a topology emerge from a local topodynamic rule.

3.2 Overview of the DynaGraph Architecture

The dynamic graph classes are build on top of graph classes, designed in
Smalltalk by Mario Wolczko and ported for Squeak by Gerardo Richarte and
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Fig. 5. The degree distribution resulting from the simulation of a random graph
(N = 10, 000 nodes, connection probability p = 0.0015).

Fig. 6. The chain, fixpoint topology

Luciano Notarfrancesco. A GraphMorph class is available, allowing us to lay-
out a graph through two main methods : a springs-gravity model where each
node behave like negative electrical particles and an animated radial layout.
We use the springs-gravity model to display a dynamic graph.

Several principles are used behind a local topodynamic design. These prin-
ciples are not really specific to one particular transformation, but they are
rather a guide for designing a topodynamic :

• Reconfiguration : the reconfiguration is done thanks to the knowledge
of a neighborhood node and of the neighborhood of the node neighbors.
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It can disconnect from its current nodes to reconnect itself to a neighbor
of its neighbors.

• Local knowledge : A node knows only its own indegree and outdegree
(computed from its knowledge of its in and out-neighbors) and the in and
outdegrees of its direct neighbors (computed from its knowledge of in and
out-neighbors of its neighbors).

• Outgoing connection control : A node only controls its outgoing
connections, it cannot decide to disconnect itself from an ingoing connec-
tion but can connect to or disconnect from its outgoing connections.

• Decision process : To take a decision, for instance a reconnection to
another node or a disconnection, a node may exploit the dissymmetry of
its neighborhood. Indeed if a node wants to reconnect itself to a neighbor
of one of its neighbors, it has to check its neighbors degree and take a
decision according to the neighbors degree. If all neighbors have the same
degree, the reconnection to the neighborhood neighbors will be random
: from the node point of view, there is no way to decide which neighbor
of its neighbors to choose since all its neighbors have the same degree.
Otherwise it will exploit the dissymmetry related to the difference of
degree. For that reason, we have to avoid the ring topology because of
the possibility to lose graph connectivity.

• Connectivity : A node must never be isolated during the reconfigura-
tion process.

• Uniformity : All nodes have the same set of rules.
• Synchronicity : The topodynamic rules, i.e. a combination of discon-

nection and connection rules, are applied simultaneously over all the
nodes. The computation must hold synchronous nodes reconfiguration
although it could be interesting to study how asynchronicity influences
the reconfiguration process. But we choose to study first a synchronous
dynamic since it is the simplest one : we have not to choose which nodes
the rules must apply first, all nodes are equivalent according to the ap-
plication of rules.

These principles constraint the implementation of a dynamic graph : for in-
stance, synchronicity means that we have to take care about the way each
node changes its neighborhood. Indeed if a node changes its neighborhood,
one of the neighbor of this node must not see immediately this change... The
global architecture of a dynamic graph, or dynagraph, is pictured in Figure 7.

Moreover, to control the evolution of a dynamic graph, we have added the
MetaGraph class, which is composed of the list of graphs computed during the
evolution of a dynamic graph. This class could be seen as an equivalent of
the space-time diagram used in cellular automata simulation and allows us to
keep trace of the different states of a dynamic graph. The more important and
critical method of this class is the method oneStep which is implemented as
following :
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Fig. 7. The DynaGraph Architecture

| nextDynaGraph |

nextDynaGraph := self currentDynaGraph veryDeepCopy.

"we enter to the next iteration, all nodes will refer

to the precedent iteration to compute their neighborhood"

iteration := iteration + 1.

(nextDynaGraph nodes asArray shuffledBy: random)

do: [:node | node step].

self addGraph: nextDynaGraph.

^ nextDynaGraph

Let us take an example to understand how to get synchronous processes.
Suppose that there is only one rule applied to all nodes : a node disconnects
from the other one if and only if its indegree is 1, that is to say if there is a
node connected to itself.
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•1 oo // •2

The node labelled 1 is in this case, so it will disconnect from the node 2 :

•1 oo •2

If all this process was sequential, at the next step, the node 2 will keep its
connection since its indegree is now O, but we would like to focus our study
on parallel updates. So this behavior is not the desired one, the right result
for parallel update is the following:

•1 •2

So we will copy the current graph to a new graph, then we will modify the
nodes neighbors of the new graph according to the neighborhood, and neigh-
bors neighborhood of the previous graph. In this manner, we simulate the fact
that each node changes their neighborhood simultaneously.

3.3 Overview of the Implementation

The DynaNode class corresponds to the notion of dynamic node as explained
in the Topodynamic section and implements the abstract method step. A
dynamic node is essentially a set of rules defining the dynamic aspect of a
node, so it makes sense to derive the DynaNodeRule class from the DynaNode

class. Then we can use this facility to give a name to a specific DynaNode like
DynaNodeRuleStarToPath and so on. The DynaNodeRule class implements the
main methods allowing the evolution of the neighborhood of a given graph.
Here is a sample of main methods involved in the graph reconfiguration:

• The method disconnectNodeOfOutDegree: anInteger tries to disconnect
the current node from a neighbor of outdegree anInteger and return true.
If it fails, return false.

• The method connectToNgbOfMyNgb connect the current node to any neigh-
bor of its neighbor.

• The method connectToNgbOfNgb: connect the current node to any neighbor
of its neighbor v.

• The method connectToNodeOfInDegree: anInteger connect the current
node to a node of indegree anInteger.

• The method connectToOneOfMyStrictInNgb connect the current node to
one of its strict in-neighbors, namely in-neighbors which are not out-neighbors.
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• The method connectToOutNgbOfNgb: connect the current node to somekindof
out-neighbor of its neighbor v.

• The method connectToNode: connect the current node to the node w.
• The method disconnectToAnyOutNode disconnect the current node from

one out-neighbor.

From the DynaNodeRule class, we derive a class which implements the method
step expressing the local topodynamic as explained in the first section, i.e. a
topodynamic depending of the neighborhood and of the neighbors neighbor-
hood. For instance, the method step of the DynaNodeRuleStarToPath class
implements four local reconfiguration rules [24] :

DynaNodeRuleStarToPath>>step

self extremeNodeClosure.

self extremeNodeReconfiguration.

self starLosingLeaves.

self middleNodeReconfiguration.

^ self.

The self-reconfiguration algorithm is based on three main rules applied one
time for each step :

• Reconfiguration: Threads want to find an extremity.
(extremeNodeReconfiguration and middleNodeReconfiguration)

• Node closure: Closing all links when a path is formed.
(extremeNodeClosure)

• Star losing leaves: Disconnect from some of many out-neighbors.
(starLosingLeaves)

It would be very long to explain and develop the code of all this rules, which
are currently available in the SqueakSource site under the name DynaGraph.
Here is a piece of code giving an idea of how the rules are generally coded :

DynaNodeRuleStarToPath>>starLosingLeaves

self currentOutDegree >= 3

ifTrue: [self disconnectAnyOutNode]

DynaNodeRuleStarToPath>>middleNodeReconfiguration

"principle : a middle-initial vertex walks around the graph

till it finds an extremity"

self isMiddleInitial
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