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Abstract

that have related functionality and are somehow
independent from the other parts of the system.
In this paper we propose a novel method for identi- Therefore, the starting point in the process of reverse
fying dense communities of classes (clusters) within engineering a software system, must be to identify the
an object-oriented software system. These clusters clusters that constitute the system.
suggest the decomposition of the software system into
smaller subsystems. Also, such clusters can imply relevance of functionality and thus be used as reusable 1.1 Object Oriented Software
components. To accomplish the identification we
employ a technique from algebraic graph theory In the object-oriented domain an essential principle,
known as spectral graph partitioning. We create a which is also a golden rule in designing reusable
graph representation of the object-oriented software software, is that of modularity. A module, in a
system in which nodes stand for the classes and software system, is the single unit of the application
the edges stand for the discrete messages exchanged design. Each module is comprised of a small number
between the classes. Our approach is based on an of classes [2, 3] that are strongly coupled. Modules
iterative method for partitioning the graph in order must have a simple interface through which they can
interact with other modules. Also coupling between
to identify dense communities of classes.
modules should be loose [4, 5] in order to preserve
their autonomy.
This paper presents a method for analyzing ob1 Introduction
ject oriented software systems trying to identify
As it is well known, it is difficult to understand the highly coupled communities of classes. Utilizing this
functionality of large software systems because of we can obtain the modules that form the system.
their inherent complexity. It is even more difficult Also this method can identify clusters that are
to extend or modify them. So, people working with autonomous and might possibly imply reusable comlarge and complex software systems tend to break ponents. Finally this method can estimate the degree
them down into smaller pieces [1] that are easier to of modularity in a software system by recognizing
comprehend. Software Clustering is a very important the individual modules that constitute the system.
facility when trying to decompose an existing system These are accomplished by applying Algebraic Graph
into smaller parts. It helps identify the subsystems Theory techniques in the object oriented software
1

domain.

1.2

with index i and eij denote an edge between vi and
vj . The adjacency matrix of G is the n × n matrix
A = [aij ] where aij is the weight of the edge eij . The
degree matrix of G is the n × n matrix D = [dij ]
defined by:
 Pn
if i = j
k=1 aik
dij =
0
otherwise

Background and Related Work

Software Clustering has been used in the past, mainly
as an aid in the reverse engineering process of software [6, 7, 8]. These approaches are trying to identify
the clusters of a system by utilizing information
about the dependencies between the different parts
of the system. Other research approaches of the
software clustering problem have been used pattern
matching techniques [9] and concept analysis [10].
Spectral Graph Partitioning techniques first appeared in the early seventies in the research work of
Donath - Hoffman [11] and Fiedler [12, 13]; they explored the properties of the algebraic representations
of the graphs (Adjacency Matrix, Laplacian Matrix)
and introduced the idea of using eigenvectors to partition graphs. Renewed interest has been generated
more recent and these techniques have been applied
to many research disciplines, related to Computer
Science and Electrical Engineering. Hendrickson and
Leland used Spectral Graph Partitioning in parallel
systems [14]. Simon et. al. used similar techniques
in Scientific Computing [16, 15].
The innovation of this paper is the use of Spectral
Graph Partitioning Techniques in the object oriented
domain and the applications of these techniques for
decomposing an object oriented system into smaller
modules, some of which might be used as reusable
components. Our method is based on spectral
bisection techniques of Barnard and Simon [15],
but these are generalized in several ways. Firstly,
our algorithm doesn’t try to partition the graph
in two equal sub-graphs in each iteration, but it
tries to achieve the minimum-cut set. Secondly,
our algorithm doesn’t stop when achieves a certain,
predefined number of clusters but when it finds the
set of the most cohesive modules, no matter which is
their number.
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The Laplacian matrix of G is the n × n symmetric
matrix
L=D−A
. The smallest eigenvalue of the Laplacian matrix is
0, with an associated eigenvector with all ones; in fact
the multiplicity of 0 as an eigenvalue of L is equal to
the number of connected components of G. If G is
connected all other eigenvalues of L are greater than
0 [17].
Fiedler [12, 13] explored the properties of the
eigenvector x2 associated with the second smallest
eigenvalue λ2 (they are known as Fiedler vector
and Fiedler value respectively). The elements of x2
stand as weights on the corresponding vertices of G
such that differences of elements provide information
about the distances between the vertices. According
to this we can split graph G in two other graphs
by putting in the first graph the vertices whose
corresponding elements in Fiedler vector have values
smaller than 0 and in the second graph the vertices
whose corresponding elements in Fiedler vector
have values greater than 0. This partition of the
graph minimizes the total weight of the edge cut.
λ2 is also called the algebraic connectivity of G
[12]. Based on this we can state an algorithm for
the spectral bisection of a graph. G is partitioned
in two subgraphs N + and N − using its Fiedler vector:
step 1:
x2 ← fiedler eigenvector of the graph G
step 2:
for each vertex vi of G
if x2 (vi ) < 0
N − = N − ∪ vi
else
N + = N + ∪ vi
end if
end for

Spectral Graph Theory

Define a graph, G = (V, E) with vertex set V of
cardinality n and edge set E. Let vi denote the vertex
2

class A{
B b = new B();
void foo (){
b.aMethod();
}
void method2(){
b.aMethod();
}
}

class B{
void aMethod(){
...
}
void f(A a){
a.method2();
}
}

of the sub-graph and all the other vertices) (Alg.
2).If the external edges are more than the internal
the algorithm stops. This strategy for breaking the
iteration has been found through experiments to be
the optimum. At the end the modules of the system
are the sub-graphs that have been found by the
algorithm.

Class C extends A{
void onlyC (){
super.foo ()
}
void sth (){
...
}
}

G ← Graph of the application
partitionAlgorithm(graph G)
x2 ← G Fiedler Vector
G1 , G2 ← partition(x2 )
if(highlyCohesive(G1 , G2 ))
partitionAlgorithm(G1 )
partitionAlgorithm(G2 )
∗partition(x2 ) returns the two subgraphs of G
according to x2
∗highlyCohesive(G1 , G2 ) determines whether
the two subgraphs are more cohesive than their
parent graph.
Alg. 1: The Partitioning Algorithm

Class Diagram
class A

aMethod()

class B

void foo()
void method2();

method2()

void aMethod()
void f(A a);

class C

foo()

void onlyC ()
void sthElse();

Produced Graph
2
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Figure 1: Creating the Graph Representation
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vij : i, j ∈ Ein <

Pn

k=1 vim : i ∈ Ein , m ∈ Eout
where
Vij : Edge from vertex i to vertex j
Ein : The vertices that belong to the graph.
Eout : The vertices that do not belong to the
graph.
Alg. 2: Determine if a graph is highly cohesive
k=1

B

3.1

Algorithm

Example

In Figure 2 a full application of the algorithm is
From the class diagram of the software system we presented:
create a graph representation in which the vertices
1. The class diagram of the application is created .
stand for the classes and the the edges stand for
discrete messages exchanged between the classes.
2. The class diagram is converted to a graph.
This can be seen in Figure 1.
3. The graph is partitioned in two subgraphs.
Then, the produced graph is bipartitioned iteratively: in each iteration, we partition the graph into
4. The one of the two subgraphs is then partiotwo sub-graphs. The iteration stops when at least one
tioned again.
of the produced sub-graphs is less cohesive than their
parent graph. This is determined by examining if the
5. The algorithm stops because the three clusters
number of internal edges of each sub-graph (those
that have been found are more cohesive than
between the vertices of the sub-graph) exceeds the
their possible subgraphs.
number of external edges (those between the vertices
3
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The results produced by the algorithm can have
multiple uses:
• The modules that are found can be used as the
starting point for the reverse engineering process
of a software system.
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• During the process of identifying each module,
the edges that connect the vertices of the module
with the rest of the graph are removed. These
edges are in fact the interface of the module with
the other parts of the application. So, beyond
the identification of the modules themselves our
methodology identifies the Facade [18] of each
of them. Having the Facade of a module is
easier to transfer and use it in another system
(reusability).
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• Our methodology minimizes the communication
between the modules of the system. This is
achieved because it finds the minimum cut set
of edges in each iteration. Therefore, it can also
be used to identify the modules that should be
assigned in different machines, in a distributed
environment.
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Figure 2: Application of The Algorithm

measures that confirm the correctness of
this methodology have been made. Also a tool that
automates the process has been developed. Table
1 presents the results of the application of the
methodology in some open source Java programs.
The modules produced by our tool are in the most
of the cases highly cohesive. Also the classes in some
-0.267 of
-0.361]
these modules have been found to have relevant
functionality, an indication for a module that could
be reused.
First column holds the names of the programs.
Second column has the number of modules-cluster
that have been identified in each of the programs and
the third column has the number of those modules
that has been found to be highly cohesive. A module
is considered highly cohesive when the messages
4

Program
Pygmy
JFlex
classycle
JSpider
Apache Ant

Modules
2
3
12
21
44

Highly Cohesive
2
3
8
8
26

[9] K Sartipi, K Kontogiannis. A graph pattern
matching approach to software architecture
recovery International Conference on Software
Maintenance, 2001

Table 1: Evaluation Results

[10] M. Siff, T. Reps. Identifying modules via concept
analysis. Proceedings of the 19th International
Conference on Software Maintenance, 1997

extended between its classes exceed the number of
messages exchanged between its classes and the rest
of the system by a factor of three or more.

[11] 7] W.E. Donath and A.J. Hoffman. Lower
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420-425, September 1973.
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