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Abstract

A modularization is a partitioning of a software system
into components based on a variety of criteria, each de-
pending on the clustering approach and desired level of
abstraction. Source-header dependency graphs are bipar-
tite graphs that are formed by flattening include file de-
pendencies and enumerating source file to header file de-
pendencies. In this paper, we describe an approach for
identifying candidate modularizations of software systems
by analyzing connectivity properties of source-header de-
pendency graphs. In addition, we apply the approach to a
large software system to demonstrate its applicability.

1 Introduction

The task of understanding, modifying, and maintaining
large systems can be intimidating and frustrating, espe-
cialy in environments where staff turnover rates are high.
The cognitive models used to tackle these tasks consist of
top-down, bottom-up and hybrid techniques [1]. Bottom-
up approaches focus on the object of study with the per-
spective that direct source code analysisleadsto formation
of behavioral and structural abstractions[2]. Top-down ap-
proaches focus on successive refinements of candidate de-
signs with verification and validation of recovered designs
against the implemented software artifacts [3]. Hybrid ap-
proaches use a combination of both top-down and bottom
up techniques in order to support a vertical analysis of a
system.

Software artifacts are often organized at several differ-
ent levels of discernible abstraction including files, pro-
cedures, and blocks. Each of these levels of abstraction

*This research supported in part by NASA Langley Research Grant
NAG 1-2241.
tContact author.

present challenges to the maintainer. At the level of afile,
the goa of the maintainer is to generate a high-level, in-
formal model. At the level of afunction and procedure, a
maintainer is interested in constructing detailed structural
models as well as determining the intended and actual be-
havior of the source code.

A modularization is a partitioning of a software sys-
tem into components based on a variety of criteria, each
depending on the approach and level of abstraction. Re-
cent approaches have investigated the effectiveness of tra-
ditional clustering techniques [4, 5] and genetic ago-
rithms[6] for modularization at thefile level of abstraction.

A source-header dependency graph is a bipartite graph
that is formed by flattening include file dependencies and
enumerating source file to header file dependencies. Inthis
paper, we describe an approach for identifying candidate
modularizations of software systems by analyzing con-
nectivity properties of source-header dependency graphs.
These modularizations provide information that can lead
to coarse-grained reuse of source code and are a perfect
complement to our earlier work.

The remainder of this paper is organized as follows.
Section 2 discusses background information on the areas
of reverse engineering and graph theory. An approach
for identifying modularizations, including a definition of
the source-header dependency graph, is introduced in Sec-
tion 3. Section 4 describes the application of the suggested
approach on a portion of the source code for the Mozilla
web browser [7]. Finaly, related approaches are discussed
in Section 5, and Section 6 draws conclusions and outlines
future investigations.

2 Background

In this section, we describe the general area of reverse
engineering as well as the formal framework that is used
throughout this paper.
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2.1 ReverseEngineering and Modularization

Reverse engineering is defined as the analysis of soft-
ware components and their interrelationships in order to
obtain a description of the software at a high level of ab-
straction [8]. This term is contrasted with reengineering,
which is the process of examination, understanding, and
alteration of a system with the intent of implementing the
system in anew form [8]. Software reengineering is con-
sidered a potential solution for handling legacy code as
opposed to devel oping software from the original require-
ments. Since the functionality of the existing software has
been achieved over aperiod of time, it providesameansfor
preserving functionality and provides continuity to current
users of the software.

In the context of software maintenance, we define a
structural abstraction to be a description of a software sys-
tem that is based on the syntactic and structura proper-
ties of a programming language or other system artifacts.
For example, encapsulation of a sequence of programming
statementsinto amoduleisa structural abstraction. In con-
trast, afunctional abstraction is a description of a software
system that is based on the semantics of aprogram. That is,
a functional abstraction describes program behavior. For
instance, if asequence of statementsis grouped into amod-
ule, then the high-level description of the function of that
module is afunctional abstraction. Recent work in reverse
engineering has focused on both the derivation of structural
and functional abstractions from program code. In this pa-
per we focus entirely on structural abstractionsin order to
identify possible modularizations of software.

2.2 Graph Theory

A graph G(V, E) is afinite, non-empty set of vertices
V' and a set (possibly empty) of edges E. Asaconvention,
foragraph G, weuse V(@) torefer to the set of vertices of
the graph, and E(G) to refer to the set of edges. Below we
define a number of terms that describe various properties,
features, and graph related entities. Other concepts can be
found in any standard graph theory text [9]. A singleton
is a graph that contains only one vertex. A graph H isa
subgraphof G if V(H) C V(G) and E(H) C E(G). An
edge-induced subgraph of G, denoted (X), is the minimal
subgraph of G with edge set X. A vertex-induced sub-
graph of G, denoted (S), is the maximal subgraph of G
with vertex set S. In this paper, we use the term induced
subgraph to refer to both edge-induced and vertex-induced
subgraphs; it will be clear from the context which defini-
tion is appropriate. A graph G is bipartiteif V(G) can be
partitioned into two nonempty subsets V; and V5 (called
the bipartitions of ) so that every edge in E(G) joins a
vertex in V; withavertex in V5.

A graph G is connected if there is a path between any
two arbitrary verticesin V(G). A component G’ of agraph

G isamaximal subgraph that is itself connected. If there
are two components G; and G, of agraph GG, then no path
exists between any arbitrary vertex in V(G1) and V(G2).

With respect to avertex v, the degreeindicates the num-
ber of edgesthat contain v as an end-point while the neigh-
borhood of a vertex v is the set of vertices that share an
edge with v.

3 Approach

In this section we define and discuss the analysis of
source-header dependency graphs for the purpose of par-
titioning software systems into candidate modules.

3.1 Source-Header Dependency Graphs

In this paper, we consider the use of the includes re-
lationship in order to define dependencies between source
and header files.

3.1.1 Definition

In C and C++ source systems, the includes relationship
is manifested in the use of the #i ncl ude directive. The
includes relationship encompasses a number of possible
dependenci es between source and header files:

Procedure Definition: The source file defines a proce-
dure or function that is prototyped and exported by
the corresponding header file.

ProcedureUse: The sourcefile uses a procedure or func-
tion that is prototyped in the corresponding header
file.

Data StructureUse: The source file uses a data structure
definition that is defined and exported by the corre-
sponding header file.

Global Variable Use: The source file uses a global vari-
ablethat is exposed by the corresponding header file.

Sinceany giveninstance of theincludesrelationship can
represent many of the above dependencies, we assume that
al relationships are present with the caveat that identify-
ing the true dependencies is beneficia rather than detri-
mental to our approach. That is, discovery of the actual
dependency that underlies the includes relationship facili-
tates construction of more detailed modul arizations.

From the perspective of static relationships, theincludes
relationship is a hierarchical one. A graph showing source
and header dependencies can be shown as a multi-level
Hasse diagram as depicted in Figure 1. In the diagram,
source file A includes header files B and C, header file B
includes header files D and E, and header file C includes
header filesD and F.

Another potential perspective, as shown in Figure 2,
is that of the compiler, where the includes relationship is



Figure 1. Multi-level Dependency Diagram
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flattened into a single-level so that instead of showing the
static relationship between source and header, al of the
headers are depicted as having direct relationships to the
sourcefile.
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Figure 2. Single-level Dependency Diagram
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In our approach, we consider source-header relation-
ships only. Header-header relationships are flattened (as
noted above) and thus are assumed to be transitive. In the
case of source-source relationships, where functions and
proceduresin one source file call functions and procedures
in another file, the relation can be captured as shown in
Figure 3 where the dependency of source files A and B on
header file A can represent a procedure definition depen-
dency and a procedure use dependency.

Figure 3. Source-Source Dependency

The focus on source-header relationships enables the
construction of bipartite graphs that are structured with
source files in one partition and header files in the other
partition. As shown in Figure 4, a source-header depen-
dency graphisformed by enumerating the dependencies of
each file within a system. One advantage of using a bipar-
tite graph to represent the relationshi ps between filesis that
the number of potential relationships(e.g., edges) inthere-
sulting graphsis reduced since source-source rel ationships
are eliminated.

Figure 5 shows a portion of the Mozilla (Netscape) se-
curity subsystem using the af orementioned guidelines for
constructing the dependencies between source and header
files to construct a bipartite graph. This graph will be dis-
cussed and used more extensively in Section 4. Many of
the source-header dependency graphs encountered in prac-
tice have similar properties to the one shown here with re-
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Figure 4. Bi-Partite Graph Depicting Source-
Header Dependencies

spect to cardinality of the vertex and edge setsaswell asin
the connectivity of the graphs.

Figure 5. A Portion of the Mozilla Security
Subsystem




3.1.2 Interpretation of Dependencies

There are severa relationships that arise from the
derivation of a source-header dependency graph in the
manner described above. The relationships, with respect
to source and header, may be1:1,1:n,n : 1,andn : m.

Asstated earlier, the 1 : 1 relationship between two ver-
tices of a source-header dependency graph represents an
includes relation. In addition to the procedure definition,
procedure use, data structure use, and global variable use
dependencies, any given relation can represent a false de-
pendency where a header file is included but its contents
are never used.

Then : 1 relationship between n source files and one
header file represents several possible situations. With re-
spect to procedures and functions, the n : 1 relationship
can represent the case where a set of procedures contained
within a single source file are being called by procedures
in other files. In this case, the header file contains the pro-
totypes of the called procedures. The procedure definitions
that implement the called procedures may be among the n
source files, or may be contained elsewhere as in the case
of libraries. Another interpretation of then : 1 relationship
is the situation where the header file defines a data depen-
dency. In this case the header file can either define a user-
defined type that is exported to sourcefiles, or can declare
globally accessible variablesthat are utilized by many rou-
tines. Finaly, then : 1 relationship can describe the case
where both data and call dependencies are present.

The 1 : n relationship between one source file and
n header files represents the case where a single source
file utilizes information from several header files. For in-
stance, the header files may provide “hooks’ into libraries
or other linkable resources (both procedures and data) that
are all combined together by routines contained in the sin-
gle sourcefile.

The m : n relationship between m source files and n
header files represents the most general and frequent case.
In the situation where the header files can be associated by
a procedure definition dependency to n of the m source
files, the m : n relation indicates a tight coupling of pro-
cedures among the collection of m sourcefiles. In the case
where the header files strictly represent a “ procedure use”
dependency, the m : n relation indicates a tight coupling
of procedures with some external set of omnipresent rou-
tines[6].

In most systems, files will individually be involved in
1:1,1:n,andn : 1 relationships. In addition, files
collectively will be involved in m : n relationships. With
respect to the analysis of the bipartite source-header de-
pendency graphs, the relationships described here provide
the foundation for identifying the meaning of several graph
theoretic properties. That is, these relationships are the ba-

sis for describing the impact of applying different graph
algorithms on the source-header dependency graphs.

3.2 Module ldentification Using Graph Connec-
tivity

One of the goals of this research is to establish a foun-
dation for applying graph algorithms and graph analysis
on source-header dependency graphs in order to identify
ways to partition source files into suitable modules. Elim-
ination of source-source and header-header dependencies
in graphs allows the analysis to focus on information that
describes how interfaces to procedures and definitions of
user defined data structures are exported to various parts of
an application.

In this section, we describe an approach for identifying
software modules viathe analysis of source-header depen-
dency graphs. Specifically, we examine the use of vari-
ousgraph algorithmsfor identifying bridges, edge-cuts, cut
vertices, and cut-sets and their impact on identifying candi-
date modularizations at the source file level. In particular,
we take advantage of the properties of high cohesion and
low coupling as criteria for identifying modules.

3.2.1 Bridge Detection

A bridgeinagraph G(V, E) isan edge e whose removal
results in a disconnected graph. That is, (E(G) — {e})
has two components, G1 and G2, such that no path exists
between an arbitrary vertex in G1 and an arbitrary vertex
in G2.

Since every edge in a source-header dependency graph
represents adependency between a source file and aheader
file, the existence of a bridge in such graphs indicates a
weak coupling between the components of the subgraph
induced by the removal of the bridge. With respect to a
modularization of source and header files, abridge may in-
dicate the existence of the procedure definition, procedure
use, or data use dependencies and thus identifies potential
exportation of behavior and data from one module to an-
other. It is important to note that the existence of bridges
in source-header dependency graphs, unlike the tree-like
graphs typically used to represent software, is relatively
rare .

Figure 6 shows amodularization of the graph from Fig-
ure 4 using a bridge. The diagram implies a dependency
either via the use of data or from a potentia call relation-
ship between two source files as manifested via a proto-
type exported by a header file. In addition to identifying
a partition between two sets of related files, a bridge also
identifies a single point of entry between the modules and
thus isolates exported interfaces.

lIn atree, every edge is a bridge.
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Figure 6. Graph Partitioned by a Bridge

With respect to detection of bridges within an arbitrary
graph G, the basic algorithm works by exploiting the fact
that an edge e isabridgeif and only if e does not lie on a
cycle of G. Our implementation of bridge detection uses
a simple depth first search to determine the status of each
edge along the path of a cycle, and thus the complexity is
O(IBE@G)| - [V(G)?).

3.2.2 Edge-cut Detection

An edge-cut in a graph G(V, E) is a set of edges E’
whose removal results in a disconnected graph. Specifi-
cally, (E(G) — E') has at least two components, G1 and
(G2, such that no path exists between an arbitrary vertex in
G1 and an arbitrary vertex in G2. In relation to edge-cuts,
a bridge is an edge-cut of cardinality one. As such, the
problem of detecting an edge-cut is a generalized version
of bridge detection.

The interpretation of an edge-cut in the source-header
dependency graph is similar to the case of the bridge. That
is, the identification of an edge-cut, E', of size k (also
known as a k-cut) induces a subgraph whose components
are candidate modules. If we isolate any two components,
G1and G2, of (E(G) — E'), therearetwo classes of edges
(in E') between V(G1) and V(G2) that must be consid-
ered. Thefirst class of edge-cut is the case where all the
edges identify a one-way relationship between two com-
ponents G1 and G2. As shown in Figure 7, the edges in
the edge-cut originate from sources in G2 and terminate
at headersin G'1. This one-way dependency can represent
the case where one modul e represented by component G2
imports procedures contained within G'1.

The second class of edge-cut, shown in Figure 8, rep-
resents the case where the dependencies are bidirectional
so that source files in two components, G1 and G2, are
dependent on headersin the sibling component. This two-

Figure 7. One-way edge-cut

way dependency represents the fact that two modules may
share functionality across a partition.

-

Figure 8. Two-way edge-cut

Jermaine discussed the general problem of identifying
program modularizations using edge-cuts in program call
graphs [10]. While the general problem is intractable,
for certain restricted graphs, relatively efficient approxi-
mations are available. A major concern is the existence
of many possible edge-cuts for any arbitrary graph. As
such, any criteriathat can be used to reduce the number of
candidatesis of interest.

3.2.3 Cut Vertex Detection

A cut vertex in a graph G(V, E) is a vertex v whose
removal resultsin a disconnected graph. That is, (V(G) —
{v}) has at least two components, G1 and G2, such that
no path exists between an arbitrary vertex in G1 and an
arbitrary vertex in G2.

There are three different configurations that are possi-
ble for cut verticesin a graph. The first case, as shown in
Figure 9 isrelated to the bridges mentioned in the previous
section. Specifically, each of the end-vertices of a bridge
is acut vertex since removal of either vertex will result in
removal of the bridge. With respect to component modu-
larizations, these cut vertices have the same interpretation
asthe bridge and act as an interaction point (e.g., port) be-
tween two modules.

The second kind of cut vertex in a source-header depen-
dency graph arises when removal of a source vertex dis-
connectsthe graph. As shown in Figure 10, when a source
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Figure 9. End-Vertices of a Bridge

vertex isalso acut vertex, it is dependent upon header files
in at least two different components. As aresult, the pro-
cedures contained in the file represented by the cut vertex
can be interpreted as providing services from one compo-
nent to another, as providing services to both components,
or as auser of services from both components.

Figure 10. Source as Vertex Cut

Figure 11 depicts a header file as a cut vertex of a
source-header dependency graph. One of the interpreta-
tions for a header file existing as a cut vertex is that the
header may be an omnipresent file that provides system-
wide or application wide exposure to acommon procedure
or service. Another interpretation of the header file is that
it describes services that are provided and used both inter-
nally and externally by the componentsthat are induced by
its removal.
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Figure 11. Header as Vertex Cut

The brute force implementation of cut vertex detection
isto remove a vertex and check to see whether the remain-
ing graph is connected. The complexity of such an algo-
rithmisO(|V (G)|> x A(v)), where A(v) isthe maximum
degree of avertex in V(G). Since G is bipartite, A(v) is
bounded by the cardinality of the larger of the two biparti-
tionsof G.

3.2.4 Cut-set Detection

A vertex-cut, or simply cut-set, inagraph G(V, E) isa
set of vertices V' whose removal from the graph G results
in adisconnected subgraph. Specifically, (V(G) — V') has
at least two components, G1 and G2, such that no path
exists between an arbitrary vertex in G1 and an arbitrary
vertex in G2. Figure 12 shows a graph with a highlighted
cut-set such that removal of the vertices induces the com-
ponents shown in Figure 13.

Header B ‘

‘ Source W

I Source X Header C ‘

I Source Y Header D ‘

Header E ‘

Figure 12. Cut Set of Graph
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Figure 13. Components Induced by Cut Set

As in the case of the cut vertex, there are three differ-
ent types of cut-sets that can be identified. The first, isa
source only cut-set where the vertices are made up entirely
of source files. An analogous cut-set consists of headers
only. A third class of cut-setsis a heterogeneous cut con-
sisting of both source and header files.

The interpretation of aheaders only cut-set can be con-
sidered to be a generalization of the header cut vertex in
the previous section. That is, it is possible to interpret a
header only cut-set as a set of omnipresent files that are
shared among many componentsin a system. Thisis espe-
cialy trueif the relationships between source files and the



headersin the cut-set are found to be of the use dependency
variety.

The interpretation of a source only cut-set is a gener-
alization of the source cut vertex, where the verticesin the
cut-set can potentially be providing servicesfrom one com-
ponent to another, providing services to both components,
or using services from both components.

The interpretation of a heterogeneous cut-set gives rise
to a situation where the cut-set itself potentialy forms a
modularization of the source system, as shown in Fig-
ure 14. Further study of this phenomenon is needed, but
initially it appearsthat the pairwise analysis of components
that result from heterogeneous cut-sets is similar to the
analyses of the various connectivity properties described
in this paper.
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Figure 14. Cut Set as Component

The brute force approach for finding all cut-sets in a
graph is to remove al possible subsets of vertices (al
subsets in the power set of V(G)) from the graph, and
then check if the remaining graph is connected. The
worst case complexity of the algorithm is O(2!V (9 .
maz{|V(G)|,|E(G)|}). Note that the brute force algo-
rithm described would find cut vertices as well as cut-sets.
More elegant algorithms exist [11] although the worst case
complexity is similar. We are currently developing crite-
ria for pruning the search space by focusing on cut-sets
with more semantically meaningful interpretations as well
as exploring ways to take advantage of the bipartite prop-
erties of source-header dependency graphs.

3.3 Discussion

The discussion in Section 3.2 uses the premise that we
areinterested in identifying components of agraph that are
induced by the removal of features such as bridges, cut ver-
tices, edge-cuts and cut-sets. With respect to the induced
graph components, we areinterested in non-singletons. For
instance, in the source-header dependency graphs, for any
vertex v with degree n, a candidate edge-cut of size n is
one that includes all of the edges from v to the neighbor-
hood of v. Asaresult, the subgraphinduced by the removal

of these edges has two components, (v) (a singleton) and
(V(G) — {v}), each of whichisof little interest regarding
amodularization of the origina graph.

Many reverse engineering techniques that are based on
the identification of structural abstractions via clustering
use atree or pseudo-tree structure. That is, in the case of
atree, the graphs are acyclic. Asaresult, removal of any
edge or vertex disconnects the graph. By using a bipartite
graph, our approach makesthe bridge, cut vertex, and other
similar features meaningful.

34 Tools

To support the approach described in this paper, we have
developed a number of toolsthat facilitate the construction
and analysis of bipartite source-header dependency graphs.
Specifically, we have created three tools:

srcdep: A unix filter designed to take the output of gcc to
produce a file defining a source dependency graph as
aset of vertices and edges

Bridge: A java application designed to identify the
bridges of agraph

Cut: A java application designed to identify the cut ver-
tices of agraph

Thefilter sr cdep takes gcc output (with the -E -MG -
MM options) and along with unix commandssed andt r,
is used to produce a graph definition file in the format of
veg [12). The resulting graph is a bipartite graph parti-
tioned by source and header.

The Br i dge program takes as input the file produced
by sr cdep and identifies the bridges of the input graph.
The Bri dge program will aso graphically display the
induced components of the graph (e.g., the subgraphs in-
duced by removing the bridges). When used successively
upon agraph, the Br i dge program can identify candidate
edge cuts.

The Cut program, like the Br i dge program, takes as
input the file produced by sr cdep and identifies the cut
vertices of the input graph. In addition, the Cut program
will display the induced components of the graph that are
formed by removing the cut vertices. Both the Bri dge
and Cut programs were constructed using the IBM Graph
Foundation Classes (GFC) [13].

4 Example

In this section we discuss the application of the ap-
proach described in this paper to a portion of the Mozilla
software system [7]. Specifically, we analyzed a portion of
the Network Security Subsystem (NSS) including a num-
ber of applications used to support server applications. The
process that was used to perform this analysis includes
three basic steps: 1) extraction of dependency information,



2) construction of the source-header dependency graph,
and 3) analysis of the source-header dependency graph.

4.1 Extraction and Graph Construction

The process of extracting information about file depen-
dencies in a software system can be performed by con-
structing a macro pre-processor, using an existing pre-
processor, or by examining compiler output. The advan-
tage of using compiler output is that the information is
directly attainable and does not require completely com-
pilable source code. In addition, since the verbose option
in many compilers supports generation of our desired tar-
get information, the approach can be easily replicated for a
wide variety of languages and platforms.

For the example, we performed a file-by-file compila-
tion and captured the dependency information in interme-
diate files that were later merged to form the input to the
sr cdep program. Using standard unix commands such as
sed (astream editor) andt r (asimplelinetrandator), the
entire process can be (and has been) automated.

Currently, the output of the sr cdep program is a for-
matted file that is compatible with the vcg tool [12]. Our
plansinclude modifying the output to support the GXL lan-
guage[14]. Figure5 showsthe graph that resulted from the
extraction and construction step. Theleft-hand partition of
the graph depicts the source files that were included in the
analysis while the right-hand partition depicts the header
files.

4.2 Analysis

Given the graph shown in Figure 5, the next stage of the
approachisthe analysisstep. Inthisexample, theBr i dge
program was used initially to identify bridgesin the graph.
The results of the analysis identified a number of bridges,
one of which was interesting. The remaining bridges re-
sulted in creation of singletons which are summarily dis-
missed. Figure 15 shows the graph that is induced by re-
moval of the bridges.

One of the interesting aspects of the graph is the dif-
ference in the topologies of the induced (non-singleton)
components. The upper component in the graph has prop-
erties similar to the origina graph in that the cardinality
of the source partition is smaller than the cardinality of
the header partition. In contrast, the lower component has
the inverse property of having alarger source partition and
smaller header partition.

The bridge between these components (not shown inthe
graph) connects a source file from the upper component
with a header file in the lower component. As a result,
the interpretation of the graph is that the lower component
provides some service to the upper component. At the mo-
ment, our approach does not reveal the true nature of a

Figure 15. Graph Induced by Removal of
Bridges

dependency but such information would provide a better
interpretation of the component relationships.

Bridge detection in a graph provides a relatively quick
first pass through a graph to identify loosely coupled mod-
ules within a system. However, it is entirely possible that
few bridges exist in agraph, if any. In the case of cut ver-
tices, the situation is analogous in that detection of a cut
vertex is relatively simple, although a graph may not have
acut vertex.

The next step in an analysis is to recursively apply any
of the given connectivity detection methods to the induced
components. We are currently in the process of developing
aset of criteriafor determining ideal parametersfor cut set
and edge cut algorithms.,

Figure 16 shows the induced subgraphs of the NSS sub-
system after applying basic criteriafor identifying an edge
cut upon the upper component of the graph from Figure 15.
The graph shows the existence of a component that is in-
duced by removing an edge cut of size 5. This particular



edge cut was a one-way cut from the upper component to
the middle component.

Figure 16. Graph Induced by Applying Edge
Cut Criteria

As stated earlier, the approach described in the paper
is purely a structural technique. Accordingly, the result-
ing approach does not provide a clear assignment of be-
havior to each of the partitions. Furthermore, while the
method and techniques that we use to identify the compo-
nents providesapartitioning that is easily identifiable from
the graph, there needs to be some method for determining
the associated behavior of the resulting modules. However,
by creating the partitions, the system is decomposed into
more manageable pieces that can be used as the entry point
for applying other analysistechniquesthat work at both the
call graph[15] and function level [16].

5 Reated Work

Several approaches have been suggested for modular-
ization of software into components. At the lowest level of

granularity, where small code fragments are clustered us-
ing concept analysis, approached include those suggested
by Lindig and Snelting [17] and Siff and Reps [18]. At
the call graph or pseudo-call graph level, techniques in-
cludethose presented by Tzerposand Holt [19], Davey and
Burd [4], and Choi and Scacchi [20], among others. While
each of these approaches perform clustering in some man-
ner, each operates at levels of granularity that are much
finer than the focus presented in this paper.

Jermaine [10] describesagraph theoretical approach for
identifying k-cuts within acall graph as a means for deter-
mining software modularizations. Specificaly, Jermaine
discusses the application of severa agorithms for build-
ing an approximation for computing k-cuts. In addition,
the author defines a sociability metric for identifying ap-
propriate values for k. Our approach is similar to the one
suggested by Jermainein the sense that it relies on observ-
able properties of graphs that represent software structure.
However, our approach differs in the level of granularity
(e.g., call graphs vs. file dependencies) as well as in the
types of the graphs being studied (e.g., pseudo-treesvs. bi-
partite graphs).

Anquetil and Lethbridge [5] describe severa similarity
metrics for the purpose of identifying clusters at the file
level. Using anumber of featuresincluding formal descrip-
tors (e.g., features directly impacted by program behavior)
and characterizations of links between files, the approach
applies clustering algorithms to create system partitions.
Our approach differs in the sense that we focus entirely
upon graph theoretic concepts to identify clusters and do
not currently consider descriptors that may potentially im-
pact the quality of a modularization.

Mancoridis et a. [6, 21] have developed an approach
for clustering software systems at the file level to identify
candidate components. Of the approaches surveyed, this
technique most closely matches ours in the level of gran-
ularity due to its focus on file level structures. However,
the approach differs from ours in a couple of ways. First,
the input to their approach is a tree-like structure and thus
islimited in its ability to use graph-based features such as
bridges and cuts. Secondly, their approach utilizes a ge-
netic algorithm that is governed by similarity measures for
finding candidate clusters. Our approach, in contrast fo-
cuses solely upon graph algorithmsto identify clusters.

6 Conclusionsand Future I nvestigations

In this paper, we describe an approach for identify-
ing candidate modularizations at the file level. In par-
ticular, this paper introduces the use of a source-header
dependency as the primary medium for applying graph
algorithms that reveal connectivity properties in bipartite
graphs. The approach utilizes the notions of high cohesion



and low coupling as the main criteria for justifying the re-
sulting modul arizations.

In previous work, we developed an approach for sup-
porting coarse-grained reuse of applications via the con-
struction of application wrappersthat are integrated at run-
time using a Jini-based framework [22]. The work de-
scribed in this paper complements our application level
reuse technique by providing a mechanism for identifying
coarse-grained partitions within large systems as well as
the entry points (e.g., headers) that are (and have been)
used to publish procedure interfaces and data definitions.
As aresult, we are able to identify possible modulariza-
tions that expose dependencies that may exist beyond tra-
ditional partitions. As such, these modularizationsare can-
didates for coarse-grained reuse under certain conditions
(notwithstanding understood behavior).

Future investigations in this area include development
of approaches for introducing lower-level information in
order to remove fal se dependencies as well asfiltering cer-
tain classes of dependencies. Specifically, weareinterested
in studying characteristics of connectivity and how they are
affected by information revealed by removing file-based
abstractions and introducing behavioral specifications such
asthose used in our previouswork [16]. In addition, weare
interested in expanding the investigations described here
by studying in detail how the approach compares to other
similar techniques by conducting formal experiments to
determine the quality of the clusterings.
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