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ABSTRACT
In this paper we describe a two step process for reverse engineering the software architecture of a system directly from
its source code. The ﬁrst step involves clustering the modules from the source code into abstract structures called subsystems. The second step involves reverse engineering the
subsystem-level relations using a formal (and visual) architectural constraint language. We use search techniques to
accomplish both of these steps, and have implemented a
suite of integrated tools to support the reverse engineering
process. Through a case study, we demonstrate how our
tools can be used to extract the software architecture of an
open-source software package from its source code without
having any a priori knowledge about its design.

1. INTRODUCTION & BACKGROUND
Modern software systems tend to be large and complex, thus
appropriate abstractions their structure must be determined
to simplify program maintenance and improve program understanding. Ideally, these abstractions are documented,
however, such documentation is often out-of-date or nonexistent.
Since source code is often the only accurate documentation
available to software developers and maintainers, the reverse
engineering community has been active in developing tools
and techniques to recover high-level structural information
directly from source code. These techniques tend to focus on
a speciﬁc area of design recovery (e.g., software clustering,
program slicing, source code analysis, etc.), but not on the
overall software architecture.
According to Shaw and Garlan [20], the software architecture of a system consists of a description of the system elements, interactions between the system elements, patterns
that guide the construction of the system elements, and constraints on the relationships between the system elements.
For smaller systems the elements and relations may be mod-

eled using source code entities such as procedures, classes,
method invocation, inheritance, and so on. However, for
larger systems, the desired entities may be abstract (highlevel), and modeled using architectural components such as
subsystems and subsystem relations.
Subsystems provide developers with structural information
about the numerous software components, their interfaces,
and their interconnections. Subsystems generally consist of
a collection of collaborating source code resources that implement a feature or provide a service to the rest of the
system. Typical resources found in subsystems include modules, classes, and possibly other subsystems. Subsystems facilitate program understanding by treating sets of related
source code resources as high-level software abstractions.
Subsystems can also be organized hierarchically, allowing
developers to study the organization of a system at various
levels of detail by navigating through the hierarchy.
The entities and relations needed to represent software architectures are not found in the source code. Thus, without
external documentation, we seek other techniques to recover
a reasonable approximation of the software architecture using only source code artifacts.
Our research attempts to achieve the above goal by treating the software architecture recovery problem as a two step
process, supported by a suite of integrated tools. The ﬁrst
step uses our clustering tool, named Bunch, to generate the
subsystem hierarchy automatically. Using the reverse engineered subsystem hierarchy as input, we then use a second
tool, called ARIS (Architecture Relation Inference System),
that enables software developers to specify the rules and relations that govern how modules and subsystems can relate
to each other. These formal descriptions are called interconnection styles, and are created using a visual architectural
constraint language called ISF [12]. ARIS automatically infers relations from the subsystem decomposition that satisfy
the restrictions imposed by the interconnection style. ARIS
is also able to validate whether a design that already includes
the architectural relations satisﬁes a set of constraints imposed by the style (i.e., stylistic constraints).
Other researchers in the reverse engineering community have
applied a variety of approaches to the software clustering
problem. These techniques determine clusters (subsystems)
using source code component similarity [17, 5, 14], concept
analysis [11, 8, 1], or information available from the system
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Figure 1: The Design Extraction Process
implementation such as module, directory, and/or package
names [2].
Research into Architectural Description Languages (ADLs),
and their earlier manifestations as Module Interconnection
Languages (MILs), provide support for specifying software
systems in terms of their components and interconnections.
Diﬀerent languages deﬁne interconnections in a variety of
ways. For example, in MILs [7, 16] connections are mappings from services required by one component to services
provided by another component. In ADLs [19, 6] connections deﬁne the protocols for integrating sets of components.
A unique aspect of our reverse engineering techniques is that
they use heuristic-search algorithms [13, 12]. Reverse engineering the subsystem hierarchy from source code, and the
architecture-level relations from the subsystem hierarchy is
a hard problem, as the search space of all possible solutions
to both of the above problems grow exponentially with respect to the size of the software system. Since locating the
“optimal” solution to the above problems is computationally
intractable for all but the smallest systems, we use heuristic searches to locate acceptable solutions quickly. Another
feature of our reverse engineering techniques is that we implemented them in a suite of integrated tools, which can be
downloaded over the Internet [18].

Figure 1 shows that one of the primary services provided by
Bunch is a family of clustering algorithms. These algorithms
use search techniques to determine clusters from the MDG.
Bunch currently supports the following algorithms:
1. Hill-Climbing Search Algorithm. Bunch’s hillclimbing clustering algorithms [13] start by generating
a random partition of the MDG. Modules from this
partition are then rearranged systematically in an attempt to ﬁnd an “improved” partition. If a better
partition is found, the process iterates, using the improved partition as the basis for ﬁnding even better
partitions. The hill-climbing search algorithm eventually converges when no improved partitions of the
MDG can be found.
2. Genetic Algorithm (GA). The Bunch GA [9] uses
operators such as selection, crossover, and mutation to
determine a “good” partition of the MDG.
3. Exhaustive Search Algorithm. The exhaustive
search algorithm examines all partitions of the MDG
and selects the “best” partition as the solution. This
algorithm is impractical for most systems (i.e., systems
having more than 15 modules) because the number of
ways the MDG can be partitioned grows exponentially
with respect to the number of its nodes (modules) [13].
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The remainder of this paper describes our search techniques,
and presents a case study using Apache’s regular expression
class library [3], to demonstrate the software architecture
recovery process.

2. REVERSE ENGINEERING THE
SUBSYSTEM HIERARCHY
Our software clustering environment is depicted in Figure 1.
The ﬁrst step in the software clustering process involves
parsing the source code and storing the resultant information about the structure of the system in a database. Readily available source code analysis tools – supporting a variety of programming languages – can be used for this step [4,
10]. After the resources and relations have been stored in
a database, the database is queried and a Module Dependency Graph (MDG) is created. The MDG is a directed
graph that represents the software modules (e.g., classes,
ﬁles, packages) as nodes, and the relations (e.g., function
invocation, variable usage, class inheritance) between mod-

M7
M4

M5

M8
M1

M2

M4

M6

M3

M7

M8

Search Algorithm
(e.g., Hill-Climbing, Genetic
Algorithm, Simulated Annealing)

M5

Figure 2: Bunch’s Search Algorithms
Figure 2 illustrates the generic search approach used by all
of Bunch’s software clustering algorithms. Although each
of Bunch’s search algorithms works diﬀerently, they all examine partitions from the very large search space1 of MDG
partitions. Thus, Bunch’s search algorithms require a way
to determine if one MDG partition is “better” than another.
To address this need we deﬁne an objective function, which
we call Modularization Quality (MQ), to evaluate the relative “quality” of MDG partitions.
1
The number of MDG partitions is roughly O(N !), where N
is the number of modules in the MDG.

The MQ function works by calculating a value which we
call the Cluster Factor (CF) for each cluster in the MDG.
Given an MDG partitioned into k clusters, MQ is calculated
by summing CF for each cluster of the partitioned MDG.
CFi for cluster i (1 ≤ i ≤ k) is deﬁned as a normalized
ratio between the total weight of the internal edges (edges
within the cluster) and half of the total weight of external
edges (edges that exit or enter the cluster). The weight
of the external edges is split in half in order to apply an
equal penalty to both clusters that are are connected by an
external edge. We refer to the internal edges of a cluster as
intra-edges (µi ), and the edges between two distinct clusters
i and j as inter-edges (εi,j and εj,i respectively). If edge
weights are not provided by the MDG, we assume that each
edge has a weight of 1. MQ is evaluated as follows:
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The MQ measurement design is based on the assumption
that good software systems are designed with highly-cohesive
subsystems (clusters in the MDG) that are loosely coupled
together.

2.1 RegExp Case Study (Part 1)
This section presents a case study to highlight the capabilities of our software clustering algorithms. We extend on
this case study in a later section (Section 3.4) to illustrate
the process of recovering subsystem-level relations.
This study examines the open-source Apache Regular Expression2 (Regexp) class library [3]. The MDG for the Regexp class library was recovered automatically using the Chava [10] source code analysis tool, and is shown in Figure 3.
The edge labels in Figure 3 indicate the number of relationships (e.g., method invocation, inheritance, etc.) between
the classes in the Regexp package.
In Section 2 we described that the ﬁrst step in Bunch’s software clustering algorithms is to generate a random partition.
For example, the random partition generated by Bunch for
this case study is illustrated in Figure 4. By inspecting this
ﬁgure, it should be clear that this is not a good solution. In
fact, the only subsystem that contains an intra-edge is SS2 –
the edge between ReTest and ReCompiler. All of the other
edges are inter-edges, which lower the MQ value.
There are 190,899,322 partitions of RegExp’s MDG, and
Bunch is equally likely to generate any one of these partitions as a random starting point for the software clustering
algorithm. Figure 4 has a MQ value of 0.093, which is low,
and consistent with our intuition that this is a poor solution.
2
We chose the RegExp package for this case study because
its relatively small size enabled us to analyze the results in
detail. We have also applied our search techniques to larger
systems [18] including Linux, Tomcat, and the Java Swing
class library.
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Library
It would be possible, but very time consuming, for Bunch
to examine and measure the MQ for all of the 190.9 million
partitions that exist for the Regexp class library (an exhaustive search). However, in 0.15 seconds, Bunch’s hill-climbing
algorithm started with the partition shown in Figure 4, iteratively improved it by generating 304 new partitions, and
produced the result shown in Figure 5. This result has an
MQ value of 1.81, which is almost 20-times better than the
MQ of the random starting partition (Figure 4).
In examining the result produced by Bunch, several observations can be made:
• The initial level of clustering produced 3 clusters (drawn
as the dark inner boxes). Upon inspecting the source
code, the classes in the SSCompiler subsystem implement the functionality for processing regular expression strings, the classes in the SSIterator subsystem
provide a collection of interfaces for processing input
data against a regular expression string, and the classes
in the SSRegExp subsystem include the main interface
to the regular expression class library (class RE.java),
and several test and utility classes.
• Upon performing further analysis of the source code
we determined that class REDemo is a built-in demonstration program that provides examples showing how
to use the regular expression class library, and class
RETest is a built-in test harness for unit testing of the
regular expression class library. It is appropriate to
include these classes in the same subsystem as class
RE, which is the main interface to to the Regexp package, because testing programs should rely on the main
interface of the class library (the large edge weights
in the MDG between RETest and REDemo to class RE
supports this assumption).
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Figure 5: Clustered View of Apache’s RegExp Library
• Bunch uses an agglomerative clustering approach [13].
After creating the clusters that contain the modules
from the MDG, additional clustering is performed on
the subsystems themselves to create a higher-level partitioned MDG. Thus, the ﬁnal result is a tree of clusters
(shown as nested boxes in Figure 5). In looking at Figure 5, we observe that at the second clustering level,
SSRegExp is combined with SSCompiler, and SSIterator remained by itself. This is appropriate because
the SSCompiler and SSIterator subsystems appear to
be dependant upon each other. The ﬁnal clustering
level, shown by the outermost box, contains all of the
modules and clusters, and is the root of the subsystem hierarchy. We have found agglomerative clustering useful for studying large systems because it enables
the structure of a system to be examined at diﬀerent
levels of detail, by navigating up and down the subsystem hierarchy.

3. REVERSE ENGINEERING
SUBSYSTEM RELATIONS
In this section we describe another search process that is designed to compute the interfaces and relations between the
subsystems that were created during the software clustering process. Unlike a typical procedural interface – which
is composed of a set of variables – or a typical module or
class interface – which is composed of a set of procedures – a
subsystem interface is composed of a set of modules, classes,
or other subsystems. Hence, just as exported (visible) procedures comprise the interface of modules and classes, the
interface of subsystems typically consist of exported modules, classes, and other subsystems.
To achieve this goal we developed the ARIS [21] (Architecture Relation Inference System) tool to enable software developers to specify interconnection styles that categorize allowable subsystem relations formally. Interconnection styles
allow designers to control the interactions between components by use of rules and subsystem-level relations. When
the relations are not present in the recovered subsystem decomposition, ARIS automatically infers the relations that
are missing in order for the design to satisfy the constraints
imposed by the interconnection style.

4. the semantics of each well-formed conﬁguration (e.g.,
exported components are visible to external client components)

The Export style is an example interconnection style that
formalizes the speciﬁcation of subsystem interfaces. Subsystem interfaces are deﬁned using the export relation between
two components. For example, if a subsystem S exports a
module M , the module is considered part of the interface
of S. Note that the export relations would not be produced
by existing modularization (clustering) techniques. This is
not surprising, since the export relation is not found in the
source code.
ARIS deﬁnes relations that are part of the style being followed by a design. We call such relations style-specific relations. The user speciﬁes the stylistic constraints visually and
ARIS uses this description to induce the missing relations
automatically. ARIS is also capable of validating a design
that already contains high-level structural relations against
an interconnection style. The syntax for style speciﬁcations
is based on the Interconnection Style Formalism (ISF) [12].
ISF allows for the deﬁnition of two kinds of rules:

1. Permission rules, which deﬁne the set of well-formed
conﬁgurations of software designs that follow a speciﬁc
style.
2. Definition rules, which are used to deﬁne new relations
based on patterns of components and relations.

We next present a small example illustrating the Export style
to demonstrate the expressiveness of ISF.

3.1

ISF Example: The Export Style

ISF is a visual notation that enables designers to specify
constraints on conﬁgurations of components and relations,
and the semantics of such conﬁgurations. Circles represent
system components (e.g., modules, subsystems) and arrows
represent relations between components (e.g., import, export, use).
This notation depicts rules as directed labeled graphs, allowing all relations, including the containment relation to
be represented uniformly as directed edges. The nodes in
the graph represent modules and subsystems. Figure 6 depicts an example of a set of style constraints deﬁned using
the ISF notation.
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• PERMIT(2): A subsystem or module SS1 can use
another subsystem or module SS2 if SS1 sees SS2.
• DEFINE(1): A module SS1 can see another module SS2 if SS2 is transitively exported to a common
level with an ancestor of SS1. Unlike permission rules,
which specify when design relations are permitted to
occur, deﬁnition rules actually deﬁne new relations
(e.g., relation see).

3.2 The ARIS Tool
ARIS has two main components, namely, the Style Editor and the Edge Repair Utility. The Style Editor allows
the user to deﬁne style speciﬁcations visually using simple graphic elements, such as circles and arrows, as shown
in Figure 6. The Edge Repair Utility performs the wellformedness validation of a design and the automatic induction of missing relations with respect to a style.
The ARIS tool is bundled with support for the Export and
Tube styles [12], however the user may specify any valid ISF
style using the ARIS graphical editor.
ARIS takes a clustered MDG as input and attempts to ﬁnd
the missing style relations. If a clustered MDG is not available, ARIS uses Bunch to generate the partitioned MDG
automatically.
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The meaning of each of the three rules that comprise the ISF
speciﬁcation of the Export style (Figure 6) is given below.
• PERMIT(1): A subsystem may be exported by the
subsystem that contains it. The dashed arrow represents the permitted export relation. Only subsystems
contained in other subsystems are allowed to export
their children (i.e., subsystems may not be exported
outside the application, represented by the root subsystem).

M3

Figure 7: The ARIS Environment
Figure 7 shows how our Style Editor and Edge Repair tools
are integrated with the Bunch clustering tool. The Edge
Repair Utility accepts two inputs, namely, the MDG and
Cluster Tree (the partitioned MDG with the subsystems arranged as a tree) speciﬁcations as well as the style deﬁnition.
The Edge Repair Utility algorithm adds style relations to the
Cluster Tree and ﬁnishes either when every relation is wellformed or when no more relations can be made well-formed.
The ﬁrst case implies that a solution was found; the second case, that there is no way to make every use relation
well-formed.
Figure 7 shows the result of ﬁnding the missing export relations for the partitioned MDG shown in the upper right
of the same ﬁgure. For clarity, use relations are not shown
in the diagram. Also, unlike Bunch, ARIS illustrates subsystem containment as a tree instead of nested boxes. The
containment relations are drawn as thin arrows, while thick
arrows represent the induced export relations. For example,
the result on the right side of Figure 7 shows that one style
edge was added to indicate that module M5 is exported from
subsystem S1. Adding the export relation to M5 indicates
that its resources are used by another subsystem. This is
validated by inspecting the MDG, which shows that module
M8 in S2 uses the services of M5 in S1.

3.3

Edge Repair as an Search Problem

An exhaustive approach to solving the edge repair problem
is to try all possible conﬁgurations of relations permitted
by the style and keep track of the one that satisﬁes all of
the constraints of the style and minimizes overall exposure of
modules. While this approach might work for small systems,
using it on larger systems is not feasible since the number
of possible conﬁgurations grows exponentially with respect
to the size of the system.

Since a brute-force solution to solving the edge repair problem is not possible for all but the smallest systems, we treat
the edge repair process as a search problem. Like most
search problems, the goal is not to ﬁnd the optimal solution, which would require examining all of the conﬁgurations
in the search space, but a solution that is “good enough”.
Search problems tend to work well when the ratio between
good and bad solutions in the search space is small, and the
relative quality of a proposed solution can be mathematically evaluated by the use of an objective function.
The objective function that we designed into the ARIS system measures the well-formedness of a conﬁguration in terms
of the number of well-formed and ill-formed relations it contains. Given these premises, we can deﬁne our new goal
as ﬁnding a conﬁguration that makes every use edge wellformed while keeping the number of ill-formed relations and
visibility low.
Thus, the quality measurement should exhibit the following
properties:

• Hill-Climbing. The edge repair hill-climbing algorithm starts by generating a random conﬁguration. Incremental improvement is achieved by evaluating the
quality of neighboring conﬁgurations. A neighboring
conﬁguration (CN ) is one that can be obtained by a
small modiﬁcation to the current conﬁguration (C).
The search process iterates as long as a new CN can
be found such that quality(CN ) > quality(C).
• Edge Removal. The edge removal algorithm is based
on the assumption that as long as there exists at least
one solution to the edge repair problem for a system
with respect to a style speciﬁcation, the conﬁguration that contains every possible reparable relation will
be one of the solutions. Using this assumption, the
edge removal algorithm starts by generating the fully
reparable conﬁguration for a given style deﬁnition and
system structure graph. It then removes relations, one
at a time, until no more relations can be removed without making the conﬁguration ill-formed.

3.4
• conﬁgurations with a large number of well-formed use
relations should get a high quality score
• conﬁgurations with a large number of ill-formed style
relations should get a low quality score
• conﬁgurations with large visibility (i.e., many see relations) should get a low quality score
Using the above design criteria for our objective function,
we deﬁne the quality of a conﬁguration as follows:




quality(C) =

wfs
ifs+ifu

ifs = 0 or ifu = 0
1
wfs

MaxS +



MaxS + 2

ifs = 0, ifu = 0, wfs = 0
ifs = 0, ifu = 0, wfs = 0

Table 1: Definitions
ifu
ifs
wfu
wfs
MaxS

number of ill-formed use relations
number of ill-formed style relations (e.g., export)
number of well-formed use relations
number of well-formed style relations
maximum number of style relations that can exist
in a conﬁguration

The ARIS quality measurement distinguishes between the
three types of solutions (ill-formed, well-formed and perfect) and ranks them in order of desirability. It is easy to
infer from the formula that the terms have a quality value
in the range (0, M axS], (M axS, M axS + 1] and [M axS +
2, M axS + 2], respectively. MaxS refers to the maximum
number of style relations that can exist in a conﬁguration.
Now that the quality of a conﬁguration can be evaluated, we
describe two search algorithms that we have implemented
whose goal is to maximize the objective function described
above. Speciﬁcally:

RegExp Case Study (Part 2)

This section is a continuation of the case study from Section 2.1. Recall that Figure 5 presented the subsystem decomposition that was automatically recovered by Bunch.
Using the subsystem hierarchy from Figure 5 as input, the
edge repair result generated by ARIS for the Export style
of the RegExp class library, is shown in Figure 8. Several
observations can be made:
• The results of our analysis of the Regexp class library
raise some interesting questions about the system’s
structure, especially the classes in the SSIterator subsystem. Upon inspecting the source code we validated
that all of the classes in this subsystem implement the
CharacterIterator interface. Since the Regexp package is a class library, it is expected that users of the
class library implement one of the iterator classes to
encapsulate the input data to be matched against a
provided regular expression string. This iterator class
is passed polymorphically through the public interface of the RE class. This explains the relation between the RE and CharacterIterator classes. However, upon analyzing the clustering and edge repair
results, it was puzzling why the SSIterator subsystem
exports the StringCharacterIterator class. Further
analysis of the source code revealed that a special interface was added to the RE class to support users who
simply want to process a regular expression against a
text string (this interface was probably added for convenience).
• Since the SSRegExp subsystem does not export any
of its classes, it is safe to assume that changes to the
classes in this subsystem will be localized. This seems
appropriate, as class RE is the main interface into the
Regexp class library, and the demo and test programs
exercise the public interfaces in the RE class. Thus, the
SSRegExp subsystem behaves like a driver, which can
be conﬁrmed by inspecting the partitioned MDG (no
inter-edges enter the subsystem).
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Figure 8: Recovered Export Style Relations for the RegExp Class Library
• The edge repair results also give us intuition that subsystem SSCompiler behaves like a library, since many
of its classes are exported. This assumption can be
validated further by examining the clustering results
shown in Figure 5, where we see that all inter-edges
incident to the SSCompiler subsystem are initiated by
classes outside of the SSCompiler subsystem. Furthermore the classes not exported from the SSCompiler
subsystem do not use any services outside of the SSCompiler subsystem (we already know that other subsystems do not use these classes because the edge repair utility did not export these modules).

Once the edge repair utility derives the style relations, this
information can be used for future maintenance. ARIS can
save the recovered style relationships, and then validate them
against an updated MDG. As a system undergoes maintenance, ARIS can also be used to check that changes to the
source code are not violating any of the recovered style relations. If ill-formed use relations are found, ARIS will report
them. The user then has the choice to either re-run ARIS
to determine the new style relations, or to change the implementation of the system to eliminate the ill-formed use
relations (e.g., add a new interface to an existing exported
module).

4. CONCLUSIONS
Reverse engineering the software architecture from source
code provides a valuable service to software practitioners.
This approach is especially helpful when other forms of traditional design documentation are outdated or not available. The reverse engineered software architecture also can
be used to validate the architecture against the implementation, or to measure the drift of the implementation from
the system’s intended architecture over a period of time.
In this paper we presented a two-step process, using a suite
of integrated tools that we developed, to generate views of
the software architecture directly from the system’s source
code. Our reverse engineering approach uses search techniques to propose reasonable solutions to this problem, as
determining optimal solution is a computationally intractable problem. Also, our tools are available for use by other
researchers and professional software engineers [18].

The approach outlined in this paper for generating the software architecture is a pipelined process, requiring the clustering results to be ﬁxed prior to determining the architectural style relations. As future work we would like to investigate how we can provide a tighter integration of our tools
such that the constraints deﬁned by a given architectural
style can be integrated into the clustering process.
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