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1 Introduction

Component-based software engineering (CBSE) is the construction of software systems from software com-
ponents. Software components are independently deployable units of executable code that can be assembled
into a system based on their externally visible properties, which are made available to system developers
via the components interface specifications. Software components provide a means for large-scale reuse of
intellectual property as well as coding, testing, and analysis effort. Benefits expected from developing an
industry in CBSE include: reduced system development and maintenance costs, reduced time-to-market,
and the availability of a marketplace of components that are bought and sold in massive quantities much like
any other product. Component-based systems are constructed from a blend of locally developed and com-
mercially available pieces enabling incremental development of complex systems. However, the full potential
for software component reuse and a component marketplace can only be realized if tools and techniques are
available to support the development and maintenance of these systems [2]. In this paper we address the
specific problem of creating analytic assets, i.e. assets that summarize information about components that
is required for compositional analysis. As a first step toward being able to create the analytic assets needed
for component-based systems, we describe our in identifying and packaging analytic assets for program pro-
cedures for use in compositional program analysis.

Analytic asset based analysis is hierarchical and can be applied at the statement level, the procedure level,
the component level or the assembly level. What is important is that the items at the level of analysis will be
treated as black boxes after their initial analysis. For example, the control dependence graph for an assem-
bly of components can be constructed without having access to the internals of the individual components.
Each component is packaged with a set of analytic assets that, among other things, includes the information
necessary to compose its control dependence subgraph with that of the other components in the assembly.
Then when the black boxes are aggregated the control dependence graph is composed from the information
attached to each component. Our goal is to be able to use these assets to support a variety of compositional
reasoning tasks.
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2 Approach

Composition of software from parts has long been used as a means to increase the tractability and efficiency
of building and maintaining software systems. Composition at its simplest is the creation of programs out
of procedures and extends up to the composition of software systems from components that are, themselves,
software systems. Compositional approaches to software development allow one to consider the system as
a hierarchy of software elements from program statements to software components. Current practice in
software analysis requires repeated contextual analysis of the parts and access to source code.

Compositional approaches to software analysis must be developed to provide scalable support for anal-
ysis, testing, and evolution of increasingly large and complex software systems and to support analysis of
component-based software for which access to source code cannot be assumed. In this section we describe
our work in progress towards developing a hierarchy of dependence analysis techniques to support impact
analysis of software systems that are comprised of pre-existing parts. Our approach is based on developing
dependence analysis algorithms that produce analytic assets, which can be composed through the application
of compositional analysis techniques that are applied at the next higher level of the composition hierarchy.
Using this approach it is possible to avoid reevaluation of parts and access to source code by the assembler
is not required.

Our intuition for this work arose from the recognition that formal, mathematically-based languages called
architecture description languages (ADLs), which were first introduced in the early 1990s, provide support for
analysis similar to support for static analysis provided by programming languages [25, 27]. The importance
of early life cycle application of quality attribute analysis is evidenced by the architecture evaluations that are
currently applied in practice in the informal (less than mathematically rigorous) setting of the Architecture
Tradeoff Analysis Method, architecture reviews and other forms of architecture evaluation [5]. ADLs support
unambiguous description of software in terms of its major computational elements, connectors that support
interaction among them, and their configuration. Researchers have developed techniques similar to those
used to analyze computer programs to analyze the code used to describe software architectures. Benefits
include early identification of design anomalies, impact analysis to support informed tradeoff analysis [27],
performance analysis to identify potential bottlenecks and missed deadlines [14, 25] and analysis of liveness
and safety properties of systems [3, 13, 18]. Our prior work in this area [27] demonstrated that precision in the
results produced by the use of these techniques can be improved with specification of the internal properties of
software elements (property requirements imposed by the architect on developers), which may eliminate the
need to consider some potential input-to-output pathways in the software elements and thereby identification
of fewer potential communication and stimulation pathways among distant elements of the architecture.

Our approach to hierarchical dependence analysis is based on the observation that interdependencies
among software elements exist due to communication among elements and stimulation of one element by
another; and that the process of identifying dependencies differs depending on the means of communication
and stimulation. At the lowest level, which we take as a unit comprised of a sequence of program statements
where communication and stimulation occur in the form of transfer of control from statement to statement
and variable assignment and use. When these programs are decomposed into a main and a set of procedures,
then procedure call is an added form of stimulation and parameter passing is an added form of communication.
At the component assembly level communication and stimulation generally take the form of remote procedure
call, message passing, and event stimulation.

These various sources of dependencies provide different opportunities for improving precision of depen-
dence analysis, which at its most conservative (i.e. assuring no dependencies are missed) assumes there
is possibility for all elements to affect each other. Our work explores the causes of dependencies among
elements at various levels of the hierarchy and the development of algorithms to exploit information about
these dependencies to improve the precision (i.e. include fewer false dependencies) of analysis at the next
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higher level of composition.
Past work in the area of inter-procedural dependence analysis is limited in its support for creating

analytic assets due to reliance on the availability of control flow graphs at the time of program analysis
[9, 10, 12, 16]. In our current work, we are bridging the gap between program analysis and architecture
analysis through the identification of a hierarchy of input-to-output pathway analysis techniques that support
precise impact analysis at any level of the composition hierarchy. In subsections 2.1 and 2.2 we demonstrate
our approach through the description of work in architecture dependence analysis, which depends on the
availability of analytic assets in the architectural elements for increased precision, and the development of
compositional control dependence program analysis (CCDA). CCDA allows us to identify analytic assets,
which are associated with procedures and subsequently used multiple times during program analysis. Our
future work involves similarly identifying the makeup of analytic assets for software elements that employ
more complex forms of communication and stimulation, to support analysis of components and assemblies
of components, which can be analyzed similarly to software architectures.

2.1 Architecture Dependence Analysis

Assemblies of software components can be described similarly to software architectures described using
architecture description languages (ADLs) in terms of the components and their interconnections. We have
developed a prototype tool, Aladdin, for performing architecture dependence analysis that allows us to obtain
information that can be used to study the dependence relationships among ports (i.e. component sources and
sinks) of an architecture. Aladdin takes architectural descriptions as inputs and, in response to queries by a
user, produces pathways of direct dependencies rooted at a specified port in the architecture. Aladdin uses
a three-phase approach to identify architecture dependence pathways. In Phase I, Aladdin computes and
records all potential dependence pathways between component sinks and sources. In Phase II connections
among ports of different components are identified. And finally, in Phase III, the intracomponent pathways
are combined with the architectural connections to identify architecture pathways. A graphical depiction
of the results of these three phases is shown in Figure 1. Aladdin allows a user to query the architecture
dependence structure to identify inter-component dependencies.

            

Figure 1: Gas Station Architecture.
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Figure 2: Screen Shot of Aladdin in Use.

Aladdin’s interface and its use to analyze the gas station architecture depicted in Figure 1 is shown in
Figure 2. Architectural dependence pathways rooted at the Pump’s On port are shown to the right in the
figure.

Aladdin has been carefully designed to separate language-specific processing tasks from language-independent
analysis tasks, and so can be tailored for use with multiple languages. For example, besides its use with
Rapide [17] as exhibited in Figure 2, Aladdin also works with Acme [7]. The abstract syntax tree (AST)
representation of an architectural specification is translated into a dependence table that is used to compute
indirect dependencies. The portion of Aladdin that builds the ASTs for the Rapide and Acme variants were
obtained from the language definition teams, the Rapide Design Team at Stanford University and the Acme
research group at Carnegie Mellon University. Aladdin can be made to work with any language for which
as AST builder is available. We are currently searching for a suitably expressive composition language.

2.2 Creating Analytic Assets

The goal of our research is to identify the minimal information that must be known about a software element,
in the case of the work reported in this section a procedure, in order to identify program dependencies
without access to the code of procedures so that we could understand the fundamental requirements of
producing these kinds of analytic assets for larger grained software elements. For sequential programs
conservative sets of dependencies among program statements can be identified statically using the control
flow graph as a base. During the 1970s and 1980s data flow algorithms, and dependence analysis algorithms
were developed to identify the potential interdependencies among program statement in single procedure
programs [1, 22, 28, 29]. In the 1990s attention turned toward multi-procedure programs and other types
of control structures [6, 8, 11, 12, 16, 20, 21, 4, 24, 23]. The goal of each of these works, and the many
other unmentioned works in this area, was to create a more efficient, more precise, more conservative, or
more powerful algorithm to statically identify dependencies among program statements. Our research is
stimulated and informed by this large body of work.

In the remainder of this section we describe a model for identifying control dependence analytic assets
for multi-procedure sequential programs. The guiding principles followed during the design of this model
were that it be a rigorously defined, language independent, and compositional. Our approach differs from
other approaches to CFG-based inter-procedural analysis techniques in that we recognize that the forward
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dominance relationship [15] among program statements, which is used to define control dependencies [22]
does not apply to statement-to-statement relationships in programs comprised of multiple procedures. This
observation allows us to produce a simpler algorithm than earlier inter-procedural control dependence algo-
rithms and that produces reusable analysis results. We defined a forward dominance forest for representation
of forward dominance relationships in procedures of multi-procedure programs, which allows us to segregate
procedure control dependence information without the need to retain the control flow graph, and use this
as the basis for our control dependence algorithm. The compositional control dependence analysis (CCDA)
model supports the identification of intra-procedural dependencies in isolation; at program composition time
the inter-procedural implications of the intra-procedural dependencies are computed.

Inter-procedural communication among statements in a program creates several challenges for the de-
pendence analyst. These challenges fall into two areas: consideration of the effects of calling context and
failure to return from a procedure call. These result in very different types of dependence-related problems:

• Ignorance of calling context results in identification of unnecessarily imprecise sets of dependences.

• Ignorance of the potential for non-return from procedure calls introduces the possibility of creating
non-conservative sets of dependences.

Our definition of inter-procedural control dependence reflects the recognition of these two concerns. Infor-
mally, if u and v are statements in a multi-procedure program P , v ∈ P where P ∈ P , is control dependent
on u if the number of times v is executed with respect to the same invocation of P or the number of times
P is invoked can be affected by a decision made at u.

The first condition for control dependence is the same condition that applies to uni-procedure programs.
However, when this condition is considered for multi-procedure programs, then the control dependence of v
may rest on a statement in another procedure; for example, if v follows a procedure call from inside a while
loop, then its execution depends upon the resumption of P after the procedure call. The second condition
is equivalent to considering a procedure call to be an entry to a region of code in which all statements are
dependent on the condition that determines whether entry to the region is executed. We call these two types
of dependence resumption and invocation dependence. Additionally, we define dependence inheritance and
potential control dependence, which are required to support composition.

These control dependence concepts in combination with an enhanced model of uni-procedure control
dependence, which we refer to as procedure control dependence, form the foundation for our model. The
procedure control dependence algorithm produces the following control dependence analytic assets: proce-
dure control dependence graph, a set of interrupted flow arcs that represent the relationship between a call
statement and the statement that immediately follows the call, and a binary indication of whether the pro-
cedure’s forward dominance relationship can be captured as a forward dominance tree. Our model, depicted
in Figure 3, uses this information in combination with the call graph for the program, applies the notions
of invocation, resumption, potential, and inherited control dependence and produces a conservative set of
interdependencies for the program.
A full discussion and description of the model is beyond the scope of this paper and the reader is directed
to [26] for details. The important things to note are: first, each procedure is analyzed only one time and
the information produced is reused without modification in any context; second, the procedure control
dependence graph does not reveal the source code for the procedure; third, the algorithm and information
required to identify program dependencies are different from those required to identify the procedures’
analytic assets. These are the characteristics for compositional analysis at all levels in the composition
hierarchy.
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Figure 3: Compositional Model of Program Dependencies.

3 Conclusion and Future Work

We have presented an overview of our work in compositional dependence analysis. Our hierarchical approach
to static dependence analysis provides a scalable means for identifying dependencies among components of
software assemblies. Identification of dependencies among components can be used to support a variety
of software maintenance activities. We are currently working on using intra-procedural analysis assets to
support intra-component dependence analysis and identification of component dependence analytic assets We
are also investigating architectural-based regression testing (ABRT) techniques for component-based systems.
The techniques are based on dependence analyses that are conducted based on information in the architecture
description for the system under test. Next steps include identification and validation of structural and
functional testing criteria for architectural descriptions of assemblies of components. Structural criteria will
be based on coverage of architectural elements and, using the same operational profile techniques that we
have used in reliability measurement [19] in combination with compositional control dependence analysis,
we will use a probabilistic approach to identify pathways through an assembly and focus regression testing
effort on those pathways that are most likely to exhibit failure.
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