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β

?

University of California Irvine, {joshug4,malek}@uci.edu
†
Rochester Institute of Technology, {mxmvse,ijm9654,axoeec}@rit.edu
α

Stevens Institute of Technology, {lxiao6,yzhao102}@stevens.edu
β

University of Southern California, {khoipam,neno}@usc.edu
γ

University of Hawaii, kazman@hawaii.edu
δ

Drexel University, yfcai@cs.drexel.edu
Abstract—Over the past three decades software engineering

researchers have produced a wide range of techniques and tools
for understanding the architectures of large, complex systems.
However, these have tended to be one-off research projects, and
their idiosyncratic natures have hampered research collaboration,
extension and combination of the tools, and technology transfer.
The area of software architecture is rich with disjoint research
and development infrastructures, and datasets that are either pro-
prietary or captured in proprietary formats. This paper describes
a concerted effort to reverse these trends. We have designed and
implemented a flexible and extensible infrastructure (SAIN) with
the goal of sharing, replicating, and advancing software architec-
ture research. We have demonstrated that SAIN is capable of
incorporating the constituent tools extracted from three indepen-
dently developed, large, long-lived software architecture research
environments. We discuss SAIN’s ambitious goals, the challenges
we have faced in achieving those goals, the key decisions made
in SAIN’s design and implementation, the lessons learned from
our experience to date, and our ongoing and future work.

Index Terms—architecture analysis, maintenance, interoper-
ability, reproducibility, reusability

I. INTRODUCTION

A software system’s architecture comprises the principal
design decisions employed in the system’s construction and
evolution [1]–[3]. Architecture is a key determinant of the
system’s properties. While it is possible, for example, to make
low-level design decisions for a system (e.g., the choice of
a specific data structure), to implement the system carefully,
and to test it thoroughly, none of those activities can mitigate
inadequate architectural choices. Put simply, software systems
“live and die” [4] by their architectures.

Despite this critical importance, the architectures of many
systems are not explicitly documented. Instead, those archi-
tectures are reflected—actually, hidden—in the myriad system
implementation details, posing significant challenges to the
development, maintenance, and evolution of long-lived systems.
In particular, the effort and cost of software maintenance
dominate activities in a software system’s lifecycle [5]–
[8]. Understanding and updating a system’s architecture is
a critical facet of maintenance. The engineers of such a
system must regularly 1 analyze the system to understand
it, its architecture, and the implications of their planned
changes; to do so, the engineers must somehow 2 recover
the architecture from the system’s implementation in order
enable the analysis, and determine how to best 3 represent
the obtained architectural knowledge. Software engineering
practice has shown this to be an exceptionally challenging

problem, and engineers are forced to guess—and they very
often actually ignore—the architectural implications of their
choices and decisions.

To overcome this problem, for over the past two decades,
software architecture research has yielded many different tools
and techniques [9]. However, empirical studies and technology
transfer are impeded by disjoint research and development
environments, lack of a shared infrastructure, high initial costs
associated with developing and/or integrating robust tools, and
a dearth of datasets. The resulting one-off solutions inhibit
further advances in software architecture research, delaying or
preventing systematic synthesis and empirical validation of new
or existing techniques. As a result, researchers and practitioners
in need of cutting-edge tools tend to re-invent, re-implement
research infrastructure, or ignore particular research avenues
altogether. In doing so, they repeat each other’s efforts as well
as mistakes, so that opportunities for potential breakthroughs
are often missed and the field is replete with solutions that do
not work as advertised and/or are not interoperable.

To address these challenges, we propose Software
Architecture INstrument (SAIN), a first-of-its-kind framework
for assembling tools in support of architecture-based software
maintenance. SAIN’s capabilities have been motivated by
directly engaging the software researcher and practitioner
communities, in the form of three workshops as well as a
survey conducted by the authors. SAIN is delivered as a web-
based platform consisting of three principal components: 1 a
catalogued library of cutting-edge tools for reverse engineering
and analyzing software systems’ architectures; these tools
are either provided by their original authors or reproduced
from literature; 2 a plug-and-play instrument for integrating
the tools and techniques to facilitate empirical studies of
software architectures; and 3 reproducibility wizards to set
up experiment templates, produce replication packages, and
release them in easy-to-run and modify formats.

SAIN aims to facilitate empirical studies as well as develop-
ment of new architecture analysis and maintenance solutions.
By providing an extensible repository of architectural artifacts
for non-trivial software systems, a major goal of SAIN is to
enable researchers to establish a shared understanding of the rel-
ative accuracy of different techniques, to identify the gaps and
sources of inaccuracy, and to develop new solutions to continu-
ally improve results. SAIN provides researchers with commonly
needed data structures to represent architectural artifacts and
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algorithms for conducting a wide range of analyses, thereby
enabling our community to build on each others' work and to
reduce the re-development of commonly needed capabilities.

SAIN also has the potential to impact thepractice. Over
time, it will provide practitioners with an authoritative
source where they can obtain and try out various tools,
provide feedback, contribute to the repository of architectural
artifacts, and in�uence the research in this area. Similarly, the
benchmark results, made available throughSAIN's portal, will
help the practitioners determine which tools are suitable for
obtaining architectural information for their systems.

The key contributions of this paper are as follows:
� We introduce aSAIN, a framework that comprises a library

of cutting-edge tools for architecture recovery and analysis,
a plug-and-play instrument for integrating tools, and repro-
ducibility wizards to support replication of architecture-based
research studies.

� We discuss our experience and our users' experiences ofSAIN
in terms of the three tool suites currently contributed toSAIN;
13 architecture recovery components, 8 components for
computing architectural metrics or analyses, 2 fact extractors,
and 9 utility components from those tool suites; one compact
case study ofSAIN run on a game engine project called
Mage and another detailed case study ofSAINrun on Hadoop
2.5.0; and the empirical results of the detailed case study,
which analyzes the relationships between architectural smells,
architectural tactics, and error-proneness.

� We discuss experimental results from our detailed case study
that are summarized into 5 major �ndings that can aid
architects with maintainability by focusing on a small set
of architectural elements that involve error-prone modules,
architectural tactics, and architectural smells.

� We make SAIN publicly available for researchers and
practitioners at [10].
Section II coversSAIN's foundational concepts. Section III

discusses the requirements elicitation process forSAIN and
the key challenges it aims to overcome. Section IV discusses
SAIN's key design principles and alternatives considered.
Section V details our experience to date; Section VI summarizes
our lessons learned; and then our paper concludes.

II. BACKGROUND AND FOUNDATION

To set the stage for subsequent discussion, we introduce key
concepts framing software architecture, recovery, and analysis.
A. Architectural Decay

As software evolves, a major challenge impeding its suc-
cessful maintenance isarchitectural decay[2], [11], where
changes made to a system in the course of maintenance and
evolution actually violate the system's intended architecture.
The effects of decay include increased time and effort required
to perform maintenance tasks and introduction of architectural
defects (e.g., a system unable to interface with outside agents
due to con�icting assumptions about network protocols).

As an example of architectural decay, consider Bash [12],
a widely used Unix shell. Bash's conceptual architecture [13]
is depicted in Figure 1a. Its as-implemented architecture [14],
shown in Figure 1b, shows noticeable decay: not only do the
components differ, but there are many dependencies that are
unaccounted for in the conceptual architecture.

Decay has been reported in the architectures of a number of
widely-used software systems [14], [15]. Recent studies have
increasingly showcased the urgent need to address architectural

decay. A study surveying over 1,800 software engineers and
architects found architectural decay to be the greatest source
of technical debt[16], and to be highly correlated with bugs
and additional maintenance effort [17], [18].
B. Software Architecture Recovery

Reverse-engineering an architecture from implementation
artifacts is referred to asarchitecture recovery[19]–[21].
Multiple architectural views[2], [22] of a system may be
desirable, depending on the objective of recovery. For instance,
a runtime view may be appropriate for reasoning about a
system's security, performance, and availability [23], [24],
while different structural and/or behavioral views, obtained
either automatically [20], [21], [21], [21], [25]–[33], [33], [34],
[34], [34]–[36] or with the aid of analysis tools [37]–[48], may
allow reasoning about the implications of a range of system
changes. Thus, different recovery techniques may be needed for
different architectural analyses [49]–[51]. Having ready access
to multiple recovery techniques directly motivatedSAIN.

For illustration, consider the four architectural views of
Bash in Figure 2. Figure 2a is the as-implemented architecture
from Figure 1b, redrawn in a circular layout. The other three
views were each obtained from a different automated recovery
technique. Figure 2b uses information retrieval to create a
semantic architectural view, while Figures 2c and 2d depict
different structural views. Each of the four views may be useful
for different maintenance tasks. For example, a structural view
may be more effective when considering system recon�guration;
a semantic view may be better suited for understanding the
system concerns. Prior work has suggested a way of integrating
multiple architectural views [52].
C. Architectural Analyses

Once an architecture is recovered from code-level artifacts,
a variety of analyses and subsequent activities are made
possible: identifying or predicting instances of architectural
decay; repairing the architecture to eliminate decay; optimizing
it to achieve desired quality attributes; and so on. We highlight
a body of analyses that has inspiredSAIN most directly.

A prominent activity for tracking architectural decay in
software systems isarchitectural smell detection[53], [54]. An
architectural “smell” is a design decision that negatively impacts
a system's maintenance and evolution. Potential adoption of
existing techniques for detecting [17], [55]–[57] and, subse-
quently, repairing [58]–[62] architectural smells is hampered
by the lack of 1 readily reusable recovery techniques and
2 architectural benchmarks (e.g., architectural models that

can serve as “ground truths”) on which their ef�cacy can be
evaluated and subsequent improvements measured.

Recently, evolutionary architectural analyses have been
performed across multiple versions of existing software systems.
These studies include assessing the nature and extent of
architectural change [63] and decay [64], identifying the

(a) Conceptual arch. (b) As-implemented arch.

Fig. 1: Architectures of Bash. The architectures are depicted at
this magni�cation only as a way of visually comparing them;
the reader is not expected to understand their details.
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