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Abstract—Ensuring the longevity of a software system is an
important concern for developers and maintainers. However,
when a system’s architecture decays during evolution and its
quality degrades as a result, the system’s long-term sustainability
is highly affected. In this light, providing mediums to estimate and
track the sustainability of a software system is necessary to help
engineers stay aware of system health. Most existing techniques
and tools estimate the level of sustainability in code, paying
significantly less attention to the analysis and understanding of
architectural decay. This position paper provides a taxonomy
of architectural smells, metrics, and their impacted quality
properties. We relate these smells to maintenance and evolution
areas as a first step toward our ultimate goal of estimating the
sustainability of systems. We finally report some initial results
drawn from a set of subject systems as promising future work
using our taxonomy.

Index Terms—Sustainability, software metrics, longevity, evo-
lution, software architecture, quality attributes

I. INTRODUCTION & RELATED WORK

Software engineers usually want to build long-lasting soft-
ware systems but typically the quality of a software system de-
creases over time. As systems become more complex over time,
problems creep into a system and may manifest themselves
as bugs, produce unwanted behavior, exhibit undesired side
effects, and negatively impact the system’s quality. This loss of
quality is due to numerous factors, such as bad coding practices,
unimplemented requirements, or wrong design decisions, and
in many cases they lead to the appearance of technical
debt [9]. Nowadays, the complexity of systems-of-systems
(SoS) development and the need for high-quality software drive
the demand for sustainable software. Consequently, technical
or software sustainability refers to the ability of a system to
endure over time and its success in coping with changes.

When a system’s architecture decays, the symptoms observed
are known as architecture “smells” (e.g., dependency circle, link
overload or scattered parasitic functionality[4]). The resulting
design erosion can be observed as the consequence of a number
of bad design practices or bad programming practices made
during system development and refactoring. Architecture smells
may not necessarily have an outwardly-visible effect, but they
may negatively impact the system’s behavior, performance, and
maintainability in subtle ways.

In order to produce sustainable systems, software designers
need to identify and understand architectural smells as indica-
tors of the loss of quality. Hence, we need to detect these “hot
spots” in long-living systems as a way to measure software
sustainability and to know which smells are more important
and how they can be related. As previous approaches do not
provide a full picture of the elements required to estimate
software sustainability, in this position paper we suggest a
classification that connects architecture smells, metrics, and
quality properties and we use it to estimate the sustainability
in long-living systems.

Related Work: Some authors [5], [11] suggest a number of
metrics to detect the relationship between code anomalies and
architecture problems as the symptom of system degradation.
In addition, the authors in [4] present a catalogue of four
architecture smells and discuss the smells’ impact on different
quality attributes, with a particular focus on negative effects on
the maintenance of large-scale systems. Regarding the specific
relationship between architectural smells and the longevity of
systems, few studies deal with architecture sustainability. For
instance, the authors in [14] describe their SMART (Strategic,
Measurable and Manageable, Achievable and Realistic, Rooted
in Requirements and Timeliness) criteria and they argue that
the sustainability of a system and its architecture are tied
to the sustainability of good design decisions that endure
over time. Inspired by such work, we suggested in [3] a
sustainable architecture knowledge (AK) model that relates
metrics and quality attributes to estimate the sustainability of
design decisions. One recent work [1] relates design patterns
and metrics based on instability and change proneness to
estimate the effects of patterns on the stability of the system.
These are interesting metrics to estimate the ripple effect of
changes as a measure of the resistance of the system.

Another interesting work relates architecture technical debt
(i.e., result of architectural smells) with modularity metrics [10]
in order to estimate quality attributes such as maintainability
and evolvability. Another recent work [6] categorizes different
types of sustainability and sustainability quality requirements
but they do not provide concrete guidance to relate such
requirements to the metrics that must be used to estimate the
degree of sustainability in architecture. The majority of these



works do not provide a clear and fine-grained relationships
among metrics, smells, and qualities. As there is no single
metric that can be used alone as an indicator of architecture
sustainability, we extend previous works to relate concrete
architectural smells and metrics, as symptoms of architecture
decay, and their impact on specific quality attributes.

The rest of the paper is structured as follows. Section
II introduces a system plagued by architectural smells as a
motivating example. Section III presents architectural smells,
decay metrics, and our proposed taxonomy. We show initial
results that have revealed the relationships between architectural
smells and system qualities in Section IV. We also discuss
expected contributions and the road ahead in this section.

II. MOTIVATING EXAMPLE

In order to illustrate our research problem, we use Apache
ActiveMQ 1 as a motivating example. ActiveMQ is a popular
and powerful source messaging and integration patterns server
with a relatively long development history. We analyzed several
versions of ActiveMQ from version 1.0.0 to 4.0-M2. Table I
shows the evolution and summarizes decay of different versions
of ActiveMQ. The second column shows the architectural
change metric (a2a) we introduced in our previous work[8].
The value of each cell in this column reflects the degree of
architectural similarity between the system’s current version
and its previous version. The architecture view we use in the
table is Package Structure (PKG)[8]. Observing a2a values
in the table, we can see that the architecture of ActiveMQ
remained relatively stable between versions 1.x.x to 3.x.x,
but it significantly changed at version 4.0.0-M1, indicating
a significant refactoring activity.

The subsequent four columns of Table I show specific archi-
tectural smells detected in each version. With the significant
refactoring of the architecture in version 4.0.0-M1, Unused
Interface and Sloppy Delegation were removed from version
3.2.0 in large numbers, clearly producing a cleaner architecture
in this regard. In version 4.0.0-M2, ActiveMQ developers define
a set of interfaces to support Stomp protocol 2. However, those
interfaces are not consumed by any other classes, then the
number of Unused Interface smells increases in this version.

Finally, the last column of Table I shows values of the
Modularization Quality (MQ) metric. Low MQ values indicate
that the components in the system are less cohesive and more
coupled which, in turn, indicates greater architectural decay.
As the MQ values shown in Table I decrease along the lifetime
of ActiveMQ, even after the refactoring in version 4.0.0-M1,
the sustainability of the system continues to decrease.

III. RELATING ARCHITECTURAL DECAY AND QUALITIES

In this section we categorize important architectural smells
and introduce a set of metrics to measure architectural quality.
We use the smells as indicators of architecture erosion and
consequently to analyze better the sustainability of a system.
The combination of different metrics can provide a more

1http://activemq.apache.org
2http://activemq.apache.org/stomp.html

TABLE I
ARCHITECTURAL DECAY ALONG EVOLUTION OF ACTIVEMQ

Version a2a Unused Sloppy Lego Dupl. MQ
Interf. Delegat. Syndr. Func.

1.0.0 - 9 29 3 6 0.29
1.1.0 87.21 7 33 4 6 0.28
1.2.0 84.26 7 35 4 4 0.28
2.0.0 90.34 7 35 4 6 0.26
2.1.0 99.45 7 34 4 4 0.26
3.0.0 92.68 11 31 6 9 0.23
3.1.0 99.92 23 36 7 8 0.22
3.2.0 99.72 26 37 7 7 0.23
4.0.0-M1 29.48 1 21 5 7 0.26
4.0.0-M2 90.49 16 26 6 13 0.24

precise estimation of a particular smell and to what extent an
architecture or system becomes less stable (i.e. less sustainable)
over time. This categorization was also used in our recent
proposal[7] which suggests an approach for predicting bugs in
a software system using architectural knowledge.

A. Architectural Smells

In this section we describe different types of architectural
smells we identified grouped around four different categories.

1) Interface-Based Smells: Six different smells are detected
based on the set of interfaces of a component.

Ambiguous Interface is an interface that offers only a
single, general entry-point to a system component or connector;
contains a single parameter; and dispatches to different internal
operations based on the content of the parameter.

Unused Interface and Unused Brick is a related pair of
smells in which the first represents an interface of a component
that is linked with no other component while the second
indicates a component all of whose interfaces are unused.

Sloppy Delegation occurs when a component delegates to
another component a small amount of functionality that it could
have performed itself.

Brick Functionality Overload occurs when a component
performs an excessive amount of functionality.

Lego Syndrome occurs when a component handles an
extremely small amount of functionality. This smell is an-
other indicator of inappropriate separation of concerns. Such
components should be moved into another component.

2) Change-Based Smells: Two of the smells reflect that
many parts of a code base are required to be updated at the
same time.

Duplicate Functionality indicates that a component shares
the same functionality with other components. Changing one
instance of the functionality without changing the others may
create errors. In turn, this increases complexity.

Logical Coupling occurs when parts of different compo-
nents are frequently changed together. Logical-coupling may
be identified, e.g., by mining commit logs.

3) Concern-Based Smells: Two additional smells are
semantics-based smells that are defined and detected by using
language processing techniques, such as topic modeling.

Scattered parasitic functionality describes a system in
which multiple components are responsible for realizing the
same high-level concern.



TABLE II
ARCHITECTURAL SMELLS AND METRICS USED TO ESTIMATE ARCHITECTURE SUSTAINABILITY FOR MAINTENANCE AND EVOLUTION

Concern overload indicates that a component implements
an excessive number of concerns. This directly violates the
principle of separation of concerns.

4) Dependency-Based Smells: Two final smells are detected
by checking how a system’s components are connected and
allowed to interact.

Dependency cycle indicates a set of components whose
links form a circular chain, causing changes to one component
to possibly affect all other components in the cycle.

Link Overload occurs when a component has interfaces
involved in an excessive number of dependencies on other
components, affecting the system’s isolation of changes.

B. Architectural Decay Metrics

In our work, we rely on several existing metrics that are
based on component interdependencies (see Table II and the
related discussion in Section III-C). For space, in this section
we only describe three of the metrics whose objectives are not
clear from the metric’s name. We also introduce three new
metrics that explicitly leverage our definition and detection of
architectural smells.

Ratio of Cohesive Interactions (RCI) [2] quantifies the
number of dependencies in a system as compared to the
maximum number of possible dependencies. A high RCI value
means that changes in one component are likely to propagate
to many other components, indicating decay.

Instability [12] of a component c measures the likelihood
that c will change. High values of Instability are indicators
of decay: many incoming dependencies relative to outgoing
dependencies suggest that c is more likely to be forced to
change in response to changes to other parts of the system.

Modularization Quality (MQ) [13] quantifies the degree
of coupling and cohesion between components in a system.
MQ was discussed in the context of Table I above.

Bi-directional Component Coupling (BDCC) is a new
metric we have developed to measure the likelihood that two
components must be evolved together.

Architectural Smell Density (ASD) is a metric we have
developed to quantify how extensive the number of detected
smells is relative to the number of components in a system.

Architectural Smell Coverage (ASC) is a newly defined
decay metric that measures the proportion of components in a
system that are affected by an architectural smell.

C. Relating Architectural Qualities and Smells

We have developed a preliminary taxonomy relating the
metrics that can be used to measure the aforementioned
architectural smells. The taxonomy is depicted in Table II.
Specifically, we suggest quality attributes (QAs) that may be
affected by the appearance of one or more of the smells. The
table groups the architectural smells around two main practice
areas: maintenance and evolution. All the proposed architectural
smells fall under the software maintenance area. For each smell,
we have identified relevant QAs that are affected negatively
if such smell appears. The list of qualities is not intended to
be complete, but rather to give an indication of which QAs
are relevant for each smell. We also suggest metrics that can
be used to evaluate the desired QAs for each of the smells.
For example, the “API function usage” metric determines what
fraction of the API functions of a module is being used by other
modules. Hence, it becomes useful to estimate the modularity,
complexity, or reusability of program modules and be used to



TABLE III
PRELIMINARY RESULTS OF BUGS AND ARCHITECTURAL FEATURES

System # of version Correlation between # of bugs and
MQ Logical

Coupling
Sloppy

Delegation

ActiveMQ 20 0.7122 -0.7158 -0.7340
Hadoop 70 0.9049 0.1216 0.1458
Ivy 20 -0.8788 0.7753 -0.7839
JackRabbit 84 0.7753 -0.7311 -0.7140
JSPWiki 32 0.5351 0.7104 0.7621
Lucene 16 0.5579 0.5325 -0.5190
PDFBox 16 0.1904 0.2111 -0.0270
Struts 48 0.0050 0.2307 -0.0310
Xerces 21 -0.6300 -0.4477 -0.4130

identify four out of five interface-based smells. In some cases
(e.g., Scattered Parasitic Functionality) more than one metric
is needed to detect a smell.

For the software evolution area we included additional types
of smells and decay metrics, as well as QAs relevant to
architectural evolution. Finally, ASD and ASC metrics were
classified as transversal to other main practice areas as they
pertain to the number and location of smells found in a
particular system. Therefore, cost is the most relevant QA
in these practical areas because we need to know how many
smells should be removed and how much effort will be taken.
We consider the taxonomy depicted in Table II and the work
underlying it as preliminary. However, the table has shown
its usefulness in characterizing the maintenance and evolution
patterns in several existing systems we observed, as elaborated
in Section IV.

IV. PRELIMINARY RESULTS AND CONCLUSIONS

To verify our proposed taxonomy, we conducted pilot studies
involving the systems we analyzed in our recent work[8].
We used information about the bugs found in these systems,
available on APACHE JIRA3 as an indicator of the systems’
sustainability. We analyzed the subject systems to find their
architectural smells and computed values of architectural decay
metrics defined in Section III. We recovered Package Structure
(PKG)[8] as the architectural view of the subject systems. We
computed architectural smells and decay metrics on this view.
Thereafter, we studied the correlations between decay indicators
and numbers of bugs in each software system. Our objective
is to discover which proposed architectural decay indicators
can be used to estimate system sustainability accurately.

In Table III, we list 9 subject systems that we analyzed.
We applied the Pearson correlation coefficient method on
the architectural decay indicators and reported bugs, where 0
indicates no correlation, 1 is total positive, and -1 total negative
correlation. For illustration, Table III shows the results involving
numbers of bugs and the values of the MQ architecture metric;
numbers of one change-based smell, Logical Coupling; and
numbers of one interface-based smell, Sloppy Delegation.

Our preliminary findings from nine subject systems analyzed
(highlighted in gray) show strong correlations between all
three architectural decay indicators on the one hand and the
number of bugs on the other hand for some of the systems,

3http://issues.apache.org/jira

but not for others. As part of our on-going and future work,
we are analyzing those bugs and systems to get a better
understanding of the reasons behind those correlations (both the
present and the missing ones), as well as the rationale behind
the variations between strong positive and strong negative
correlations across the systems, metrics, and smells. Our aim
is to explore correlations between architectural smells with
characteristics of bugs (e.g., different types, scopes, severities,
etc.) going beyond just their total numbers. Nevertheless, this
pilot study shows some promising results using architecture
smells to predict system sustainability. The main contributions
of this preliminary research are: (i) a comprehensive taxonomy
of architectural smells and quality metrics for sustainability
of software; (ii) the identification of suitable metrics for each
architecture smell to estimate different aspects of software
sustainability; and (iii) preliminary results that can be used
as a springboard for further research aimed at raising the
awareness of software developers of the need to improve the
quality of software systems via the identification of appropriate
smells. Extensions of this work will bring more indicators and
formulas to better predict architecture sustainability and assess
software architectures on the right metrics to identify each
particular smell for each quality attribute.
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