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Abstract

Software variants emerge from ad-hoc copying in-
the-large with adaptations to a specific context. As the
number of variants increases, maintaining such soft-
ware variants becomes more and more difficult and ex-
pensive. In contrast to such ad-hoc reuse, software
product lines offer organized ways of reuse, taking ad-
vantage of similarities of different products. To re-gain
control, software variants may be consolidated as orga-
nized software product lines.

In this paper, we describe a method and support-
ing tools to compare software variants at the architec-
tural level extending the reflexion method to software
variants. Murphy’s reflexion method allows one to re-
construct the module view, a static architectural view
describing the static components, their interfaces and
dependencies and their grouping as layers and subsys-
tems. The method consists of the specification of the
module view and the mapping of implementation com-
ponents onto the module view. An automatic analysis
determines differences between the module view and its
implementation.

We extend the reflexion method from single systems
to software variants. Because software variants share a
very large amount of code, we use clone detection tech-
niques to identify corresponding implementation com-
ponents between variants. The correspondence is then
used to transfer as much of the mapping for the ana-
lyzed variants to the next variant to be analyzed.

1 Introduction

A software product line (SPL) is a set of software-
intensive systems sharing a common, managed set of
features that satisfy the specific needs of a particu-
lar market segment or mission and that are developed

from a common set of core assets in a prescribed way
[8]. There are different approaches to SPLs to organize
reuse for families of systems. Various implementation
techniques, such as conditional compilation, parame-
terization, generics, and code generation, have been
proposed to implement variability in SPLs in a more
maintainable way.

In reality, SPLs often emerge from experiences with
successively addressed markets with similar, yet not
identical needs. It is difficult to foresee these needs
and, hence, to design an SPL upfront. To address these
different needs, software developers often create new
products by cloning-at-the-large. The complete source
code is copied and then adjusted to the different needs,
leading to software variants. The resulting variants are
maintained separately. As the number of variants in-
creases, the effort for maintaining them increases, too.
Changes in the shared code must be repeated in all
variants. This clone-and-run approach represents ad-
hoc reuse with insufficient configuration management.
In order to take advantage of more advanced SPL im-
plementation techniques, we need to compare these
variants to determine their commonalities and variabil-
ities.

Contributions. This paper introduces a new
method to reconstruct the static architecture of vari-
ants. We adapt the reflexion method to this context.
Taking advantage of the commonalities of variants, we
apply the reflexion method incrementally to a series
of variants, where we use clone detection and function
similarity to carry over the existing mapping from code
entities to architecture entities for the variants already
analyzed. The benefit is a simpler and faster recon-
struction of the variants’ architectures, which helps in
consolidating variants into more organized SPLs. We
describe a case study in which the method was evalu-



ated in an industrial context.
Overview. The remainder of this paper is orga-

nized as follows. Section 2 describes related research.
Section 3 introduces the new method. In Section 4, the
industrial case study is described to evaluate the new
method. Section 5 concludes.

2 Related Research

This section describes related research in the areas of
architecture recovery in the context of software product
lines and the reflexion method, the two areas that are
combined in this paper. Architecture reconstruction
in general is described in two recent surveys [15, 22].
Another key technique we are using is clone detection.
Because we only apply clone detection, it is not the
focus of the paper, and hence clone detection research
is not discussed here. Instead we refer the interested
reader to a recent comprehensive survey on clone de-
tection research [16].
Architecture Reconstruction for Product Lines:
Two major research projects are driving software prod-
uct line research. One is the US-American Product
Line Practice Initiative at the Software Engineering
Institute (SEI) at the Carnegie Mellon University and
the other one the European Café project.

The SEI has compiled practice areas for software
product line engineering [8]. One of these practice ar-
eas is reengineering of legacy systems using the meth-
ods MAP [24] and OAR [5]. Both methods describe
the process for the selection of existing components for
integration in the product line. Yet, they do no provide
technical details on program analysis and tool support.

The European Café project (and its predecessor
Esaps) is the largest European project on SPLs [25].
In Café reengineering-based approaches are further de-
veloped and used, too [19]. These approaches are used
to validate existing architectures against the product
line architecture. They do not address how to recover
the product line architecture from existing systems.

The Fraunhofer institute for experimental software
engineering (IESE) developed the product line frame-
work PuLSETM [3]. PuLSE offers a framework for a
product development cycle including the development
of the necessary reuse infrastructure. An integral part
of PuLSE is RE-PLACE [4], a methodology to inte-
grate existing systems into an SPL. This approach uses
wrapping to mitigate interface discrepancies between
the SPL and the legacy components without touching
the internals of the legacy components. RE-PLACE
is a pure process description and does not delve into
concrete program analysis techniques to support the
process.

Kolb et al. described a case study where the frame-
work of PuLSE is used to systematically refactor an ex-
isting software component for reuse in an SPL [14, 13].
They propose various metrics to measure quality before
and after the refactoring. The refactorings simplify the
use of preprocessor statements implementing variabil-
ity and remove redundancy detected by a textual clone
detector. Their focus is on refactoring; they do not de-
scribe how to reconstruct the architecture for variants.

Riva proposed a method for architecture reconstruc-
tion and applied it to products in an SPL to recover
various architectural views [23]. These views helped
the analysts to create an SPL architecture. Afterward,
using relational algebra, conformance of product archi-
tecture implementations is checked continuously. The
SPL was recovered from modules that were already or-
ganized as a product line, whereas our goal is to con-
solidate variants, which represent unorganized, highly
redundant product lines.

Faust and Verhoef [10] observed a frequent devel-
opment pattern in the information systems world they
named software mitosis: In global organizations, where
software is in use at many sites, local changes are of-
ten made, which eventually leads to software variants.
We have observed the same pattern in the embedded
world, where variants emerge from the variability of
the underlying hardware. Faust and Verhoef propose
the grow-and-prune method, in which software variants
are a conscious and strategic means to explore new
development paths. Upon success and using various
metrics as indicators for the degree of mitosis, variants
are eventually merged again. Clone detection is a key
technique in this approach to help prune redundancy
in variants. They describe cost and benefits for a large
information system following this approach. They do
not outline the technical details on how to reconstruct
the architecture of the variants.
Reflexion Method: The reflexion method devel-
oped by Gail Murphy [21, 20] helps to reconstruct a
static architectural view, known as module view [12] or
development view [18]. The module view describes the
static decomposition of the system in terms of static
modules, their interfaces and dependencies and their
grouping as layers and subsystems. The module view
that was initially designed—like any other architec-
tural view—does often not reflect the real implementa-
tion due to changes made in the source without updat-
ing the documented module view. Using the reflexion
method, we can reconstruct the mapping from source
code entities onto the module view. The basic idea of
the reflexion model is to create a hypothesized module
view from existing documentation or interviews with
architects. Source entities (global variables, routines,
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Figure 1. Reflexion example, the hypothe-
sized module view consists of M0, M1a, and
M2a and the dependencies in between; all
other elements are concrete; the mapping of
concrete entities onto hypothesized modules
is expressed through nesting.

types, classes, interfaces, packages, files, subdirectories,
etc.) are extracted from a system along with their
respective dependencies forming the concrete module
view. These elements are mapped to the hypothesized
view. A tool then computes resemblances and differ-
ences between the two views, according to the following
rules (let H1 and H2 be two entities in the hypothe-
sized module view and c1 and c2 be two entities in the
concrete module view; let c1 be mapped onto H1 and
c2 onto H2, respectively):

• if there is a specified dependency from H1 to H2

and a concrete dependency from e1 to e2, then
there is a convergence between H1 and H2; for in-
stance, the dependency between M0 and M1a and
between i1 and i4 in Figure 1 lead to a convergence

• if there is a specified dependency from H1 to H2

but no concrete dependency from any e1 to any e2,
then there is an absence between H1 and H2; for
instance, the dependency between M2a and M1a
in Figure 1 cannot be confirmed by any concrete
dependency and hence leads to an absence

• if there is a concrete dependency from e1 to e2 but
no specified dependency from H1 to H2, then there
is a divergence between H1 and H2; for instance,
the dependency between i4 and i9 in Figure 1 is
not covered by any hypothesized dependency and
hence leads to a divergence

The resulting convergences, divergences, and ab-
sences yield the so called reflexion view or reflexion
model. Iteratively, the hypothesized and concrete views
and/or the mapping are refined based on the findings.

The technique was successfully used in several case
studies for single systems [20]. Koschke and Simon
extended the original reflexion model so that hypoth-
esized modules can be hierarchical. They applied the
extended method to two different compilers [17].

The most challenging parts of the reflexion method
is to determine the hypothesized architecture and the
mapping of concrete source entities onto the hypothe-
sized entities. The original reflexion method does not
provide any support for that. Sometimes naming con-
ventions may be leveraged for the mapping. Yet, they
often do not exist or are used inconsistently. Christl,
Koschke, and Storey [6, 7] have integrated cluster-
ing techniques to propose mappings of entities whose
neighbors have already been mapped, which is appli-
cable if a partial mapping exists.

3 Reflexion Model for Software Prod-
uct Lines

In SPLs we have three levels of models: the imple-
mentation, the architecture for single products, and the
SPL architecture. In this section, we describe how to
extend the reflexion method to compare product imple-
mentations to the product architecture and to compare
product architectures to the SPL architecture.

So far the reflexion method is designed for single-
system analysis. In a product line context, we need to
extend the expressiveness in the hypothesized module
view to accommodate the need to specify commonali-
ties and variabilities in different product architectures
and then consequently the rules to determine the re-
flexion view.

Because our goal is to consolidate software variants
into product lines, we can assume that implementa-
tions and architectures of the variants are sufficiently
similar. Thus, we want to leverage these similarities
both at the implementation and architectural level,
when we analyze different variants incrementally us-
ing the reflexion method. That is, if we compare the
product implementation to a product architecture, we
want to take advantage of the fact that we have a sim-
ilar implementation, architecture, and mapping in be-
tween for previously analyzed variants. Consequently,
we can ease the mapping process here by reusing the
existing mapping for one variant when we analyze the
next variant to a large extent.

We outline first the overall method and then we de-
scribe technical details in this section.

1. Select one first product and reconstruct the mod-
ule view using the reflexion method; the decision
on which product to analyze first can be made
on the basis of different aspects such as familiar-
ity, degree of authenticity of available documen-
tation, system size, degree of supported common
features, maximal similarity to all other products
in terms of the implementation (e.g., amount of
shared code), and version history.



2. Continue with variant i until all variants are ana-
lyzed:

(a) find implementation commonalities and vari-
abilities between i and all other variants j < i
already analyzed

(b) carry over mapping for variants j < i to vari-
ant i using the results of step 2a

(c) validate these mapping suggestions

(d) complete mapping and module view for vari-
ant i

(e) map module view for variant i onto SPL mod-
ule view carrying over the mappings for mod-
ule view of variants j < i

(f) validate these mapping suggestions

(g) complete mapping and accommodate vari-
abilities of variant i in SPL module view

Steps 2a-2d address the implementation level
whereas steps 2e-2g unify the product architectures in
the SPL architecture.

We will now describe the individual steps in more
detail.

3.1 Mapping Process at Implementation Level
To reconstruct the module view for the first version,

we can use the original reflexion method. In all other
iterations, we want to reuse the existing mappings as
far as possible. For this to work, we need to know the
correspondences between the implementations of the
variant to be analyzed and all variants analyzed so far.

We assume that two variants share a large amount of
code. That is, for many functions in one variant, there
are corresponding functions in other variants. These
functions may be identical or slightly changed. In the
latter case, they represent variability at the implemen-
tation level.

Furthermore, we assume that the architecture of dif-
ferent variants are similar. That is, corresponding func-
tions of variants are mapped onto the same or similar
hypothesized modules.

If both assumptions hold, we can first identify all
corresponding functions in the already analyzed vari-
ants for a given function f in the variant to be ana-
lyzed. Then we can determine their mapping targets
in the module view to make suggestions where to map
f . For each validated suggestion, we can add the tar-
get module and its dependencies to the module view of
this variant.

Correspondence between functions in two variants
can be determined using the Levenshtein distance for

the tokens of a function pair. The Levenshtein dis-
tance is the minimum number of operations needed to
transform one string into the other, where an opera-
tion is an insertion, deletion, or substitution of a single
character. In other words, it is the number of edits
to transform one sequence into the other. Other au-
thors used Levenshtein distance for clone analysis [2]
and origin analysis [26].

The Levenshtein distance is an absolute value. To
define a common threshold for acceptable similarity, we
prefer a relative value between 0 and 1. To obtain such
a similarity, we can divide the Levenshtein distance by
the worst case number of edits. The worst case are
two sequences totally different. In order to transform
the larger one to the smaller one, we need to remove
as many tokens as the larger one is longer and then to
substitute every other remaining token. Consequently,
the length of the larger sequence is the number of ed-
its in such a case. The similarity metric is, hence, as
follows (let len denote the length of a sequence and let
LD denote the Levenshtein distance):

sim(s1, s2) = 1− LD(s1, s2)
max(len(s1), len(s2))

Because of the quadratic time complexity for com-
puting the Levenshtein distance, we use the linear-time
token-based clone detection by Baker [1] to identify
pairs of functions (f1, f2) where f1 and f2 stem from
different variants and share a code clone. Only for
these, we compute the similarity metric sim(f1, f2). If
this value is 1, the functions are identical. Because we
need to cope with variability at the function level, we
do not insist on identical functions. Instead, we iden-
tify for a given function f of a variant i all functions
fn in variants j < i for which similarity is above a
user-defined threshold: sim(f, fn) ≥ θ.

The corresponding functions are presented to the
user ranked by sim. If there is only one corresponding
fn and sim(f, fn) = 1.0 or, respectively, if there are
many identical fn but all are in different variants, the
user has the option to accept automatically.

If not only functions are to be mapped but also
global variables and types, we can match corresponding
entities of this type by name and their types or data
structure declarations, respectively. Moreover, com-
mon corresponding accessing functions are another in-
dicator.

We can raise the level of abstraction from individual
functions to groupings such as files and directories in
C or classes and packages in C++ and Java. For these,
we can determine their similarity by accumulating sim
for all pairs of functions (f1, f2) where f1 is defined in a
grouping of one variant and f2 is defined in a grouping
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Figure 2. Comparing two variants.

of a different variant and sim(f1, f2) is maximal for all
such pairs.

Once the analyst has validated the information
and selected pairs of corresponding functions or more
coarse-grained groupings (f1, f2), we can carry over the
mapping. If f2 was mapped onto a hypothesized mod-
ule M , we suggest to add M to the module view of the
currently analyzed variant and to map f1 onto M as
well.

Figure 2 is used to illustrate this step. The dotted
lines indicate the corresponding implementation enti-
ties between two variants. Because there is only one
candidate for each correspondence, the circumstances
suggest to create a module M0 to the module view
of the variant to be analyzed and to map i0 and i1
onto it. The entities i7 and i8 may be mapped onto
a new corresponding module M2b; yet, no entity cor-
responds to i6 mapped to M2b in the other variant.
This circumstance suggests to create a variant of M2b
for the variant to be analyzed. Entity i4 is similar but
not identical to i3 expressed by the dashed line, which
suggests to create a variant of M1b onto which i4 is
mapped. This mapping conforms to the dependencies
in the module view of the analyzed variant.

We cannot make any immediate suggestions for en-
tities i2 and i9 because they do not have corresponding
entities. Yet, integrating our earlier ideas in the com-
bination with clustering [6, 7], they could take on the
role of i6 or i5. At last, the analyst completes the map-
ping and module view. The resulting module view is
shown in Figure 4 as variant V1.

3.2 Extensions to Hypothesized Architecture
To be able to express commonalities and variabili-

ties in the SPL module view, we follow the approach by
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Figure 3. Example SPL architecture.

Gomaa [11]. Gomaa proposed various way of model-
ing SPL-relevant aspects in UML. Among these, static
modeling is most relevant to our context.

The known elements of class diagrams—such as
classes, interfaces, aggregation, inheritance, and other
associations—can be used to model the module view
for single systems and the SPL. In order to express
variability and commonality in the SPL module view,
he proposes to use the following UML stereotypes (see
also the example in Figure 3):

• �kernel�marks all modules required by all prod-
ucts

• �optional� marks all modules that are present
in only some products

• �variant� marks all modules that are similar,
but not identical to other modules in other prod-
ucts

Variants can be specified for both �kernel� and
�optional� modules. Hence, Gooma’s categorization
is actually orthogonal. To specify variability of a mod-
ule, we can add a module to the module view tagged
either �kernel� or �optional� and then derive vari-
ants from them using UML inheritance. To further
express the variability, Gooma tags the inheritance by
the constraint {mutually exclusive}.

Gooma uses the UML inheritance relationship to ex-
press variability. It would have been better to intro-
duce a new type of relationship instead, for instance,
using a new stereotype, because we must now distin-
guish between inheriting variants and inheriting op-
tional and kernel modules. Although not explicitly
stated by Gooma, we can assume the following addi-
tional constraints.

Inheritance for variants: For integrity reasons, it
is not possible to derive a variant optional module from
a kernel module and vice versa. Hence, if a module is
optional, all derived variants are optional, too. The
same holds for kernel modules. Variants can only exist



if they are (transitively) derived from an optional or
kernel module. Every variant must have at least one
sibling in the inheritance tree.

Inheritance for optional/kernel modules: A
kernel module may inherit from a kernel module. The
semantics is different for the type of inheritance used to
model variation though. In such a case, both modules
must be present and they must be derived from each
other. Similarly, an optional module may inherit from
an optional module in which case both modules may
or may not exist in a product. If the derived module
exists and the inheritance is not tagged optional, the
module from which this module derives must exist as
well. From a modeling point of view, it does not make
sense to allow to derive an optional module from a
kernel module and vice versa.

Gomaa proposed these stereotypes only for mod-
ules originally. It is obvious that every dependency
to an optional module must also be optional, but there
may also be dependencies to kernel modules that are
optional. For this reason, we will use the stereo-
types �optional� and �kernel� for dependencies,
too. There is no need for �variant� dependency as
this can be modeled using variant association classes
in UML.

To improve readability of the SPL module view, we
can use �kernel� as the default if a module or depen-
dency does not have an explicit stereotype.

3.3 Reflexion View for Product Lines
At the SPL level, we want to compare product ar-

chitectures to the SPL architecture by computing the
reflexion view. In the previous section, we have ex-
tended the expressiveness for the hypothesized module
view to model particularities of SPLs. Because of this
extension, we need to extend the rules for computing
absences, convergences, and divergences accordingly.

The above stereotypes translate directly to con-
straints on the mapping that relates product archi-
tecture (PA) and software product line architecture
(SPLA). If a module M is tagged �kernel� in the
SPLA, there must be a module in the PA that is
mapped onto M or on one of its variants. If a module
M is tagged �optional� in the SPLA, there may be
a module in the PA that is mapped onto M or on one
of its variants. If there is no such module in the PA,
M and its variants are ignored for the reflexion analy-
sis. If there is such a module in the PA, all (inherited
and own) dependencies to and from the variant of M
onto which the PA module is mapped must be present
except for those that are explicitly tagged optional.

Following these constraints, we can derive a module
view for the SPLA subject to checking, which consists

of all (variant) kernel modules and those (variant) op-
tional modules that are target of the mapping. We
add all their (inherited) incoming and outgoing depen-
dencies whose both ends exist in this derived module
view.

This derived module view is used for the reflexion
analysis and plays the role of the hypothesized view.
Optional dependencies in the derived module view re-
quire to supplement the rule for absences:

if there is a specified optional dependency from H1

to H2 but no concrete dependency from any e1 to
any e2, then no absence between H1 and H2 is
reported

Figure 4 is used to illustrate this step. For variant
V1, the derived module view for the hypothesized view
consists of C0, C1a, and C2a and the dependencies
C0 → C1a and C0 → C2a. Comparing this view to
the module views of variant V1, there are only conver-
gences. For variant V2, the relevant hypothesized view
consists of C0, C1b, C2b, and C4 and the dependencies
C0 → C1b, C0 → C2b, and C2b → C4. In this case,
too, there are only convergences.

4 Case Study

In this section, we report on an industrial case study
in which we evaluated our method. We will first de-
scribe the family of variants, then specify measure-
ments relevant to assess the method quantitatively, and
finally present the results and potential threats to va-
lidity.

4.1 System Studied
We analyzed industrial software of a family of em-

bedded systems from the automotive domain written
in C. Company-sensitive details are omitted as much
as possible. The software is embedded in a control de-
vice and deployed by different car manufacturers. Each
car manufacturer uses it for different car models. Con-
sequently, the devices differ at two levels: firstly, be-
tween car manufacturers and secondly, between differ-
ent types of cars of a manufacturer.

The variation of the control devices comes from us-
ing different hardware and offering different features
ranging from low-end to high-end cars. The diver-
sity of the hardware and feature set is mirrored in
the software. An older generation of this SPL was im-
plemented by a mixture of preprocessor directives and
branches in the version control system. There are hun-
dreds of such variants. Because of the difficulties to
maintain the old SPL, the latest SPL is implemented
using better variability mechanisms. The old SPL is in
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the service phase now but still in use. We use the old
SPL as a test bed to evaluate our ideas.

To evaluate our proposed method, we selected two
variants of this SPL. The goal of this study was to
investigate feasibility. That is why we selected only two
variants. To investigate the worst case, we selected one
variant for a low-end car and one for a high-end car
of two different car manufacturers. Throughout this
section, we will refer to the low-end variant as L and
to the high-end variant as H.

Despite the differences of the supported features, the
architectures and even the physical code structure in
terms of files and directories are similar. The directory
structure has two directories in which all modules oc-
cur that implement customer-specific features. We call
these the feature modules in the following. All other
directories contain infrastructure code that is intended
to be shared among variants. We call these modules
the kernel modules. The kernel modules are intended
to be prevailingly equal across variants although we
may expect some differences across car manufacturers.

Table 1 lists some characteristics of these two vari-
ants. SLOC is the number of physical sources lines

variant SLOC files. func k-func f-func
H 106,383 470 1,538 584 954
L 64,091 448 1,017 520 497

Table 1. System characteristics

measured by sloccount. Column files is the number
of C files including header files and so-called project
files containing variable declarations. Column func. is
the number of functions defined in the variants. The
number of functions of kernel modules is listed in col-
umn k-func and those of feature modules in f-func.

The architectures were reconstructed by the authors
of this paper; two of them are reverse engineering ex-
perts and the other two domain experts. In some rare
cases, the domain experts disagreed in the beginning
and disputed to come to a common conclusion.

We analyzed first variant L and then H because H
offers a superset of the features of L and has more code.

4.2 Measurements
The applicability of our suggested method depends

upon the similarity between variants in terms of both
implementation and architecture. We measure practi-
cability of the method in our industrial case study by
the degree of transferability of the mapping between
two variants and the similarity of their module view.

To assess transferability of the mapping, we mea-
sure the degree of correspondences by considering the
obviousness of the mapping. Each function f is asso-
ciated with a set of corresponding identical functions
FI = {f ′|sim(f, f ′) = 1} and corresponding similar
functions FS = {f ′|θ ≤ sim(f, f ′) < 1} of the other
variant. The following classes are relevant for the trans-
ferability of the mapping:

I1 |FI | = 1: there is one identical candidate to deter-
mine the mapping for f

I2 |FI | > 1: there are identical candidates to deter-
mine the mapping for f ; this rare case may happen
if the variant has function clones

S1 |FI | = 0 ∧ |FS | = 1: there is one varied candidate
to determine the mapping for f ; the difference of
f and this candidate is an indicator for a potential
variability

S2 |FI | = 0 ∧ |FS | > 1: there are several varied can-
didates to determine the mapping for f , hence, it
is not obvious where to map f ; an analyst has to
inspect several candidates; presenting the candi-
dates in descending order of similarity may help;
if a candidate can be found, a variability point is
detected



U otherwise: a corresponding function cannot be
found

We can gather the frequency distribution of the
above classes for all functions of the variant to be an-
alyzed. Because this distribution depends upon the
threshold θ, we will experiment with different values
for θ in the range of 0.6 . . . 0.95.

To assess the similarity of the module views among
variants, we can count the shared and different modules
and dependencies. Yet, the comparison is not that sim-
ple if we have hierarchical modules. It is more likely
that the module views are alike at top level but are
different at more detailed levels. In such cases, we
could report the sharing of modules and dependencies
at varying nesting levels as follows, where Nn,i is the
set of modules and En,i the set of dependencies for
variant i ∈ {1, 2} at nesting level n:

Ncommn =
|Nn,1 ∩Nn,2|
|Nn,1 ∪Nn,2|

Ecommn =
|En,1 ∩ En,2|
|En,1 ∪ En,2|

Modules are shared between variants if they are ei-
ther both identical or variants of each other.

Finally, in order to compare the resulting reflexion
views for the variants, we count the number of shared
absences, convergences, and divergences.

4.3 Results
Table 2 shows the frequency distribution comparing

the two variants depending on varying values of thresh-
old θ. There is a rather large number of instances in
U but we need to keep in mind that we started the
analysis with L and then tried to match the functions
in H with those in L. Because H has 1,538 functions
whereas L has only 1,017, we can expect that about
500 new functions in H will not have a corresponding
function in L. As a consequence, we can relate the
207 uniquely identically matching functions in I1 to
the remaining ca. 1,000 functions for H for which a
correspondence may exist. That is, about 20 % of the
mapping may be transferred at high likelihood.

Surprisingly many functions have multiple identical
matches as shown in column |I2|, which means that
there are completely cloned functions in L.

As expected, the cardinalities of S1 and S2 decrease
with increasing similarity threshold. The fact that
|S1| > |S2| suggests that the similarity metric may
be an indicator for correspondence. To validate this
indication, we validated the functions in S1 to check
whether the functions are truly variants. Column |S1′|
lists the number of those functions in S1 which have
only minor differences in terms of identifiers, literals, or

θ |I1| |I2| |S1| |S1′| |S1′′| |S2| |U |
0.6 207 27 175 21 121 85 1044
0.7 207 27 158 21 98 47 1099
0.8 207 27 106 20 66 26 1172
0.9 207 27 61 15 28 10 1233

0.95 207 27 37 9 13 0 1267

Table 2. Results for whole variants

θ |I1| |I2| |S1| |S2| |U |
0.6 168 3 121 41 222
0.7 168 3 98 31 255
0.8 168 3 69 21 294
0.9 168 3 41 10 333

0.95 168 3 27 0 357

Table 3. Results for whole kernel modules

syntax. These functions could also be counted in I1.
Furthermore, column |S1′′| lists the number of those
functions in S1 that are true variants. The variation
comes from additional code. Some of the code is nested
in conditional preprocessor statements. We note that
most of the candidates in S1 could be used to suggest
a mapping.

Furthermore, it is interesting to see that |S1′| < |I1|
holds for all thresholds we considered, which means
that commonality is larger than variability.

To validate the metric from a different angle, we
analyzed kernel and feature modules separately. That
is, we compared all kernel functions of H to all kernel
functions of L and all feature functions of H to all
feature functions of L. We expect that there is a higher
degree of correspondence between kernel modules than
between feature modules.

Tables 3 and 4 show the results of the respective
separate analysis. The numbers clearly confirm our hy-
pothesis. A large percentage of the existing mapping
for one variant can likely be transferred. Yet, about
a third of the functions does not have any correspon-
dence, which indicates a high degree of variance even
in the kernel modules.

Another interesting observation can be made if we
compare the results of the two separate anlyses to the
analysis of the whole system. The cardinalities of I1
for the two separate analyses (168+11=179) do not add
up to the cardinality of I1 for the whole analysis (207).
Our search for the missing 32 functions showed that
there are identical cloned functions between kernel and
feature modules.

Beyond commonalities at implementation and ar-
chitecture level between variants, commonalities in the
resulting reflexion views of both variants are also in-
teresting. If the reflexion view of one variant has a di-



θ |I1| |I2| |S1| |S2| |U |
0.6 11 8 23 15 521
0.7 11 8 23 5 531
0.8 11 8 19 0 540
0.9 11 8 13 0 546

0.95 11 8 8 0 551

Table 4. Results for whole feature modules

only in L only in H in L and H
#modules 1 5 30
#depend. 10 78 149

Table 5. Similarity at the architectural level

vergence or absence, it may be acceptable for the other
variant to have the same divergence or absence, respec-
tively. For this reason, we compared the reflexion views
of variant L and H. We found no absences for both
variants, which is because we reconstructed the module
view largely bottom-up. But we found several diver-
gences, where the implementation should be improved.
Of these divergences, only one was found shared in both
variants, whereas there are 11 divergences only in L
and 35 only in H. These are largely between modules
that are specific to the respective variants. We observe
in this case that there is too little similarity with re-
spect to absences and divergences in the reflexion view
to give hints on the mapping. Yet, 107 convergences
are shared, which may be further help for transferring
the mapping as it suggests that the module views are
similar. Moreover, the fact that there are only 11 con-
vergences only in L but 100 only in H indicates that the
module view of L is largely subsumed by the module
view of H.

Table 5 describes the similarity of the hypothesized
module views of the variants after the reconstruction
in terms of the number of modules and dependencies
present in either only L, only H or both. Both vari-
ants have five hierarchical modules. Yet, they have the
same elements except for one module. Consequently, it
is not necessary to make a distinction between nesting
levels in our case study. That is, Ncomm=83% and
Ecomm=63% showing a high degree of similarity be-
tween the architectures. In particular, the additional
modules in H add many new dependencies not present
in L.

4.4 Threats to Validity
There are threats to validity of our study that should

be taken into account when interpreting our results.
Firstly, we have analyzed only two variants of a family
of variants. The family has over one hundred variants.
Yet, at least we have selected two variants that are at

the two extremes of the features set for this family of
devices as a worst case scenario.

We analyzed a family in one particular domain,
namely, embedded systems. In the information systems
domain, implementations and architectures of variants
might differ more.

Then, we analyzed code of only one particular or-
ganization. Other organizations might have different
development characteristics leading to different results.
In particular, we analyzed industrial code. It is an open
question how open-source code compares to industrial
code in general.

5 Conclusions

In this paper, we proposed a new method to compare
variants in terms of their static architecture and imple-
mentation. The method uses an extension to the re-
flexion method. To incrementally transfer the mapping
from one variant to the other, we use a similarity func-
tion based on Levenshtein distance to determine the
similarity between two functions sharing cloned code.
We evaluated the method in an industrial case study.
The results demonstrate that a large percentage of the
existing mapping for one variant can be transferred,
suggesting that an incremental analysis of a series of
variants is possible.

Our technique is applicable even if functions are re-
named or moved between files. If we wanted to take
into account similar names and locations in files and
directories, we could integrate these aspects as addi-
tional indicators in our similarity metric. We will ex-
plore the effect of this integration in future research.
Our technique is generic enough to be applied to other
domains than embedded systems as long as the vari-
ants show enough similarity in terms of implementa-
tion and architecture. Whether other domains show
the same degree of variant similarity is subject to our
future research, in which we replicate our experiment
for other domains and programming languages. As an-
other avenue for future research, we plan to integrate
our feature location technique [9] to compare systems
also in terms of their behavior and not just static struc-
ture.

Our method could also be used for analyzing the
evolution of a system. To do so, multiple versions of
the same system could be viewed as variants. Here, the
analysis is even simplified because we have a natural
order for the incremental analysis following the time
line.
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