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Abstract

The first task of a programmer who wants to under-
stand how a certain feature is implemented is to localize
the implementation of the feature in the code. If the imple-
mentations of a set of related features are to be under-
stood, a programmer is interested in their commonalities
and variabilities. For large and badly documented pro-
grams, localizing features in code and identifying com-
monalities and variabilities of components and features
can be difficult and time-consuming. It is useful to derive
this information automatically.

The feature-component correspondence describes
which components are needed to implement a set of fea-
tures and what are the respective commonalities and vari-
abilities of features and components. This paper describes
a new technique to derive the feature-component corre-
spondence utilizing dynamic information and concept
analysis. The method is simple to apply, cost-effective,
largely language-independent, and can yield results
quickly.

1. Introduction

Let us assume you are programmer who has just
recently been assigned to maintain a legacy system, say, a
graphical editor for drawing simple pictures consisting of
lines, boxes, ellipses, etc. Your manager wants you to add
a new feature that allows a user to draw segments of
ellipses. The editor currently lets a user draw whole
ellipses only, but in different ways: by specifying radius or
diameter. The market analyst has identified a need for the
same alternative ways to specify segments of ellipses.
Unfortunately, you are unfamiliar with the implementation
of the system. The former maintainer was fired because he
did not document the system at all. Hence, the only reli-
able source of information is the code itself.

Very likely, you are at first interested inwhere the simi-
lar features are implemented, i.e., which components con-
tribute to the existing similar features (the components for
drawing ellipses in our example). The primary compo-
nents you really want to look at are those that are specific
to these features. In other words, in the beginning, you are
less interested in general-purpose components that con-

tribute to all kinds of features, like components to draw
single point. Then you want tounderstand the commonali-
ties and variabilities of the components that specifical
contribute to the set of similar featuresin order to get
design ideas for your own implementation and to inves
gate ways to integrate your solution. The system consi
of hundreds of files. Where do you start?

One important piece of information for a maintaine
who needs to understand how a set of features is imp
mented is the so-calledfeature-component correspon-
dence. The feature-component correspondence is
documentation artifact that describes which componen
are needed to implement a particular feature or set of fe
tures. In case of related features, it also describes
jointly and separately used components for those featur
For components, it identifies the features to which the
components jointly or separately contribute. Afeature is a
realized (functional as well as non-functional) requireme
(the termfeature is intentionally weakly defined because
its exact meaning depends on the specific context).Com-
ponentsare computational units of a software architectu
(see Section 3.1). The simplest example of a componen
asubprogram, i.e., a function or a procedure.

Generally, to change a program, only partial knowledg
is required. Consequently, a complete and hence time-c
suming reverse engineering of the system is very likely n
appropriate. Instead, the analysis should focus on t
given problem. The feature-component corresponden
can be used to identify the primary pieces of the softwa
that need to be looked at, gives insights into relatio
between related features and components, and thus all
to aim further analyses at selected components cost-eff
tively.

This paper describes a quickly realizable technique
ascertain the feature-component correspondence base
dynamic information (gained from execution traces) an
concept analysis. Concept analysis is a mathematical te
nique to investigate binary relations (see Section 2). T
technique is automatic to a great extent.

Overview. The technique described here is based on t
execution traces generated by a profiler for different usa
scenarios (see Figure 1). One scenario represents the in
cation of one single feature or a set of features and yie
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all subprograms executed for these features. These subpro-
grams identify the components (or are themselves consid-
ered components) required for certain features. The
required components for all scenarios and the set of fea-
tures are then subject to concept analysis. Concept analy-
sis gives information on relationships between features
and required components.

We want to point out that not all non-functional
requirements, e.g., time constraints, can be easily mapped
to components; i.e., our technique primarily aims at func-
tional features. However, in some cases, it is possible to
isolate non-functional aspects, like security, in code and
map them to specific components. For instance, one could
concentrate all network accesses in one single component
to enable controlled secure connections.

Moreover, the technique is not suited for features that
are only internally visible, like whether a compiler uses a
certain intermediate representation. Internal features can
only be detected by looking at the source, because it is not
clear how to invoke them from outside and how to derive
from an execution trace whether these features are present
or not.

The remainder of this article is organized as follows.
Section 2 introduces concept analysis. Section 3 explains
how concept analysis can be used to derive the feature-
component correspondence and Section 4 describes our
experience with this technique in a case study. Section 5
discusses related research.

2. Concept Analysis

Concept analysis is a mathematical technique that pro-
vides insights into binary relations. The mathematical
foundation of concept analysis was laid by Birkhoff in
1940. Primarily Snelting has recently introduced concept
analysis to software engineering. Since then it has been
used to evaluate class hierarchies [13], explore configura-
tion structures of preprocessor statements [8, 12], under-
stand type relationships [9], and to recover components [2,
5, 10, 11, 14].

The binary relation in our specific application of con-
cept analysis to derive the feature-component correspon-
dence states which subprograms are required when a
feature is invoked (without any knowledge of a system’s

architecture, only the most primitive components a
known – which are just subprograms). This sectio
describes concept analysis in more detail.

Concept analysis is based on a relationR between a set
of objectsO and a set of attributesA, henceR ⊆ O × A.

The tupleC = (O, A, R) is calledformal context. For a
set of objects,O ⊆ O, the set ofcommon attributes, σ, is
defined as:

Analogously, the set ofcommon objects, τ, for a set of
attributes,A⊆ A, is defined as:

In Section 3.1, the formal context for applying concep
analysis to derive the feature-subprogram relationsh
will be laid down as follows;

• subprograms will be considered objects,

• features will be considered attributes,

• a pair (subprogram s, feature f) is in relationR if s is
executed whenf is invoked.

However, here – for the time being – we will use as a
abstract example the binary relation between arbitra
objects and attributes shown in Table 1. An objectoi has
attributeaj if row i and columnj is marked with an✕ in
Table 1 (the example stems from Lindig and Snelting [5]
For instance, the following equations hold for this table
also known asrelation table:

 and

A pair (O, A) is calledconceptif
holds, i.e., all objects share all attributes. For a conceptc =
(O, A), O is theextent of c, denoted byextent(c), andA is
the intent of c, denoted byintent(c).

Informally, a concept corresponds to a maximal recta
gle of filled table cells modulo row and column permuta
tions. For example, Table 2 contains the concepts for t
relation in Table 1.

The set of all concepts of a given formal context form
a partial order via:

 or equivalently with

.

If c1 ≤ c2 holds, thenc1 is called asubconceptof c2

andc2 is calledsuperconcept of c1. For instance,

Figure 1.  Overview.

feature F
usage scenario

execution trace
required components C1 …Cn

(F, C1), …(F, Cn) ∈R
concept analysis
feature-component correspondence

a1 a2 a3 a4 a5 a6 a7 a8

o1 ✕ ✕

o2 ✕ ✕ ✕

o3 ✕ ✕ ✕ ✕ ✕

o4 ✕ ✕ ✕ ✕ ✕ ✕

Table 1: Example relation.

σ O( ) a A∈ o O∈( ) o a,( ) R∈∀{ }=

τ A( ) o O∈ a A∈( ) o a,( ) R∈∀{ }=

σ o1{ }( ) a1 a2,{ }= τ a7 a8,{ }( ) o3 o4,{ }=

A σ O( )= O∧ τ A( )=

O1 A1,( ) O2 A2,( )≤ O1 O2⊆⇔

O1 A1,( ) O2 A2,( )≤ A1 A2⊇⇔
2
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({ o2, o4}, { a3, a4, a5}) ≤ ({ o2, o3, o4}, { a3, a4}) is true in
Table 2.

The set,L, of all concepts of a given formal context and
the partial order≤ form a complete lattice, calledconcept
lattice:

The infimum of two concepts in this lattice is com-
puted by intersecting their extents as follows:

The infimum describes a set of common attributes of
two sets of objects. Similarly, thesupremum is deter-
mined by intersecting the intents:

The supremum ascertains the set of common objects,
which share all attributes in the intersection of two sets of
attributes.

Graphically, the concept lattice for the example relation
in Table 1 can be represented as a directed acyclic graph
whose nodes represent concepts and whose edges denote
the superconcept/subconcept relation < as shown in
Figure 2. The most general concept is called thetop ele-
ment and is denoted by . The most special concept is
called thebottom element and is denoted by .

The combination of the graphical representation in
Figure 2 and the contents of the concepts in Table 2
together form the concept lattice. The complete informa-
tion can be visualized in a more readable equivalent way
by marking only the graph node with an attributea ∈ A
whose represented concept is the most general concept
that hasa in its intent. Analogously, a node will be marked
with an objecto ∈ O if it represents the most special con-
cept that haso in its extent. The unique elementµ in the

concept lattice marked witha is therefore:

(1)

The unique elementγ marked with objecto is:

(2)

We will call a graph representing a concept lattic
using this marking strategy asparse representation. The
equivalent sparse representation for Figure 2 is shown
Figure 3. The content of a nodeN in this representation
can be derived as follows:

• the objects ofN are all objects at and belowN,

• the attributes ofN are all attributes at and aboveN.

For instance, the node in Figure 3 marked witho2 and
a5 is the concept ({o2, o4}, {a 3, a4, a5}).

3.  Feature-Component Correspondence

In order to derive the feature-component correspo
dence via concept analysis, one has to define the form
context (objects, attributes, relation) and to interpret th
resulting concept lattice accordingly.

3.1. Context for Feature and Components

Components will be considered objects of the form
context, whereas features will be considered attribute
Note that in the reverse case, the concept lattice is sim
inverted but the derived information will be the same.

The set of relevant features will be determined by th
maintainer. For components, we can consider the follo
ing alternatives depending on how much knowledge on t
system architecture is already available:

1. cohesive modulesandsubsystemsas defined and doc-
umented by the system’s architects or re-gained by
engineers; modules and subsystems will be cons
eredcomposite components in the following;

2. physical modules, i.e., modules as defined by mean
of the underlying programming language or simpl
directly available as existing files (the distinction to
cohesive modules is that one does not know a prio
whether physical modules really group cohesive de
larations; physical modules are the unscrutinize
result of a programmer’s way of grouping declara
tions whether it makes sense or not);

C1 ({o1, o2, o3, o4}, ∅)

C2 ({o2, o3, o4}, {a3, a4})

C3 ({o1}, {a1, a2})

C4 ({o2, o4}, {a3, a4, a5})

C5 ({o3, o4}, {a3, a4, a6, a7, a8})

C6 ({o4}, {a3, a4, a5, a6, a7, a8})

C7 (∅, {a1, a2, a3, a4, a5, a6, a7, a8})

Table 2: Concepts for Table 1.

Figure 2. Concept lattice for Table 1.

L C( ) O A,( ) 2
O

2
A×∈ A σ O( )= O τ A( )=∧{ }=

O1 A1,( ) O2 A2,( )∧ O1 O2∩ σ O1 O2∩( ),( )=

O1 A1,( ) O2 A2,( )∨ τ A1 A2∩( ) A1 A2∩,( )=

⊥

C2

C1

C4 C5C3

C7

C6 <

Figure 3. Sparse representation of Figure 2.

µ a( ) c L C( )∈ a intent c( )∈{ }∨=

γ o( ) c L C( )∈ o extent c( )∈{ }∧=

o3o2
o4

o1

a1, a2 a5 a6, a7, a8

a3, a4

<

3
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3. subprograms, i.e., functions and procedures, andglo-
bal variablesof the system; subprograms and global
variables will be calledlow-level componentsin the
following.

Ideally, one will use alternative (1) when reliable and
complete documentation exists. However, if cohesive
modules and subsystems are not known in advance, one
would hardly make the effort to analyze a large system to
obtain these in order to apply concept analysis to get the
feature-component correspondence because it not yet clear
which components are relevant at all and reverse engineer-
ing of the complete system first will likely not be cost-
effective. Only later, if the retrieved feature-component
correspondence (using simpler definitions of components,
like those in (2) or (3)) clearly shows which lower-level
components should be investigated further to obtain com-
posite components, reverse engineering may generally pay
off (in order to detect cohesive modules, we have devel-
oped a semi-automatic method integrating many automatic
state-of-the-art techniques [7]).

Alternative (2) can be chosen if suitable documentation
is not available but there is reason to trust the program-
mers of the system to a great extent. In all other cases, one
will fall back on alternative (3). However, for alternative
(3), concept analysis may additionally yield hints on sets
of related subprograms forming composite components.

The relation for the formal context necessary for con-
cept analysis is defined as follows:

(C, F) ∈ R if and only if componentC is required
when featureF is invoked; a subprogram is required
when it needs to be executed; a global variable is
required when it is accessed (used or changed or its
address is taken); a composite component is required
when one of its parts is required.

In order to obtain the relation, a set of usage scenarios
needs to be prepared where each scenario exploits prefera-
bly only one relevant feature. Then the system is used
according to the set of usage scenarios, one at a time, and
the execution traces are recorded. An execution trace con-
tains all required low-level components for a usage sce-
nario or an invoked feature, respectively. If composite
components are used for concept analysis, the execution
trace containing the required low-level components
induces an execution trace for composite components by
replacing each low-level component with the composite
component to which it belongs. Hence, each system run
yields all required components for a single scenario that
exploits one feature. Thus, a single column in the relation
table can be obtained per system run. Applying all usage
scenarios provides the relation table.

An execution trace can be recorded by a profiler. How-
ever, most profilers only record subprogram calls but not

accesses to variables. Instead of using a symbolic deb
ger, for example, that allows to set watchpoints on variab
accesses, or even to instrument the code if no sophistica
profiler is available, one can also use a simple sta
dependency analysis: One considers all variables direc
and statically accessed for each executed subprogram
to be dynamically accessed (all transitively accessed va
ables will automatically be considered because all ex
cuted subprograms are examined). In practice, th
analysis may be a sufficient approximation. But on
should be aware that it may overestimate referenc
because variable accesses may be included that are
paths not executed at runtime, and it will also ignore refe
ences to variables by means of aliases if the simple sta
dependency analysis does not take aliasing into accou
For a first analysis to obtain a simplified feature-comp
nent correspondence, one can also ignore variables
come back to these in a later phase using more sophi
cated dynamic or static analyses.

3.2. Interpretation of the Concept Lattice

Concept analysis applied to the formal contex
described in the last section gives a lattice, from whic
interesting relationships can be derived. These relatio
ships can be fully automatically derived and presented
the analyst such that the more complicated theoretic
background can be hidden. The only thing an analyst h
to know is how to interpret the derived relationships. Th
section explains how interesting relationships can be au
matically derived.

As already abstractly described in Section 2, the fo
lowing base relationships can be derived from the spa
representation of the lattice (note the duality in the inte
pretation):

• A component,c, is required for all features at and
aboveγ(c) – as defined by (1) on page 3 – in thelat-
tice.

• A feature,f, requires all components at and belowµ(f)
– as defined by (2) on page 3 – in the lattice.

• A component,c, is specific to exactly one feature,f, if
f is the only feature on all paths fromγ(c) to the top
element.

• A feature,f, is specific to exactly one component,c, if
c is the only component on all paths fromµ(f) to the
bottom element (i.e,c is the only component required
to implement featuref).

• Features, to which two components,c1 andc2, jointly
contribute, can be identified byγ(c1) ∨ γ(c2) (the infi-
mum); graphically depicted, one ascertains in the la
tice the closest common node toward the top eleme
starting at the nodes to whichc1 andc2c, respectively,
4
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are attached; all features at and above this common
node are those jointly implemented byc1 andc2.

• Components jointly required for two features,f1 and
f2, are described byµ(f1) ∧ µ(f2) (the supremum);
graphically depicted, one ascertains in the lattice the
closest common node toward the bottom element
starting at the nodes to whichf1 and f2, respectively,
are attached; all components at and below this com-
mon node are those jointly required for these features.

• Components required for all features can be found at
the bottom element.

• Features that require all components can be found at
the top element.

• If the top element does not contain features, then all
components in the top element are superfluous (such
components will not exist when the set of objects for
concept analysis contains only components executed
at least once, which is the case if a filter ignores all
subprograms for which the profiler reports an execu-
tion count of 0).

• If the bottom element does not contain any compo-
nent, all features in the bottom element are not imple-
mented by the system (this constellation will not
exist, if there is a usage scenario for each feature and
every usage scenario is appropriate and relevant to the
system).

The information described above can be derived by a
tool and fed back to the maintainer, freeing a maintainer
not familiar with concept analysis from having to under-
stand the theory of concept lattice.

3.3. Implementation

The implementation of the described approach is sur-
prisingly simple (if one already has a tool for concept
analysis). Our prototype for a Unix environment is an
opportunistic integration of the following parts:

• Gnu C compilergcc to compile the system using a com-
mand line switch for generating profiling information,

• Gnu object code viewernm,

• Gnu profilerprof,

• concept analysis toolconcepts [6],

• graph editorGraphlet[1] to visualize the concept lattice,

• and a short Perl script to ascertain the executed functions
in the execution trace and to convert the file formats of
concepts andGraphlet (the script has just 225 LOC).

The fact that the subprograms are extracted from the
object code makes the implementation independent from
the programming language to a great extent (as long as the
language is compiled to object code) and has the advan-

tage that no additional compiler front end is necessary. O
the other hand, because a compiler may replace sou
names by link names in the object code (for instance, C
compilers use name mangling to resolve overloadin
there is not always a direct mapping from the subprogram
in the execution trace back to the original source. Fort
nately, tools exist to demangle names and some profil
even demangle names automatically. Because we dea
our case study with C code, object code names were id
tical to source names.

4. Case Study

As a case study, we analyzed the Xfig system [1
(version 3.2.1) consisting of about 76 KLOCs written i
the programming language C. In this section, we w
firstly present a general overview of the results and se
ondly go into further details for particular interesting
observations.

Xfig is a menu-driven tool that allows the user to draw
and manipulate objects interactively under the X Windo
System. Objects can be lines, polygons, circles, rectang
splines, text, and imported pictures. An interesting fir
task in our case study was to define what constitutes a f
ture. Clearly, the capability to draw specific objects, lik
lines, splines, rectangles, etc., can be considered a fea
of Xfig. Moreover, one can manipulate drawn objects i
different edit modes (rotate, move, copy, scale, etc.) w
Xfig. Hence, we considered as main features the followin
two capabilities:

1. ability to draw different shapes (lines, curves, recta
gles, etc.)

2. ability to modify shapes in different editing mode
(rotate, move, copy, scale, etc.)

We conducted two experiments. In the first one, w
investigated the ability to draw different shapes only. I
the second one, we analyzed the ability to modify shap
The second experiment exemplifies combined featur
composed by basic features. For the second experimen
shape is drawn and then modified. Bothdraw andmodify
constitute a basic feature. Combined features add to
effort needed to derive the feature-component correspo
dence as there are many possible combinations.

In both experiments, we considered subprograms
components. However, in our simple implementation, w
do not handle variable accesses. Hence, not all requi
low-level components are detected.

The resulting concepts contain subprograms group
together according to their usage for features. Note that
more general subprograms can be found at the lower c
cepts in the lattice since they are used for many featur
while specific components are in the upper region of th
lattice. Hence, the concept lattice also reflects the level 
5
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abstraction of these subprograms within the given set of
scenarios. To identify all subprograms required for a single
feature or a set of features, one can then analyze the con-
cept lattice as described in Section 3.2.

First experiment. In our first experiment, we prepared 15
scenarios. Each scenario invokes Xfig, performs the draw-
ing of one of the objects Xfig provides, and then termi-
nates Xfig, i.e., the aspects above were not combined and
no other functionality of Xfig was used. We used all
shapes of Xfig’s drawing panel shown in Figure 5 except
picture objects andlibrary objects.

The resulting lattice for this experiment is shown in
Figure 4. The contents of the concepts in the lattice are
omitted for readability reasons. However, their size in this
picture is a linear function of their number of components
(except for the bottom element that contains 136 compo-
nents, mostly initialization and GUI code and very basic
functions, and was too large to be drawn accordingly; as a
comparison point: the text drawing concept, marked as
node #1, has 29 subprograms). As Figure 4 shows, there
are a few concepts containing most of the executed sub-
programs of the system. The lattice contains 47 concepts.
26 of them introduce at least one new component, i.e., to
these nodes, a component is attached (more precisely, a

conceptC introduces a component if there exists a comp
nentc for which γ(c) = C holds). 21 of the concepts do no
introduce any new component and merely merge functio
ality needed by several superconcepts.

The first interesting observation is – if one excludes th
bottom element – that concepts with many componen
can be found in the upper region, while in the lowe
region, the number of components decreases and the n
ber of interferences increases (a lattice is said to be ho
zontally decomposable if it can be decomposed in
independent sublattices that are connected via the top
bottom elements only; aninterference is an overlap of
sublattices that prevents horizontal decomposition). Th
is to say that there are many specific operations and f
shared operations – which may be a sign of little re-use
and also that shared operations are really used for ma
features. A maintainer would find many application-sp
cific subprograms in the upper region, which he or sh
would analyze first.

We inspected the concept lattice manually and look
at the source code of the attached subprograms in orde
assign meaning to the concepts. Assigning meaning to
concepts was generally simple for concepts in the upp
region as they are specific to a subset of all feature
Understanding the concepts became increasingly diffic
when concepts toward the bottom element were inspect
Moreover, since the lattice does not really reflect th
dependencies between components (i.e.,γ(s1) > γ(s2) does
not imply thats1 calls s2), an additional static analysis of
the source code is required. In our experiment, we som
times needed to browse the call graph.

Concept #1 in Figure 4 is the largest concept (exclu
ing the bottom element). It exploits a single feature “draw
text object”. According to the lattice, the feature is largely
independent from other features and shares only a f
components with other features.

Concept #5 represents the two features “draw polyline”
and “draw polygon”. The only difference between these

Figure 5.  Xfig’s object shapes.

circle by diametercircle by radius

ellipse by diametersellipse by radii

closed approx. spline approximated spline

closed interpol. spline interpolated spline

polygon polyline

rectangular box rectangular box
with rounded corners

arc
text

library object

regular polygon

picture object
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two features is that an additional line is drawn that closes a
polygon. This difference is not visible in the concept lat-
tice since the two features are attached to the same con-
cept. The distinction is made in the body of the function
that is called to draw either a polygon or a polyline. Exe-
cution traces that only contain called subprograms and not
single statements cannot further separate such interleaved
subprograms and concept analysis remains uninformed of
the difference.

Concept #3 denotes the feature “draw spline”. Concept
#4 has no feature attached to and represents the compo-
nents shared for drawing polygons, polylines, and splines.
These components are no real drawing operations but
operations to keep a log of the points set by the user and to
draw lines between set points while the user is still setting
points (a spline first appears as polygon and is only re-
shaped when the user has set all points).

Concept #2 stands for the feature “draw arc” and con-
cept #7 is again a concept that represents shared compo-
nents for drawing elastic lines while the user is setting
points. The difference between concept #7 and concept #4
is that the former only contains the components to draw
the elastic line, while the latter adds the capability to set an
arbitrary number of points. Splines do not need this capa-
bility because they are defined by exactly three points.

Concept #6 represents the feature “draw lines” and is
used for drawing rectangles, polygons, and polylines, as
one would expect. The generality of this feature becomes
immediately obvious in the concept lattice as it is located
in the middle level of the lattice.

The framed area in Figure 4 has a simpler structure
than the rest of the lattice. This part deals with circles and
ellipses and its details are shown in Figure 6. Each node,
N, in Figure 6 contains two sets: The upper set contains all
components attached to the node, i.e., those components,
c, for whichγ(c) = N; the lower set contains all features of
N, including those inherited from other concepts. The
names of the features correspond to the objects drawn via
the panel in Figure 5; e.g.,draw-ellipse-radiusmeans that
an ellipse was drawn where the radius was specified (as
opposed to the diameter).

Nodes #41, #42, #43, and #44 represent the features to
draw circles and ellipses using either diameter or radius.
They all contain three specific components to draw the
object, to plot an elastic bend while the user is drawing,
and to resize the object. Note the similarity of the compo-
nent names. The specific commonalities among circles and
ellipses are represented by node #38, which introduces the
shared components to draw circles and ellipses (both spec-
ified by diameter and radius).

Nodes #32 and #39 connect the circles and ellipses to
the other objects. No components are attached to nodes
#32 and #39, they only merge components from different

concepts. The two nodes have a direct infimum (not sho
in Figure 6) and add the same components to the circle a
ellipse features. The components inherited via these t
nodes are very basic components of the lowest regions
the lattice, which indicates that ellipses and circles a
widely separate from all other objects.

For the problem stated in Section 1, which required
to implement features for drawing segments of ellipses
specifying either radius or diameter, we would now kno
where to start. Figure 6 identifies the respective subp
grams. The distribution of these subprograms into co
nected concepts according to the invoked featur
highlights their respective distinctiveness. These subp
grams would now be closer investigated by a static ana
sis related to the code. Figure 6 also identifies the existi
components on which the new implementation could b
built. One could either integrate the new functionality int
the subprograms specific to concepts #41, #42, #43, a
#44 (which in this example would probably be the be
solution because the new functionality is so close to
existing one) or one could create new components that
based on the components that are already used by #
#42, #43, and #44 (because the new solution requires
same infrastructure) and analyse #41, #42, #43, and #4
find out how this infrastructure is properly used.

Second experiment.Once objects are drawn, they can b
edited. For instance, objects can be rotated. As a matte

Figure 6. Relevant parts for
circles and ellipses
7
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fact, this functionality needs to be provided for new seg-
mented ellipses, too. In a second experiment, we thus ana-
lyzed the edit moderotate which comes in two variants:
clockwise and counterclockwise. The first ten shapes in
Figure 5 were drawn and rotated once clockwise and once
counterclockwise, which resulted in 20 scenarios. The
resulting lattice contained 55 concepts, most of them intro-
duce no new component. We observed that the related
shapes, i.e., the variants of splines, circles, ellipses, etc.,
were merged at the top of the lattice since they use almost
the same components. In order to reduce the size of the
lattice, we selected one representative among the related
shapes and re-run the experiment with three shapes
(ellipse, polygon, and open approximated spline). The
resulting lattice is shown in Figure 7.

This lattice consists of 22 concepts, three of them pro-
vide the specific functionality for the respective shapes.
Concept #1 (21 functions) depicts the functionality for
splines and concept #2 (17 functions) represents the one
for lines (used for polygons). Both are dependent on con-
cept #4 (29 functions) that groups functions related to
points. Concept #3 (20 functions) denotes the ellipse fea-
ture, concept #5 (29 functions) the general drawing sup-
port functionality and concept #6 (123 functions) the start-
up and initialization code of the system.

Analyzing concepts #1, #2, and #3, we found that the
shapes provide individual rotate functions. In other words,
the rotate feature is implemented specific to each shape,
i.e., there is no generic component that draws all different
shapes, which would have been an interesting finding in
terms of re-use. That means that we would have to add a
new rotate operation for our new segmented ellipses or to

modify the rotate operation for ellipses, which can b
identified in the concept lattice.

General observations.We made the experience tha
applying our method is easy in principle. However, run
ning all scenarios by hand is time consuming. It may b
facilitated by the presence of test cases that allow an au
mated replay of various scenarios.

Because Xfig has a GUI, running a single scenario
hand is an easy task. However, one has to pay attention
to cause interferences by invoking irrelevant features. F
instance, Xfig uses a balloon help facility that pops up
little window when the cursor stays some time on a sen
tive area of the GUI (e.g., over the button selecting the c
cle drawing mode). Sometimes the balloon he
mechanism triggers, introducing interferences betwe
features. Such effects affect the analysis because t
introduce spurious connections between features. For
nately, this problem can be partly fixed by providing a sp
cific scenario in which only the accidentally invoked
irrelevant feature is invoked, which leads to a refactore
concept lattice that contains a new concept that isolates
irrelevant feature and its components. In our examp
interferences due to an accidentally invoked irrelevant fe
ture appeared only at the two layers directly on top of th
bottom element of the lattice, and could be more or le
ignored.

5. Related Research

For feature localization, Chen and Rajlich [3] propose
semi-automatic method, in which an analyst browses t
statically derived dependency graph; navigation on th
graph is computer-aided. Since the analyst more or le
takes on all the search, this method is less suited to quic
and cheaply derive the feature-component correspo
dence. Moreover, the method relies on the quality of th
static dependency graph. If this graph, for example, do
not contain information on potential values of functio
pointers, the human analyst may miss functions on
called via function pointers. At the other extreme, if th
too conservative assumption is made that every functi
whose address is taken is called at each function poin
call site, the search space increases extremely. Gener
it is statically undecidable which paths are taken at run
ime, so that every static analysis will yield an overest
mated search space, whereas dynamic analyses exactly
which parts are really used at runtime (though for a parti
ular run only). However, Chen and Rajlich’s techniqu
could be helpful in a later phase, in which the syste
needs to be more rigorously analyzed. The purpose of o
technique is to derive the feature-component correspo
dence. It handles the system as a black box and, hen
does not give insights in internal aspects with respect

Figure 7. Concept lattice for second experiment.

6

5

4

2
1 3
8



to

o-

a-
xe-
g a
the
s

and
s
n-
e-
r,

re

-
lar
ts.
l
es

es
r
ea-
e,
e
se

-
il-
lly

ry.
ine
ata
st
ils

ch
ios
oo
n
at
of
are

ly
et
t

m
xe-
dependencies and quality.
Wilde and Scully [15] also use dynamic analysis to

localize features as follows:

1. Theinvoking input set I(i.e., a set of test cases or – in
our terminology – a set of usage scenarios) is identi-
fied that will invoke a feature.

2. The excluding input set Eis identified that will not
invoke a feature.

3. The program is executed twice usingI and E sepa-
rately.

4. By comparison of the two resulting execution traces,
the components can be identified that implement the
feature.

Wilde and Scully focus on localizing required compo-
nents for one specific feature rather than analyzing com-
monalities and variabilities of related features: For
localizing all required components, the execution trace for
the including input set is sufficient. By subtracting all
components in the execution trace for the excluding input
set from those in the execution trace for the invoking input
set, only those components remain that specifically deal
with the feature.

Note that our technique achieves the same effect if one
adds a usage scenario that only starts and ends the system
immediately. By considering several execution traces for
different features at a time, components not specific to a
feature will “sink” in the concept lattice, i.e., will be closer
to the bottom element. More precisely, recall from Section
3.2 that a component,c, is specific to exactly one feature,
f, if f is the only feature on all paths fromγ(c) to the top
element. Start-up and finalization subprograms will hence
gather in the bottom element.

Our technique goes beyond Wilde and Scully’s tech-
nique in that it also allows to derive commonalities and
variabilities between components and related features by
means of concept analysis, whereas Wilde and Scully’s
technique only localizes a single feature. The derived
commonalities and variabilities are an import information
to a maintainer who needs to understand the system.

6. Conclusions

The feature-component correspondence describes
which components are required to implement a set of
related features and what are the commonalities and vari-
abilities among these set of related features and compo-
nents. The feature-component correspondence is useful

1. to identify all components that contribute to a certain
feature,

2. to identify all features to which a component contrib-
utes,

3. to find out which components are jointly needed
implement only a subset of all features,

4. and to understand to which features several comp
nents jointly contribute.

The technique presented in this paper yields the fe
ture-component correspondence automatically using e
cution traces for different usage scenarios each invokin
feature. Fact (1) and (2) above could also be derived by
approach of Wilde and Scully [15] in which one analyse
the execution trace for each feature separately. Fact (3)
(4) – which represent the commonalities and variabilitie
of features and components, respectively – are additio
ally revealed by applying concept analysis, a sound math
matical technique to analyze binary relations. Moreove
the resulting concept lattice reflects the level of featu
specificity of the required components.

The technique is primarily suited for functional fea
tures that may be mapped to components. In particu
non-functional features do not easily map to componen
For example, for applications for which timing is critica
(because it may result in diverging behavior), the featur
would also have to take time into account.

Note also that the technique is not suited for featur
that are only internally visible, like whether a compile
uses a certain intermediate representation. Internal f
tures can only be detected by looking at the sourc
because it is not clear how to invoke them from outsid
and how to derive from an execution trace whether the
features are present or not.

The invocation for externally visible features is com
paratively simple when a graphical user interface is ava
able (as it was the case in our case study). Then, usua
only a menu selection or a similar interaction is necessa
In the case of a batch system, one may vary command l
switches and may have to provide different sets of test d
to invoke a feature. However, in order to find suitable te
data, one might need some knowledge on internal deta
of a system.

Furthermore, the success of the described approa
heavily depends on the clever choice of usage scenar
and the combination of them. Scenarios that cover t
much functionality in one step or the clumsy combinatio
of scenarios will result in huge and complex lattices th
are unreadable for humans. Moreover, the number
usage scenarios increases tremendously when features
combined.

The implementation of this technique was surprising
simple. In one day, we opportunistically put together a s
of publicly available tools and wrote a single Perl scrip
(225 LOC in total) for interoperability. A drawback of our
simple implementation is that one has to run the syste
for each usage scenario from the beginning to get an e
9
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cution trace for each feature. A more sophisticated envi-
ronment would allow to start and end recording traces at
any time.

Our implementation only counts subprogram calls and
ignores accesses to global variables and single statements
or expressions. It might be useful to analyze at a finer
granularity, in particular when subprograms are inter-
leaved, i.e., different strands of control with different func-
tionality are united in a single subprogram, possibly for
efficiency reasons. For instance, we have found a subpro-
gram in our case study that draws different kinds of
objects. The function contained a large switch statement
whose branches drew the specific kinds of objects. In the
execution trace, this subprogram showed up for all objects
where in fact only specific parts of it were actually exe-
cuted.

In our case study, the method provided us with valuable
insights. The lattice revealed dependencies among features
for the Xfig implementation and the absence of such
dependencies, respectively; e.g., the abilities to draw text
and circles/ellipses are widely independent from other
shapes. Related features were grouped together in the con-
cept lattice, which allowed us to compare our mental
model of a drawing tool to the actual implementation of
Xfig. The lattice also classified components according to
their abstraction level, which is a useful information for
re-use; general components can be found at the lower
level, specific components at the upper level.

Whether we can generalize our results to other systems
remains to be further investigated. In particular, even
though we found this information very useful in our case
study, it is to be shown by additional case studies and con-
trolled experiments whether this information really helps a
maintainer to understand a system and whether repeatable
results can be obtained with different people.

As future work, beyond further case studies and con-
trolled experiments, we want to explore how results
obtained by the method described in this paper may be
combined with results of additional static analyses. For
example, we want to investigate the relation between the
concept lattice based on dynamic information and static
software architecture recovery techniques.
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