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Abstract tribute to all kinds of features, like components to draw a
single point. Then you want tenderstand the commonali-
ties and variabilities of the components that specifically
contribute to the set of similar featurés order to get
design ideas for your own implementation and to investi-
gate ways to integrate your solution. The system consists
of hundreds of files. Where do you start?

One important piece of information for a maintainer
who needs to understand how a set of features is imple-
mented is the so-calletkature-component correspon-

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 difficglt and time_—consuming. Itis useful to derive .« The feature-component correspondence is a
this information automatically. .. __documentation artifact that describes which components

The feature-component correspondence describes

hich N ded to impl A Cof f are needed to implement a particular feature or set of fea-
which components are needed 1o Implement a Set 0l 1€ay,, o5 |5 case of related features, it also describes the

tur.e.s_ and what are the respective commpnalltles and V_a”'sjointly and separately used components for those features.
abilities of features and components. This paper describe

techni to derive the feat ; For components, it identifies the features to which these
a new technique to derve the feature-componen Corre'componentsjointly or separately contributefe@ture is a
spondence utilizing dynamic information and concept

. o -~ realized (functional as well as non-functional) requirement
analysis. The method is simple to apply, cost-effective,

. ) (the termfeatureis intentionally weakly defined because
largely language-independent, and can vyield results its exact meaning depends on the specific cont&djn-
quickly.

ponentsare computational units of a software architecture
(see Section 3.1). The simplest example of a component is
asubprogram, i.e., a function or a procedure.

Generally, to change a program, only partial knowledge
és required. Consequently, a complete and hence time-con-
suming reverse engineering of the system is very likely not
dappropriate. Instead, the analysis should focus on the
fgiven problem. The feature-component correspondence
can be used to identify the primary pieces of the software
that need to be looked at, gives insights into relations
between related features and components, and thus allows

1. Introduction

Let us assume you are programmer who has just
recently been assigned to maintain a legacy system, say,
graphical editor for drawing simple pictures consisting of
lines, boxes, ellipses, etc. Your manager wants you to ad
a new feature that allows a user to draw segments o
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 eIIipses.t9 aim further analyses at selected components cost-effec-
Unfortunately, you are unfamiliar with the implementation tively.

of the system. The former maintainer was fired because he This paper describes a quickly realizable technique to
did not document the system at all. Hence, the only reli- ascertain the feature-component correspondence based on

able source of information is the code itself dynamic information (gained from execution traces) and
Very likely, you are at first interested imhere the simi- cpncept a'malys.is. Con'cept analy;is Is a mathematical tech-
lar features are implementede., which components con- nique to investigate binary relations (see Section 2). The

tribute to the existing similar features (the components for technique is automatic to a great extent.

drawing ellipses in our example). The primary compo- Overview. The technique described here is based on the
nents you really want to look at are those that are specificexecution traces generated by a profiler for different usage
to these features. In other words, in the beginning, you arescenarios (see Figure 1). One scenario represents the invo-
less interested in general-purpose components that coneation of one single feature or a set of features and yields



all subprograms executed for these features. These subpraarchitecture, only the most primitive components are
grams identify the components (or are themselves consid-known — which are just subprograms). This section
ered components) required for certain features. Thedescribes concept analysis in more detail.

required components for all scenarios and the set of fea- Concept analysis is based on a relatfobetween a set
tures are then subject to concept analysis. Concept analyeof objectsO and a set of attributes henceR 00 0 x A.

sis gives information on relationships between features  The tupleC = (O, A, R) is calledformal context. For a

and required components. set of objectsD [ O, the set ocommon attributes, o, is
feature E defined as:
Ly usage scenario 0(0) = {adJA|O(o O O)(o, a) OR}
Ly execution trace Analogously, the set dfommon objects T, for a set of
Ly required components,C..C,, attributes A A, is defined as:
b (F, G, ...(F, G) OR 1(A) = {o00|O(al A)(o, a) OR}
Ly concept analysis In Section 3.1, the formal context for applying concept

Lpfeature-component correspondence analysis to derive the feature-subprogram relationships
will be laid down as follows;

Figure 1. Overview.

We want to point out that not all non-functional ¢ subprograms will be considered objects,
requirements, e.g., time constraints, can be easily mapped « features will be considered attributes,

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 However, here — for the time being — we will use as an

concentrate all network accesses in one single componeniﬂj‘betraCt examp_le the bmary_ relation betweer_1 arbitrary

to enable controlled secure connections. objects and attributes shown in Table 1. An objechas
Moreover, the technique is not suited for features that attributea; if row i and columnj is marked with aril in

are only internally visible, like whether a compiler uses a Table 1 (the example stems from Lindig and Snelting [5]).

certain intermediate representation. Internal features carfor instance, the following equations hold for this table,

only be detected by looking at the source, because it is notalso known aselation table:

« a pair 6ubprogram sfeature § is in relationR if sis
executed whefhis invoked.

clear how to invoke them from outside and how to derive o({o;}) = {a;, a,} and t({a, ag}) = {03 04}

from an execution trace whether these features are present

or not. & | B | B | U || | | B
The remainder of this article is organized as follows. oo | O[O

Section 2 introduces concept analysis. Section 3 explains 0y Oo| 0| 0O

how concept analysis can be used to derive the feature- 03 oo ol o| o

component correspondence and Section 4 describes our | o, olololololo

egperience with this technique in a case study. Section 5 Table 1: Example relation,
discusses related research.
A pair (O, A) is calledconceptif A=c(0)00 = 1(A)
2. Concept Analysis holds, i.e., all objects share all attributes. For a concept
(O, A), Ois theextent of ¢, denoted byexten(c), andA is
Concept analysis is a mathematical technique that pro-theintent of ¢, denoted byntent(c).
vides inSightS into binary relations. The mathematical |nf0rma||y, a Concept Corresponds to a maximal rectan-
foundation of concept analysis was laid by Birkhoff in gle of filled table cells modulo row and column permuta-
1940. Primarily Snelting has recently introduced concept tions. For example, Table 2 contains the concepts for the
analysis to software engineering. Since then it has beenyg|ation in Table 1.
used to evaluate class hierarchies [13], explore configura-  The set of all concepts of a given formal context forms
tion structures of preprocessor statements [8, 12], under-a partial order via:
stand type relationships [9], and to recover components [2,
5, 10, 11, 14].
The binary relation in our specific application of con- (O, A)) =(0z Ay) = AT A,.
cept analysis to derive the feature-component correspon-  |f ¢, < ¢, holds, thenc; is called asubconceptof c,
dence states which subprograms are required when
feature is invoked (without any knowledge of a system’s

(04, A)) (0, A,) = O, 00, or equivalently with

aand02 is calledsuperconceptof c,. For instance,



C, ({01, 0, 0, 0z}, 0) concept lattice marked withis therefore:

C | o2 05 04 fa ) w@ = (eoLe)anintent gy 8

Cs (o} {ay, &) The unigue elemerntmarked with object is:

C | (o2 0. fas & &) vo) =L {cnL©) 00 extent 3) @

Cs | (o3 o4 {as &, &, &, a}) We will call a graph representing a concept lattice
using this marking strategy sparse representation The

Co ({oah {23 & % % 2 %)) equivalent sparse representation for Figure 2 is shown in

& (U, {an, &, &, &, &, 3, &, &) Figure 3. The content of a nod in this representation

Table 2: Concepts for Table 1. can be derived as follows:
({0, 04}, { @3, a4, as}) < ({0y, 03, 04}, { @3, a4}) is true in « the objects oN are all objects at and beldw

Table 2. + the attributes oN are all attributes at and aboMe

The setL, of all concepts of a given formal context and For instance, the node in Figure 3 marked wothand
the partial ordek form a complete lattice, callecbncept as is the concept ({8 04}, {a3, &y, &}).

lattice: Te &y
L©) = {(0, A)02° x2*|A = 6(0) DO = 1(A)} a, &/ a 3 3, 3
The infimum of two concepts in this lattice is com- 01 02 03
puted by intersecting their extents as follows: 1 04 <

(O3, Ay D(Oy Ag) = (01 n 0y0(0; n Oy)) Figure 3. Sparse representation of Figure 2.

The infimum describes a set of common attributes of
two sets of objects. Similarly, theupremum is deter- 3. Feature-Component Correspondence
mined by intersecting the intents:

In order to derive the feature-component correspon-
(03, A) O(0y Ay) = (T(A; 0 A, A n A)

dence via concept analysis, one has to define the formal
The supremum ascertains the set of common objects,context (objects, attributes, relation) and to interpret the
which share all attributes in the intersection of two sets of resulting concept lattice accordingly.
attributes.
Graphically, the concept lattice for the example relation 3-1. Context for Feature and Components
in Table 1 can be represented as a directed acyclic graph

whose nodes represent concepts and whose edges denote TERPRIER" W 28 FAISEES 0 EEE T8 O,
the superconcept/subconcept relation < as shown in ' '

Figure 2. The most general concept is called iy ele- Note that in the reverse case, the concept lattice is simply

. : . inverted but the derived information will be the same.
ment and is denoted byr . The most special concept is : .
. The set of relevant features will be determined by the
called thebottom elementand is denoted by

maintainer. For components, we can consider the follow-

T C1 ing alternatives depending on how much knowledge on the
C2 system architecture is already available:
Cs Cy Cs 1. cohesive modulesndsubsystemas defined and doc-
Ce umented by the system'’s architects or re-gained by re-
c,L i, engineers; modules and subsystems will be consid-

eredcomposite componentsn the following;

2. physical modulesi.e., modules as defined by means
of the underlying programming language or simply
directly available as existing files (the distinction to
cohesive modules is that one does not know a priori
whether physical modules really group cohesive dec-
larations; physical modules are the unscrutinized
result of a programmer’s way of grouping declara-
tions whether it makes sense or not);

Figure 2. Concept lattice for Table 1.

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 attributel A
whose represented concept is the most general concept
that hasain its intent. Analogously, a node will be marked
with an objecto [0 O if it represents the most special con-
cept that ha® in its extent. The unique elemeptin the



3. subprogramsi.e., functions and procedures, agid- accesses to variables. Instead of using a symbolic debug-
bal variablesof the system; subprograms and global ger, for example, that allows to set watchpoints on variable
variables will be calledow-level componentsin the accesses, or even to instrument the code if no sophisticated
following. profiler is available, one can also use a simple static

Ideally, one will use alternative (1) when reliable and dependency analysis: One considers all variables directly
complete documentation exists. However, if cohesive and statically accessed for each executed subprogram also
modules and subsystems are not known in advance, ond© be dy_namically e}ccessed (all tr.ansitively accessed vari-
would hardly make the effort to analyze a large system to ables will automatically be congldered becausen all exe-
obtain these in order to apply concept analysis to get thecuted subprograms are examined). In practice, this
feature-component correspondence because it not yet cleanalysis may be a sufficient approximation. But one
which components are relevant at all and reverse engineerShould be aware that it may overestimate references
ing of the complete system first will likely not be cost- because variable accesses may be included that are on
effective. Only later, if the retrieved feature-component Paths not executed at runtime, and it will also ignore refer-
correspondence (using simpler definitions of components,€nces to variables by means of aliases if the simple static
like those in (2) or (3)) clearly shows which lower-level dependency anal_yS|s does. not tgke la_llasmg into account.
components should be investigated further to obtain com-For a first analysis to obtain a simplified feature-compo-
posite components, reverse engineering may generally pay'ent correspondencg, one can also ignore variables _an_d
off (in order to detect cohesive modules, we have devel- COme back to these in a later phase using more sophisti-
oped a semi-automatic method integrating many automaticcated dynamic or static analyses.
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, on
will fall back on alternative (3). However, for alternative

3.2. Interpretation of the Concept Lattice

Concept analysis applied to the formal context
@escribed in the last section gives a lattice, from which
- - ' ‘ interesting relationships can be derived. These relation-
(3), concept analysis may additionally yield hints on sets ghing can be fully automatically derived and presented to
of related subprograms forming composite Components. e analyst such that the more complicated theoretical
The relation for the formal context necessary for con- pacxground can be hidden. The only thing an analyst has
cept analysis IS defined as follows: _ . to know is how to interpret the derived relationships. This
(C, F) O Rif and only if componencC is required section explains how interesting relationships can be auto-
when featureF is invoked; a subprogram is required  matically derived.
when it needs to be executed; a global variable is As already abstractly described in Section 2, the fol-
required when it is accessed (used or changed or its |owing base relationships can be derived from the sparse
address is taken); a composite component is required representation of the lattice (note the duality in the inter-
when one of its parts is required. pretation):
In order to obtain the relation, a set of usage scenarios . A component,c, is required for all features at and
needs to be prepared where each scenario exploits prefera-  gpovey(c) — as defined by (1) on pag3 — in thelat-
bly only one relevant feature. Then the system is used  tjce.

according to the set of usage scenarios, one at a time, and .
. . « Afeaturef, requires all components at and belpgf)
the execution traces are recorded. An execution trace con- . . .
— as defined by (2) on page 3 —in the lattice.

tains all required low-level components for a usage sce- ] " ]
nario or an invoked feature, respectively. If composite * A componentg, is specific to exactly one featuri|f

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

f is the only feature on all paths frogtc) to the top
element.

A feature f, is specific to exactly one componeatjf

c is the only component on all paths fromgf) to the
bottom element (i.&; is the only component required
to implement featur®.

Features, to which two componentg,andc,, jointly
contribute, can be identified byc,) O y(c,) (the infi-

mum); graphically depicted, one ascertains in the lat-
tice the closest common node toward the top element
starting at the nodes to whiah andc,,, respectively,



are attached; all features at and above this commontage that no additional compiler front end is necessary. On

node are those jointly implemented dyandc,. the other hand, because a compiler may replace source

» Components jointly required for two featurdsg,and names by link names in the o_bject code (for instance, ¢++
f,, are described by(fy) O u(fy) (the supremum); compl_lers use name mangling .to resolve overloading)
20 4= i W H N P " there is not always a direct mapping from the subprograms
graphically depicted, one ascertains in the lattice the j, the execution trace back to the original source. Fortu-
closest common node toward the bottom element aely tools exist to demangle names and some profilers
starting at the nodes to whidh andfy, respectively,  eyen demangle names automatically. Because we dealt in
are attached; all components at and below this com- our case study with C code, object code names were iden-
mon node are those jointly required for these features.tical to source names.

« Components required for all features can be found at

the bottom element. 4. Case Study
» Features that require all components can be found at  As a case study, we analyzed the Xfig system [16]
the top element. (version 3.2.1) consisting of about 76 KLOCs written in

« |f the top element does not contain features, then all the programming language C. In this section, we will
components in the top element are superfluous (suchfirstly present a general overview of the results and sec-
components will not exist when the set of objects for ondly go into further details for particular interesting
concept analysis contains only components executedobservations.
at least once, which is the case if a filter ignores all  Xfig is a menu-driven tool that allows the user to draw
subprograms for which the profiler reports an execu- and manipulate objects interactively under the X Window
tion count of 0). System. Objects can be lines, polygons, circles, rectangles,

« If the bottom element does not contain any compo- SPlines, text, and imported pictures. An interesting first
nent, all features in the bottom element are not imple- task in our case study was to define what constitutes a fea-
mented by the system (this constellation will not ture. Clearly, the capability to draw specific objects, like
exist, if there is a usage scenario for each feature andlines, splines, rectangles, etc., can be considered a feature
every usage scenario is appropriate and relevant to thedf Xfig. Moreover, one can manipulate drawn objects in
system). different edit modes (rotate, move, copy, scale, etc.) with

The information described above can be derived by aXflg. Hence, we considered as main features the following

tool and fed back to the maintainer, freeing a maintainer two ca|-o.ab|I|t|es: _ _
not familiar with concept analysis from having to under- 1. ability to draw different shapes (lines, curves, rectan-

stand the theory of concept lattice. gles, etc.)
) 2. ability to modify shapes in different editing modes
3.3. Implementation (rotate, move, copy, scale, etc.)

The implementation of the described approach is sur- We conducted two experiments. In the first one, we
prisingly simple (if one already has a tool for concept investigated the ability to draw different shapes only. In
analysis). Our prototype for a Unix environment is an the second one, we analyzed the ability to modify shapes.
opportunistic integration of the following parts: The second experiment exemplifies combined features
composed by basic features. For the second experiment, a
shape is drawn and then modified. Batfaw and modify
constitute a basic feature. Combined features add to the
effort needed to derive the feature-component correspon-
* Gnu profilerprof, dence as there are many possible combinations.

« concept analysis toabnceptd6], In both experiments, we considered subprograms as

« graph editoGraphlet[1] to visualize the concept lattice, COmMPonents. However, in our simple implementation, we
do not handle variable accesses. Hence, not all required

+ and a short Perl script to ascertain the executed functions )\, oy e| components are detected

in the execution trace and tq conver_t the file formats of The resulting concepts contain subprograms grouped
conceptsandGraphlet(the script has just 225 LOC). together according to their usage for features. Note that the
The fact that the subprograms are extracted from themore general subprograms can be found at the lower con-
object code makes the implementation independent fromcepts in the lattice since they are used for many features,
the programming language to a great extent (as long as thevhile specific components are in the upper region of the
language is compiled to object code) and has the advandattice. Hence, the concept lattice also reflects the level of

¢ Gnu C compileigccto compile the system using a com-
mand line switch for generating profiling information,

* Gnu object code viewarm,
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Figure 4. Lattice for the first experiment

abstraction of these subprograms within the given set of concepiC introduces a component if there exists a compo-
scenarios. To identify all subprograms required for a single nentc for which y(c) = C holds). 21 of the concepts do not
feature or a set of features, one can then analyze the conintroduce any new component and merely merge function-
cept lattice as described in Section 3.2. ality needed by several superconcepts.

The first interesting observation is — if one excludes the
bottom element — that concepts with many components
can be found in the upper region, while in the lower

egion, the number of components decreases and the num-
(Ler of interferences increases (a lattice is said to be hori-
zontally decomposable if it can be decomposed into
independent sublattices that are connected via the top and
bottom elements only; amterference is an overlap of
sublattices that prevents horizontal decomposition). That

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 an
no other functionality of Xfig was used. We used all
shapes of Xfig's drawing panel shown in Figure 5 except
picture objectandlibrary objects
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1
|

circle by radius—_| E‘TEJ/C"C'e by diameter is to say that _there are many specific _operati_ons and few

lliose by radii ellipse by diameters shared operations — which may be a sign of little re-use —

elipse by radi——ChpeEr— and also that shared operations are really used for many
closed approx. spline— &1 = —approximated spline features. A maintainer would find many application-spe-
closed interpol. spline—i:}=}——interpolated spline cific subprograms in the upper region, which he or she

would analyze first.

We inspected the concept lattice manually and looked
at the source code of the attached subprograms in order to
assign meaning to the concepts. Assigning meaning to the
concepts was generally simple for concepts in the upper
region as they are specific to a subset of all features.
Understanding the concepts became increasingly difficult
when concepts toward the bottom element were inspected.
Moreover, since the lattice does not really reflect the
dependencies between components (§(g;) > y(s,) does

not imply thats; callss,), an additional static analysis of

=
-
=

lﬂ_/polyline
——rectangular box

with rounded corners

polygon———
rectangular box—]
regular polygon——"1

]
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‘l‘-}‘gu
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library object

Figure 5. Xfig's object shapes.

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 . i )
(except for the bottom element that contains 136 compo- th€ source code is required. In our experiment, we some-
nents, mostly initialization and GUI code and very basic times needed to browse the call graph.
functions, and was too large to be drawn accordingly; asa  COncept #1 in Figure 4 is the largest concept (exclud-
comparison point: the text drawing concept, marked asiNd the bottom element). It exploits a single featudeciv
node #1, has 29 subprograms). As Figure 4 shows, there_teXt object. According to the lattice, the feature is largely
are a few concepts containing most of the executed sub/ndependent from other features and shares only a few
programs of the system. The lattice contains 47 concepts cOmponents with other features. _

26 of them introduce at least one new component, i.e., to  CONCePL#S represents the two featuresaiv polyline
these nodes, a component is attached (more precisely, &1d ‘draw polygor. The only difference between these



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.

node #41

node #44

node #42

resizing_ebr )

ellispsebyradius-
drawing_selected ()

elastic_ebr ()

resizing_cbd ()

circlebydiameter-
drawing_selected ()

elastic_cbd ()

resizing_ebd ()

ellispsebydiameter-
drawing_selected ()

elastic_ebd ()

draw-ellipse-radius

draw-circle-diameter

draw-ellipse-diameter

node #40

node #43

draw-ellipse-radius
draw-circle-diameter

resizing_cbr ()
circlebyradius-
drawing_selected ()

elastic_cbr ()
draw-circle-radius

Concept #3 denotes the featudrdw spling. 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 featurdraw 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. circles and ellipses

Concept #6 represents the featudedw lines and is concepts. The two nodes have a direct infimum (not shown
used for drawing rectangles, polygons, and polylines, asin Figure 6) and add the same components to the circle and
one would expect. The generality of this feature becomesellipse features. The components inherited via these two
immediately obvious in the concept lattice as it is located nodes are very basic components of the lowest regions of
in the middle level of the lattice. the lattice, which indicates that ellipses and circles are

The framed area in Figure 4 has a simpler structure widely separate from all other objects.
than the rest of the lattice. This part deals with circles and  For the problem stated in Section 1, which required us
ellipses and its details are shown in Figure 6. Each node,to implement features for drawing segments of ellipses by
N, in Figure 6 contains two sets: The upper set contains all specifying either radius or diameter, we would now know
components attached to the node, i.e., those componentsyhere to start. Figure 6 identifies the respective subpro-
¢, for whichy(c) = N; the lower set contains all features of grams. The distribution of these subprograms into con-
N, including those inherited from other concepts. The nected concepts according to the invoked features
names of the features correspond to the objects drawn viehighlights their respective distinctiveness. These subpro-
the panel in Figure 5; e.gdraw-ellipse-radiusneans that  grams would now be closer investigated by a static analy-
an ellipse was drawn where the radius was specified (assis related to the code. Figure 6 also identifies the existing
opposed to the diameter). components on which the new implementation could be

Nodes #41, #42, #43, and #44 represent the features tduilt. One could either integrate the new functionality into
draw circles and ellipses using either diameter or radius.the subprograms specific to concepts #41, #42, #43, and
They all contain three specific components to draw the #44 (which in this example would probably be the best
object, to plot an elastic bend while the user is drawing, solution because the new functionality is so close to an
and to resize the object. Note the similarity of the compo- existing one) or one could create new components that are
nent names. The specific commonalities among circles andbased on the components that are already used by #41,
ellipses are represented by node #38, which introduces the#42, #43, and #44 (because the new solution requires the
shared components to draw circles and ellipses (both specsame infrastructure) and analyse #41, #42, #43, and #44 to
ified by diameter and radius). find out how this infrastructure is properly used.

Nodes #32 and #39 connect the circles and ellipses to . .
. Second experimentOnce objects are drawn, they can be
the other objects. No components are attached to nodes

#32 and #39, they only merge components from different edited. For instance, objects can be rotated. As a matter of

node #39

draw-ellipse-radius
draw-circle-diameter
draw-ellipse-diameter

node #32

draw-ellipse-radius
draw-circle-diameter
draw-polyline
draw-polygon
draw-oi-spline
draw-oa-spline
draw-ci-spline
draw-ca-spline
draw-arc

node #38
pw_curve ()
set_latestellipse ()
redisplay_ellipse {)
center_marker ()
last_ellipse ()
add_ellipse ()
list_add_ellipse ()
create_sliipse (}
eflipse_bound ()
draw_ellipse ()

draw-ellipse-radius
draw-circle-diameter
draw-sllipse-diameter
draw-circle-radius

Figure 6. Relevant parts for




fact, this functionality needs to be provided for new seg- modify the rotate operation for ellipses, which can be
mented ellipses, too. In a second experiment, we thus anaidentified in the concept lattice.

lyzed the edit modeotate Whic.h comes in two variants: . General observationsWe made the experience that
cI_ockW|se and counterclockwise. The first ten shapes in applying our method is easy in principle. However, run-
Figure 5 were Firawn a_nd rotated once clockwise gnd Oncening all scenarios by hand is time consuming. It may be
count_erclocI§W|se, Wh'Ch resulted in 20 scenarios. The facilitated by the presence of test cases that allow an auto-
resulting lattice contained 55 concepts, most of them intro- mated replay of various scenarios.

duce no new component. We observed that the related Because Xfig has a GUI, running a single scenario by

shapes, i.e., the variants of splines, circles, ellipses, etc'hand is an easy task. However, one has to pay attention not

were merged at the top of the lattice since they use aImost[O cause interferences by invoking irrelevant features. For

the same components. In order to reduce the size of themstance, Xfig uses a balloon help facility that pops up a

cle drawing mode). Sometimes the balloon help
mechanism triggers, introducing interferences between
features. Such effects affect the analysis because they
introduce spurious connections between features. Fortu-
nately, this problem can be partly fixed by providing a spe-
cific scenario in which only the accidentally invoked
irrelevant feature is invoked, which leads to a refactored
concept lattice that contains a new concept that isolates the
irrelevant feature and its components. In our example,
interferences due to an accidentally invoked irrelevant fea-
ture appeared only at the two layers directly on top of the
bottom element of the lattice, and could be more or less
ignored.

5. Related Research

For feature localization, Chen and Rajlich [3] propose a
semi-automatic method, in which an analyst browses the
statically derived dependency graph; navigation on that
graph is computer-aided. Since the analyst more or less
takes on all the search, this method is less suited to quickly
Figure 7. Concept lattice for second experiment. and cheaply derive the feature-component correspon-

This lattice consists of 22 concepts, three of them pro- dence. Moreover, the method relies on the quality of the
vide the specific functionality for the respective shapes. static dependency graph. If this graph, for example, does
Concept #1 (21 functions) depicts the functionality for Not contain information on potential values of function
splines and concept #2 (17 functions) represents the ongPointers, the human analyst may miss functions only
for lines (used for polygons). Both are dependent on con-¢alled via function pointers. At the other extreme, if the
cept #4 (29 functions) that groups functions related to 00 conservative assumption is made that every function
points. Concept #3 (20 functions) denotes the ellipse fea-Whose address is taken is called at each function pointer
ture, concept #5 (29 functions) the general drawing sup- ¢all site, the search space increases extremely. Generally,
port functionality and concept #6 (123 functions) the start- it iS statically undecidable which paths are taken at runt-
up and initialization code of the system. ime, so that every static analysis will yield an overesti-

Analyzing concepts #1, #2, and #3, we found that the Mated search space, whereas dynamic analyses exactly tell
shapes provide individual rotate functions. In other words, Which parts are really used at runtime (though for a partic-
the rotate feature is implemented specific to each shapeular run only). However, Chen and Rajlich's technique
i.e., there is no generic component that draws all different could be helpful in a later phase, in which the system
shapes, which would have been an interesting finding in "€eds to be more rigorously analyzed. The purpose of our
terms of re-use. That means that we would have to add atéchnique is to derive the feature-component correspon-

new rotate operation for our new segmented ellipses or todence. It handles the system as a black box and, hence,
does not give insights in internal aspects with respect to
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dependencies and quality. 3. to find out which components are jointly needed to

Wilde and Scully [15] also use dynamic analysis to implement only a subset of all features,
localize features as follows: 4. and to understand to which features several compo-
1. Theinvoking input set [i.e., a set of test cases or —in nents jointly contribute.
our terminology — a set of usage scenarios) is identi-  The technique presented in this paper yields the fea-
fied that will invoke a feature. ture-component correspondence automatically using exe-
2. The excluding input set Hs identified that will not cution traces for different usage scenarios each invoking a
invoke a feature. feature. Fact (1) and (2) above could also be derived by the
3. The program is executed twice usihgnd E sepa-  approach of Wilde and Scully [15] in which one analyses
rately. the execution trace for each feature separately. Fact (3) and

(4) — which represent the commonalities and variabilities
of features and components, respectively — are addition-
ally revealed by applying concept analysis, a sound mathe-
) o ) matical technique to analyze binary relations. Moreover,
Wilde and Scully focus on localizing required compo- the resulting concept lattice reflects the level of feature
nents for one specific feature rather than analyzing CoM-gpecificity of the required components.
monalities and variabilities of related features: For The technique is primarily suited for functional fea-
localizing all required components, the execution trace for yreg that may be mapped to components. In particular
the including input set is sufficient. By subtracting all non-functional features do not easily map to components.
components in the execution trace for the excluding input gq example, for applications for which timing is critical
set from those in the execution trace for the invoking input (because it may result in diverging behavior), the features
set, only those components remain that specifically deal\yg,id also have to take time into account.
with the feature. _ _ _ Note also that the technique is not suited for features
Note that our technique achieves the same effect if onethat are only internally visible, like whether a compiler
adds a usage scenario that only starts and ends the systefises a certain intermediate representation. Internal fea-
immediately. By considering several execution traces for res can only be detected by looking at the source,
different features at a time, components not specific t0 apgcause it is not clear how to invoke them from outside
feature will “sink” in the concept lattice, i.e., will be closer gnd how to derive from an execution trace whether these
to the bottom element. More precisely, recall from Section featyres are present or not.
3.2 that a component, is specific to exactly one feature, The invocation for externally visible features is com-
f, if fis the only feature on all paths frofc) to the top  paratively simple when a graphical user interface is avail-
elemen_t. Start-up and finalization subprograms will hence gp)e (as it was the case in our case study). Then, usually
gather in the bottom element. only a menu selection or a similar interaction is necessary.
~ Our technique goes beyond Wilde and Scully’s tech- | the case of a batch system, one may vary command line
nique in that it also allows to derive commonalities and syjitches and may have to provide different sets of test data
variabilities between components and related features bytg jnvoke a feature. However, in order to find suitable test
means of concept analysis, whereas Wilde and Scully’s gata, one might need some knowledge on internal details
technique only localizes a single feature. The derived of 5 system.

commonalities and variabilities are an import information  Fyrthermore, the success of the described approach

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

to a maintainer who needs to understand the system.  heavily depends on the clever choice of usage scenarios
) and the combination of them. Scenarios that cover too
6. Conclusions much functionality in one step or the clumsy combination

. of scenarios will result in huge and complex lattices that
The feature-component correspondence describes

hich components are reauired to implement a set of are unreadable for humans. Moreover, the number of
whi P qui Impieme . usage scenarios increases tremendously when features are
related features and what are the commonalities and vari-

" combined.

abilities among these set of related features apd compo- - 1o implementation of this technique was surprisingly

nents. The feature-component correspondence is useful simple. In one day, we opportunistically put together a set
1. to identify all components that contribute to a certain of publicly available tools and wrote a single Perl script

feature, (225 LOC in total) for interoperability. A drawback of our
2. to identify all features to which a component contrib- simple implementation is that one has to run the system
utes, for each usage scenario from the beginning to get an exe-



cution trace for each feature. A more sophisticated envi- [4] Graudejus, H.Implementing a Concept Analysis Tool for
ronment would allow to start and end recording traces at  !dentifying Abstract Data Types in C Cadmaster thesis,
any time. University of Kaiserslautern, Germany, 1998.

Our imp'ementation 0n|y counts Subprogram calls and [5] Lindig, C. and Snelting, G., ‘Assessing Modular Structure Of’
ignores accesses to global variables and single statements -€92cy Code Based on Mathematical Concept Analysis',

. : . Proc. of the Int. Conference on Software Engineeripp.

or expressions. It rmght be useful to analyze at a finer 349-359. Boston, 1997.
granularity, in particular when subprograms are inter-
'?avelfi 1.e., dlff(.arednt. strands <|)f Cont;[rol with dlfferel’!tt)liurrc- ftp://ftp.ips.cs.tu-bs.de/pub/local/softech/misc.
t'o.r“"."ty are united in a_ singie subprogram, possibly Tor [7] Koschke, R., ‘Atomic Architectural Component Recovery for
efficiency reasons. For instance, we have found a subpro-"~ pogram Understanding and Evolution’, Dissertation, Institut
gram in our case study that draws different kinds of fiir Informatik, Universitat Stuttgart, 2000,
objects. The function contained a large switch statement  http://www.informatik.uni-stuttgart.de/ifi/ps/rainer/thesis.
whose branches drew the specific kinds of objects. In the[g] Krone, M. and Snelting, G., ‘On the Inference of Configura-
execution trace, this subprogram showed up for all objects  tion Structures From Source Cod€toc. of the Int. Confer-
where in fact only specific parts of it were actually exe- ence on Software Engineeringp. 49-57, May 1994, IEEE
cuted. Computer Society Press.

In our case study, the method provided us with valuable [8] Kuipers and Moonen, L., “Types and Concept Analysis for
insights. The lattice revealed dependencies among features -€9acy Systems', Proc. the International Workshop on Pro-

. . ram Comprehension, IWPC, IEEE Computer Society Press,
for the Xfig implementation and the absence of such gooo. P P y

dependencies, respectively; e.g., the abilities to draw tEXt[lo]Sahraoui, H.. Melo. W, Lounis, H., and Dumont, F. (1997),

and circles/ellipses are widely independent frqm other ‘Applying Concept Formation Methods to Object Identifica-
shapes. Related features were grouped together in the con- tion in Procedural CodeProc. of the Conference on Auto-

cept lattice, which allowed us to compare our mental mated Software Engineering Nevada, pp. 210-218,
model of a drawing tool to the actual implementation of ~ November, IEEE Computer Society.

Xfig. The lattice also classified components according to [11]Siff, M. and Reps, T., ‘Identifying Modules via Concept
their abstraction level, which is a useful information for Analysis’, Proc. of the Int. Confzence on Software Mainte-
re-use; general components can be found at the lower g%r;ic‘;yBa“' pp. 170-179, October, 1997, IEEE Computer
level, specific components at the upper level. {12) '

Whether we can gene.rallze. our resullts to o.ther system Mathematical Concept AnalysisACM Transactions on Soft-
remains to be furthe_r mvestl.gated. In partl_cular, eVen  \are Engineering and Methodology 2, pp. 146-189, April,
though we found this information very useful in our case 1997.
study, itis to be shown by additional case studies and con-(;3jsnelting, G. and Tip, F., ‘Reengineering Class Hierarchies
trolled experiments whether this information really helps a Using Concept AnalysisProc. of the ACM SIGSOFT Sym-
maintainer to understand a system and whether repeatable posium on the Foundations of Software Engineerjpy 99-
results can be obtained with different people. 110, November, 1994.

As future work, beyond further case studies and con- [14]Van Deursen, A. and Kuipers, ‘ldentifying Objects Using
trolled experimentS, we want to explore how results Cluster and Concept Analysis’, Proc. of the International
obtained by the method described in this paper may be Conference on Software Engineering, IEEE Computer Soci-

. . . . ety Press, 1999.
combined with results of additional static analyses. For id g i Softw ) _
example, we want to investigate the relation between the[12Wilde, N. and Scully, M.C., "Software Reconnaissance:
lattice b d d ic inf . d . Mapping Program Features to Cod8bftware Maintenance:
concept lattice based on dynamic information and static  Research and Practiceol. 7, pp. 49-62, 1995.
software architecture recovery techniques.

[6] Lindig, C., Concepts,

Snelting, G., ‘Reengineering of Configurations Based on

[16]Xfig system, http://www.xfig.org.
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