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Abstract

This paper proposes a method to restructure the archi-
tectural source code files organization. The method exploits
concept analysis and is based on the extraction of compil-
ing, linking and inclusion dependencies.

The method was applied to public domain and freely
available software systems developed with C programming
language.

Results presented and discussed in the paper are encour-
aging: the method was always able to identify, for ea
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In other words, cross-directories dependen-
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to highlight such dependencies. It can be decomposed into
thy€e sequential steps. The first step was inspired by the
Work [16], it accomplishes with different tools to the same
purpose: main modules are identified and by performing the
transitive closure of modules dependencies compilable units
are recovered. The subsequent steps are semi-automatic
steps: concept analysis is exploited to infer a new architec-
tural organization clustering modules together. More pre-
cisely, the second step reorganizes files into library, while
the third step defines a new directories organization.

The method was applied to public domain and freely
available software systems developed with C programming
language; the systems were chosen to constitute an Oracle:
the systems and their organizations were well known to the
authors.

The legacy system situation was mimicked by flattening




out, when present, the directory organization (all files were
placed in a common directory). In other words, the worst
case situation, where all information were lost, was arti-
ficially obtained. By qualitatively comparing the new li-
braries and directories organization with the original one,
a measure of the method performance was achieved. In
the experimentation, since C does not have a construct to
identify modules, it was assumed a correspondence between
files and modules.

Results presented and discussed in the paper are encour-
aging: the method was always able to identify, for each ex-
ecutable (i.e., main), all the other required modules to suc-
cessfully compile a working system. Moreover, the candi-
date libraries retrieved by the method almost always match
the actual as is libraries. Finally, the directories organiza-
tion was judged very effective even if different from the
original one.

The remainder of the paper is organized as follows. First,
basic concept analysis notions are summarized for the sake
of completeness. Then, Section 3 introduces the proposed
method. Section 4 presents the case study, followed by a
discussion of the obtained experimental results. Then, Sec-
tion 3 describes the tool support adopted. The conclusion
section summarizes lesson learned and outlines foreseeable
research directions.

2. Background Notions

Concept Analysis (CA) is a mathematical tool that al

lows to identify groups of objects having common

proved the possibility of construction of a lattice starting
from binary relations between a set of “objects” and their

is the set of common objects.
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e following the term module will be used to indicate
e containing source code while the term object, if not
gifferently stated, identifies a file containing object code.
Moreover, the term executable will be used to refer the re-
sult which is obtained through the compilation and the link-
ing of a main module (i.e. the module containing the main
function) with all the other required modules and libraries
(i.e. all the files defining symbols used, directly or transi-
tively, by the function main). Finally, it is assumed that a
system is composed by several executables.

As shown in Fig. 1, the method is based on three se-
quential steps:

1. Executables ldentification and Module Dependencies
Detection: the main module of each system executable
is detected; modules and external libraries required to
produce each executable are identified,;
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Figure 1. Main blocks of the prosgss

2. Clustering Objects into Libraries: files containifig Qb- the file containing definition of the main func-
ject code linked to build several executables are\clus Re-qbject file of each executable main module
tered into libraries, (the libraries identified in this Ytep is analyzed,.and the Tist,of unresolved symbols is retrieved.
will be referred in the following as internal libraries) Thesg'sypibols arereelrsively resolved, searching the defi-

3. Directories Organization, the source code files (e.g. .c
and .h, or .java) are organized into g.rew directory hi-
erarchy.

system described by Table thixd-part libraries).

example is based on an hypg . .
; Executable | Objectsrequired
exel f1, f12, 5, i1, fi2, f13
exe2 2, f12, 23, 16, fi1, fi2, fi3
exe3 3, 123, 17, fl1
exed 4,8, fil

Table 1. Objects needed to build each exe-
cutable

3.2. Clustering Objects into Libraries

By analyzing the lists of objects linked to produce exe-
cutables, hints on potential libraries can be gained. The goal



of this step is to identify sets of objects linked by several ex-
ecutables. To cast library identification into a CA problem
a context has to be specified. In the proposed approach, the
set of objects corresponds to the set of executables, the set
of attributes is obtained by collecting the set of object files.
The binary relation is represented by the is-required-to-link
relation.

The library identification process was based on the ob-
servation that object files listed into nodes close to the top
(or listed in the top itself) are used by many (all) executa-
bles. Therefore, nodes near to the top are to be considered
good candidates for the creation of a library. For example,
the object fl1 in Table 1, being used by all executable, is
a candidate for a library; furthermore, fl2 and fI3 are used
by exel and exe2, so they also could be clustered into
a different library. In some cases, the clusterization into a
library of a large number of object files used by few exe-
cutables may be convenient. This requires the analysis of
the nodes near the bottom.

Like many other CA approaches [13, 12] to software
reengineering problems, this step is semi-automatic: while
the construction of concept lattice is performed automati-
cally from results of the previous step, lattice analysis re-
quires a manual inspection to verify the usefulness of the
candidate libraries. Once candidate files to build libraries
are identified, each object file is assigned to a library ac-
cording to the node position in the lattice (i.e., dept
traversal). This avoids assigning a file to more than @nei-
brary.

3.3. Directories Organization

ThIS step takes as mput the results produced by the two

code files (|.e. .c and .h files) are
makefile produced by the first st
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c0 oY {T1, T2, 14, 5.4 17, 8112, 123}
cl el TN \{fL 5 R}
YRVAC N {6, 112, 1253/

3| / foxe3) N\ (P 77, 23]

c4 {{exe4} \ {f4f8}

c5 N{exeIexe2, exe3} | Ko}

c6 | Nexel xe2} | ff12}

c7 {exel exe3X_ /  /{f23}

The directories organization of the remaining modules
(i.e. the .c and .h files not required to produce the .o files
clustered into libraries) follows an executables perspective.
As above, the set of objects corresponds to the set of exe-
cutables, while the set of attributes is obtained by collect-
ing the .c and .h files. The binary relation is represented by
the is-required-to-compile relation (information recovered
by step 1 and 2).

Table 2 reports the concepfs rgfrieved by the concept
analysis algorithm for the ruphing’example of Table 1.

The procedure used tg/derife the directories organiza-

shared by c2/and£6). Common attributes are rTegnovey from
all the copfcep#$ having a set of objects with a Cardinality
equal to/one/ Giving raise hat we called “pruned con-
cepts/. Table 3 reports the ppdned concepts corresponding
to ¥abl

// Concepts

Id"| /Objects Attributes
Nexel] [fL, 5]

c2 R { X2} (72, 6}

c3 | Nexe3N [ {f3,f7}

c4 {exeg) { 4, 18}

c6 | {exel, exe2} { f12}

c7 T{exg2, exe3} {f23}

aple 3. Sample Example:
uning Common Attributes

Concepts After

{erarchy with 2 levels of directories is created. A
directpfy is created for each pruned concept: the directory
ontent is defined by the attributes set of the pruned concept
i£. the set of .c files grouped by the leaned concept), while
e directory hierarchy level depends on the cardinality of
the pruned concept objects set (i.e. the set of executables
grouped by the pruned concept).

The directories belonging to the first level are obtained
by the pruned concepts having a set of objects with a car-
dinality exactly equal to one. In fact, such concepts group
for each executable the maximum number of .c file required
exclusively to compile that executable. It is worth noting
that the procedure always creates a number of first level di-
rectories equal to the number of executables. In fact, there
will always be a pruned concept having a set of objects with
cardinality equal to one for each system executable, due to
the main module.

In the running example, four first-level directories, see



figure 2, are created starting from Table 3: di r - exel,
dir-exe2,dir-exe3anddir-exe4.

The directories belonging to the second level are created
taking into account the pruned concepts having a set of ob-
jects with a cardinality greater than one. Such concepts cap-
ture an important class of information: they actually group
the maximum set of executables requiring for the compi-
lation the same set of .c files. In other words, such con-
cepts highlight cross-directory/cross-sub-system dependen-
cies. For example, the concept c6 highlights that the com-
pilation of both exel and exe2 requires the file f12. In this
case a physical directory, di r - exel_exe2, is created into
di r-exel and it is symbolically linked to di r - exe2.
The directory di r - exel_exe2 will contain the file f12
(see Figure 2).

Finally .h files are organized: in each first level direc-
tory previously created a subdirectory, named i ncl ude is
added. The i ncl ude subdirectory will hold all the .h files
directly included by the source files contained in the first
level directory.

It is worth noting that whenever a .c or a .h file is required
by several directories it will physically be contained in one
only directory, then a symbolic link will be created to all the
other directories requiring it.

’ dir-exel }—‘

7
7
’
7

’ dir-exe2 H dir-exe2_exe3 ‘

’

dir-exel exe2

7
/

dir-exe3 % ’

(http://lwww.hughes.com/au).

The first generation product, i.e. mSQL 1.0, was de-
signed to provide high speed access to small data sets using
very few system resources on an average UNIX worksta-
tions. mSQL 1.0 has been available in various forms since
June 1994 and has undergone many enhancements to be-
come a very popular and stable database. Mini SQL 2.0.X
is the evolution of the mSQL 1. abase system; mSQL
2 goes beyond the initial desig’gops of mSQL 1 and pro-
vides functionality suited to Jargef applications. Moreover,
mSQL 2.0.X is bundled with \W3-mSQL 2.0.X, the second
generation WWW interféce packege. The new W3-mSQL

System /S KLOC [ #.c | #.h N\ Exedufables
Samba 14.08/ 30 25 | 11

Samby2.05/ | 145 | 211 | 38
msglL1gl6 | 18 |33 | 14 6

méQLZ08 | 54 /| & | 42 12

uns on Unix and other operat-
ly to share resources between Unix-based

rvice announcement (browsing). Moreover, Samba
cojnes with a variety of utilities. The most commonly used
ilities are: snbcl i ent asimple SMB (Server Message
Block, a protocol for sharing general communications ab-
stractions such as files, printers, etc.) client; nnbl ookup
a NetBIOS name service client, and swat which is the
Samba Web Administration Tool, it allows the configura-
tion of Samba remotely, using a web browser.

5. Tool Support

A Perl script was developed to support the reconstruc-
tion of the the system makefile; it uses the nmUnix utility
to identify both the defined and undefined symbols used by
each .o file. The script takes as input the .o file contain-
ing the main function and it begins to extract unresolved



mSQL 1.0.6 mSQL 2.0.8

Defined | Objects | Libraries | Defined | Objects| Libraries

symbols | to link tolink | symbols | to link to link
mSQL 61 2(2) 1(1) 65 4 (4) 1(1)
mSQLd 110 9(9) 2(2) 140 26 (23) 1(1)
mSQLadmin 88 9(4) 2(2) 62 33 1(1)
relshow 87 9(3) 2(2) 57 3(3) 1(1)
insert_test 45 2(2) 1(1) 52 3(3) 1(1)
select_test 45 2(2) 1(1) 52 3(3) 1(1) >
mSQLdump 89 9(4) 2(2) 60 33 1
mSQLimport - - - 62 3(3) Q)
mSQLexport - - - 55 3(3) 1
lite - - - 164 41 (19) 22
w3-msql - - - 147 41 (2 2)
w3-auth - - - 59 5 //?&\

symbols; it continues recursively, analyzing all the other .0 i " i gieach executable the following
files in the same directory, resolving some symbols and, at i jfied ¥ i hown:

the same time, finding new unresolved symbols. Finally,

the script searches for libraries into directories specified in - efined symbols; and

a configuration file to resolve remaining (unresolved) sym- ]
bols. The output produced is represented by the list of .0 en 6dules required for a successful com-
files and libraries that have to be linked to the .o file contain- pilation kg, in parenthesis is reported such
ing the function main to obtain an executable application. , S ®( by the original system Make-

A CA tool was developed using the Java progranpfiing
language. The tool was used to identify both candig
braries and directories organization. The tool takes as\np
an objects/attributes matrix and produces a textual lattice
representation. The lattice representation can be convertyd
in dot format using a Perl script and then lattice can b
displayed and navigated using a dot file viewer, like At&T

orth noting that all the modules and the libraries nec-
Dotty.

ry for a successful compilation and linking were always

6. Discussion Tablegs 5and 7 highlight that both the analyzed systems
gdring the time, dramatic changes. The changes im-

To validate the proposed ented on both the systems added new functionalities
tion was mimicked by diggegarth i i i ipfproved existing features and reorganized systems archi-

zation (all files were placed in tecture. However, such a reorganization for mSQL required
study software systems. 15 versiogs of S 4 9. a decreasing of the modules that each executable has to link,
to 1.9.08 and from 2.0.0 to 2.0. 5) and { while for Samba the reorganization implied an increasing of
(from 1.06 to 1.08-r . . NS ) the linked modules.
The results obdined dh ith As can be seen in Table 7, the number of objects used
family (twg/versf ilyN i to build Samba 2.0.5 applications is usually smaller than
two versjdn Nee. DN. 9. the retrieved from the Makef i | e. This happens because
considegredfo be members of the sar\e family), for this rea- whenever a symbol defined in a library is needed, devel-
s0n 3 ily, is discussed opers linked the entire library (composed by several ob-
in this segtion: ntative of the en- ject files), even if an unnecessary larger executable was ob-
tire versionsfamilys main features of tained. On the contrary, the proposed method takes into
the software sy account only objects effectively needed to resolve symbols.
Tables 5 and gach fepresentative system, The second step is related to identifying internal libraries

the results obtained byNapplying gtep 1 of the reorganiza- through the clustering of object files. The application of this



step on mSQL 1.0.6 identified a candidate library: the ob-
jects | i bnBQL. o0 and net . o are used in all the executa-
bles. It is worth noting that such objects have been actu-
ally organized in a library by the original developers. An-
other candidate library was found within mSQL 1.0.6: in
fact nSQL_l ex. 0, nBQL_yacc.o, nSQ._proc. o,
acl .o, regexp.o, nBSQ.db. o are used by nmBQL-
dunp, relshow, nSQLadni n and nBSQLd. How-
ever, developers did not build a library with that files even
if it could be convenient: four over seven executables used
those objects.

In mSQL 2.0.8 three candidate libraries were identified;
two of these, Li b1 and Li b2, are quite similar respectively
toli brmsqgl and i bl it e created by developers.

mSQL 1.X and 2.X developers clustered r egexp. o
andr egsub. ointol i br egexp. a; however, this library
is needed only by one executable in mSQL 1.X and by three
executables in mSQL 2.X. Thus, | i br egexp. a was not
highlighted as a “candidate” library by the search heuristic.
A complete comparison between extracted libraries and real
libraries is shown in Table 6.

RETRIEVED LIBRARIES REAL LIBRARIES
Libl Lib2 Lib3 libmsqgl liblite libregexp
net parser tmpnam net parser regexp
confi g symtab regexp confi g symtab regsub
libmsql code-gen sort libmsql code-gen
code-sim regex tmpnam | code-sim
extern debug time extern
lib strtoul lib
modules distinct types
mod_w3msg| msgldb ferypt Y
regsub avl_tree
auth sysvar
mod_std time
mod-msql index
mod_lite msgl _yacc
table
funct
lexer N
cra
acl
msql_proc
select
msql_lex
types

Table 6. mSQL 2.0.
libraries (.o files)

be clustered in a Iiscary.

Samba 2.0.5 was the most complex system among the
analyzed ones. Figure 3 shows the concept lattice produced
by applying the second step to such a software system: two
candidate libraries could be identified, the first one of which
is used by all executables. A comparison between retrieved
libraries and libraries built by developers is shown in Table
8. It can be stated that:

e For Lib2, there is both a gbod
recall [5];

precision and a good

e For Libl, while the grecigion is 100%, the recall is
above 65%.

Figure 3. Samba 2.0.5 objects lattice

The original directories organization * implemented by
both Samba and mSQL developers follows the de-facto
Linux standard directories organization: separate directo-
ries are created for include files, applications source code,

1samba 1.9.08 had a completely fit structure: all the fi les were con-
tained in one only directory




Samba 1.9.08 Samba 2.0.5

Symbols | Objects | External Symbols Objects External
to to to to

defi ned link link defi ned link link
smbclient 150 12 1(0) 264 30 (50) 1(0)
smbd 384 17 (17) 1(1) 287 101 (120) 2(2
nmbd 130 2(3 1(1) 260 61 (75) 1(1)
nmblookup - - - 183 22 (49) 1(1)
rpcclient - - - 231 61 (81) 1(1)
smbpasswd - - - 198 44 (74) 1(1)
smbstatus 116 4(5) 1(1) 189 21 (44) 1(1)
smbrun 11 0(0) 1(1) - - -
swat - - - 238 50 (86)
testparam 119 5(6) 1(1) 194 19 (39)
testprns 103 4(4) 1(1) 166 20 (42)
make_printerdef - - - 158 18 (39)
make_smbcodepage - - - 157 18 (39)

Table 7. Samba module dependencie

RETRIEVEDLIBRARIES | REAL LIPRARIES ganization preposgd matched the actual ones For xample,
charcnv namequery charcnv namequery the origing¥V'Saba 2.0.5 developers placed the\c files re-
ngn?? iblh ignﬁ'r‘ nmolib lated to #'exp swat, snbd and r pc-
util fi le smberr util file smberr cliep direcrories. In this case there is
j‘;}%’i‘gt'f smoerch/pe jp!mf SmoerCh/pt a per € begveen the .c files contained in
util _sock clientgen util _sock clientgen Sué . he .c files contained in the 4 di-
dg;fﬁ'g's pwd cache "325325 . cache rectorie - ethod and associated to those 4
util_str netmask util_str passchange executable ther hand mSQL developers, for both
”Se;‘ifme getsmbpass “Sﬂ‘i?me the analyzed grsions, concentrated almost 50% the
md4 md4 source code related to thexgystem executables in a single di-
e e icular, for mSQL 1.0.6. all
genrand genrand aq 14 the system executables were
get;ilg;)& . In mSQL 2.0.8 such a directory
interface flles related to 9, on a total of 12,
”;i‘gials: : is_cage the retrieved directories organiza-

replace i ifférs from the actual one.
ever, redefining the directories organization aims
mly to highlight cross-directory/cross-subsystem depen-
ies and, even when it differs from the original one, it is
s effective. In particular, highlighting dependencies
by helpful for software systems frequently evolved

Table 8. Samba 2.05 retrieved librgfies vs.

real libraries (.o fil

. when a system executable has to be modified the sug-
gested directories organization allows the quick iden-
tification of the source code files of the executable;

. grouping together source code files shared by differ-
ent executables may help to avoid undesired side ef-
fects due to source code modifications. In other words,
whenever a source code file is modified, the suggested
directories organization highlights all the executables
potentially impacted by such a modified file.

7. Related Works

An overview of CA applied to software reengineering
problems was shown by G. Snelting in his seminal works



[11], where he used CA in several remodularization prob-
lems such as exploring configuration spaces(see also [6] ),
transforming class hierarchies, and remodularizing COBOL
systems. In [13] Kuipers and Moonen combined CA and
type inference in a semi-automatic approach to find objects
in Cobol legacy code: once candidate classes are extracted
from a legacy system, they can be refined by manually ma-
nipulating the concept lattice. Another semi-automatic ap-
plication to find object into COBOL system was presented
in [12]. CA and a vector space approach were applied to
the same COBOL system and results compared.

We share with [6, 11, 13, 12] the general idea to apply
CA to program understanding and reengineering. As in [6,
13, 12] we believe that with the present level of technology
a programmer-centric approach is required: the user is left
in charge to choose the proper remodularization based on
his/her knowledge.

The need of a human intervention may be reconducted to
the size of the concept lattice, the number of nodes, links (in
other words the number of discovered relations). The prob-
lem of redundant information returned by a concept lattice
was illustrated by Anquetil [1] where he proposed meth-
ods to prune the lattice. Another approach for extracting
significant information from a concept lattice was proposed
by Siff and Reps [8], where they exhibit an algorithm to
recover partitions from a concept lattice. Our paper applie
CA to identify libraries and reorganize the directory\strtx
ture of software systems developed with C programxpi
language. We experienced the same information overf

the lattice starting from the top node: libraries are likely to
be group of files close to the top concept.

our approach does™
as preliminary step.

8. Conclusions

A method to reorganize source files into libraries and di-
rectories has been presented. The method recovers an archi-
tectural source code files organization analyzing compiling,
linking and inclusion dependencies and using a cluster tech-
nique such as CA. The method has been applied to software
system written with the C progrgmmjing language. The re-
sults obtained are encouragingy/it was always possible to re-
construct the Makef i | e tgfengfate the executables of the
analyzed systems, moreoyer tHg candidate libraries identi-
fied matches the actua ysiem lib ry; finaIIy, the new di-
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