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1 OverviewCon
ept analysis provides a way to identify groupings of obje
ts that have 
ommon at-tributes. The mathemati
al foundation was laid by G. Birkho� [1℄, who proved that forevery binary relation between 
ertain \obje
ts" and \attributes", a latti
e 
an be 
on-stru
ted whi
h allows remarkable insight into the stru
ture of the original relation. Therelation 
an always be re
onstru
ted from the latti
e, hen
e 
on
ept analysis is similar inspirit to Fourier analysis.Later, Wille and Ganter elaborated Birkho�'s result and transformed it into a dataanalysis method [10, 3℄. Sin
e then, it has found a variety of appli
ations, su
h as analysis ofRembrandt's paintings, 
lassi�
ation of algebrai
 stru
tures, and behaviour of drug addi
ts.In 1993, work on the appli
ation of 
on
ept analysis in the area of program understandingand reengineering was initiated. Con
ept analysis has been used for modularization oflega
y 
ode [5, 6, 2℄, �nding interferen
es between 
on�gurations [4, 7℄, and transformationof 
lass hierar
hies [8, 9℄.
2 Con
ept latti
esIn this overview, we will not present the elaborated and beautiful mathemati
al and algo-rithmi
 ba
kground (the interested reader should 
onsult [3℄), but will merely present anexample explaining 
on
ept latti
es.Con
ept analysis starts with a relation, or boolean table, between a set of obje
ts anda set of attributes. As an example, 
onsider the table des
ribing properties of the planetsof the solar system (�gure 1). The 
orresponding latti
e o�ers insight not obvious fromthe original table. In parti
ular,� ea
h latti
e element (
alled a \
on
ept") 
orresponds to a maximal re
tangle in thetable;� the latti
e is however independent of row or 
olumn permutations in the table;
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Earth 

Mars

Jupiter

Uranus

Neptune

Pluto

Saturn

Mercury
Venus

Earth
Mars

Pluto Jupiter
Saturn

Uranus
Neptune

near

no moon

small moon

far

large medium

Figure 1: A table des
ribing properties of planets and the 
orresponding 
on
ept latti
e
� latti
e lements are labelled with attributes and obje
ts;� obje
t o has attribut a in the table if and only if o appears below a in the latti
e;� the latti
e presents a hierar
hi
al 
lustering of obje
ts and attributes;� suprema fa
tor out 
omon attributes, e.g. \Mars and Venus are both near";� in�ma fa
tor out 
ommon obje
ts, e.g. \Pluto is both small and far";� upward ar
s are impli
ations, e.g. \Any planet without moon is also near and small".From a large table, su
h insights are hard to obtain manually. Latti
e 
onstru
tion 
an beexponential in the worst 
ase, but is almost linear in pra
ti
e.

3 Assessing modular stru
turesIn this se
tion, we want to show how 
on
ept analysis 
an be used to assess the modularstru
ture of lega
y 
ode and perhaps modularize old systems. We try to �nd modules inlega
y 
ode by analysing the relation between pro
edures and global variables. Hen
e theobje
ts are the pro
edures of a program, the attributes are the global variables, and thevariable usage table has entry (p; v) if pro
edure p uses variable v.A module 
onsists of a set of pro
edures P and a set of variables V su
h that allpro
edures in P use only variables in V and all variables in V are only used by pro
eduresin P . This de�nition 
aptures the essen
e of information hiding. In the table, a moduleshows up as a maximal re
tangle. This re
tangle, however, need not be 
ompletely �lled{ not every pro
edure in a module uses all module variables, and not all module variablesare used by all pro
edures.
2
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Figure 2: Variable usage table of Modula-2 program (ex
erpt); 
orresponding latti
e la-belling and latti
e stru
ture; prin
ipal latti
e stru
ture for well-modularized programs.
We say that two sets of pro
edures (resp. their modules) are 
oupled if they use thesame global variable(s). Similarly, two sets of variables (resp. their modules) interfere, ifthey are used by the same pro
edure. Although 
oupling via global variables is undesirable,in a reengineering setting 
oupling might be a

eptable if there are nested lo
al modules orpro
edures. Interferen
es however prevent a modularization, as there is a pro
edure whi
huses variables from two di�erent modules { a violation of the information hiding prin
iple.Figure 2 presents the variable usage table for a Modula-2 program from a studentproje
t. The program is about 1500 lines long and divided into 8 modules; there are33 pro
edures whi
h use 16 module variables. The 
orresponding latti
e is horizontallyde
omposable: it 
onsists of independent substru
tures (ea
h for one module), 
onne
tedonly via top and bottom element. Any program sti
king to modularization and informationhiding must generate a horizontally de
omposable latti
e.In 
ase there are only a few interferen
es between horizontal summands, the modularstru
ture is still good (see lower right part in �gure 2). Interferen
es 
an be dete
tedautomati
ally and removed by simple program transformations su
h as en
apsulation ofglobal variables.We examined several lega
y systems written in Fortran and Cobol. One example is anaerodynami
s system used for airplane development in a national resear
h institution. Thesystem is about 20 years old, and has undergone 
ountless modi�
ations and extensions.
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Figure 3: Module stru
ture of aerodynami
s system
The sour
e 
ode is 106000 lines long, 
onsists of 317 subroutines, and uses 492 global vari-ables in 46 
ommon blo
ks. One of the goals of the analysis is to reshape 
ommon blo
kssu
h that ea
h module 
orresponds to one 
ommon blo
k. Several manual restru
turinge�orts had not been very su

essful, so it was de
ided to try 
on
ept analysis.After the variable usage table was built, the latti
e was 
onstru
ted1. It 
ontainsno less than 2249 elements. The number of elements in itself is not the problem (afterall, it is a large program), but unfortunately the latti
e is so full of interferen
es thatit is impossible to reveal any stru
ture (Figure 3). There is no way to make the latti
ehorizontally de
omposable by removing just a small number of interferen
es. We also triedto analyse just parts of the system, with no better results either.Generally speaking, the presen
e of module 
andidates must 
orrespond to some parti-tioning of the variables, and su
h partitionings 
an be found by latti
e de
ompositions su
has horizontal de
omposition. In the example, the overwhelming number of interferen
es1This required 11 se
onds on a Spar
Station20.
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prevents a partitioning and hen
e a modularization. Based on these results, the nationalinstitution de
ided to 
an
el a reengineering proje
t for this system, and develop a new sys-tem from s
rat
h. Thus in this 
ase, the 
on
ept latti
e did not generate a modularization,but served as a quality metri
s.Another approa
h was studied by Si� and Reps [6℄. They not only 
onsider the useof global variables, but also use of types, or the fa
t that a pro
edure does not use avariable or type. A modularization is obtained by �nding latti
e elements whi
h providea partition of the attribute spa
e. Si� reports good results on small C programs. VanDeursen and Kuipers use 
on
ept analysis for analysing re
ords in Cobol programs inorder to identify obje
t 
andidates [2℄; they report good su

ess on a real-life Cobol lega
ysystem. A

ording to van Deursen, it is important to �lter out \obje
ts" and \attributes"whi
h are not appli
ation spe
i�
 (in fa
t, they only analysed re
ords asso
iated withpersistent �le stru
tures). In general, a system 
an be modularized automati
ally only ifit is not too degenerate.
4 Exploring 
on�guration spa
esOur next appli
ation is the analysis of 
on�guration spa
es. We 
on
entrated our e�orts onunix sour
e �les, where variants and versions are often managed using the C prepro
essor
pp.Using 
pp, obje
ts are 
ode pie
es (
onse
utive sour
e line intervals), while the at-tributes are derived from the 
pp expressions governing ea
h 
ode pie
e. Figure 4 presentsa simple example whi
h shows how a 
on�guration table is derived from a sour
e �le. Inthe 
orresponding latti
e, a 
on
ept represents a spe
i�
 
on�guration thread, namely aset of 
ode pie
es sele
ted by the same 
pp expressions. The example latti
e also displaysan interferen
e between two 
on�guration threads, namely a 
ode pie
e governed by twosupposedly independent, or orthogonal, 
pp symbols. Interferen
es show up as in�ma notlabelled with a 
pp symbol. In the example, X win and DOS are { as everybody knows {even mutually ex
lusive, hen
e the interferen
e indi
ates that 
ode pie
e IV is dead 
ode.But governing 
onditions 
an be arbitrary boolean expressions; furthermore, #ifdefsand #ifs may be nested. Thus it is not so obvious what the \attributes" should be. Thehandling of 
omplex governing expressions is explained in detail in [7℄: governing expres-sions are transformed into 
onjun
tive normal form; then additional 
olumns for elementarydisjun
tions and negations are introdu
ed. As an example, 
onsider the right part of �gure4: the latti
e displays an interferen
e between elementary disjun
tions DOSjjX win andUNIXjjDOS. In the sour
e text, it seems that 
ode pie
e II is governed by the simple ex-pression DOS, but sin
e DOS also appears in the governing expression for 
ode pie
e V,there is a subtle interdependen
y between the 
orresponding 
on�guration threads - visiblein the latti
e. In general, a good 
on�guration latti
e is horizontally de
omposable (justas a good module latti
e, see last se
tion). If there are not too many interferen
es betweensublatti
es, they 
an be removed by modi�
ation of the 
pp �les.One of the sour
e �les we analysed was the stream editor r
sedit from the r
s system.
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...I...#ifdef DOS...II...#endif#ifdef OS2...III...#endif#if defined(DOS)&& defined(X_win)...IV...#endif#ifdef X_win...V...#endif...VI...

DOS OS2 X winIII �III �IV � �V �VI
DOS

V

I,IV

X_win

OS2

IV

II

III

#ifdef UNIX...I...#endif#ifdef DOS...II...#endif#if defined(DOS)|| defined(X_win)...III...#endif#if !defined(UNIX)...IV...#endif#if defined(UNIX) ||(defined(DOS)&&defined(X_win))...V...#endif

DOS UNIX DOSjjX
win

UNIXjj
X win

UNIXjj
DOS

I � � �II � � �III �IV �V � �
DOS||X_win UNIX||DOS

UNIX||X_winDOS

III

II I, IV

UNIX||X_win

V

Figure 4: Two simple CPP �les and their latti
es. Disjun
tions 
an 
ause interferen
e.
This program is 1656 lines long and uses 21 
pp variables for 
on�guration management.Its 
on�guration latti
e, together with the labelling of the latti
e elements is shown inFigure 5. The top element C1 represents the 
ode pie
es not governed by anything. Theleft-hand side of the latti
e is quite 
at (C18 to C4) whi
h means that there are many
on�gurations whi
h do not in
uen
e ea
h other. From a software engineering viewpoint,this is desirable, as it indi
ates low 
oupling between 
on�guration threads.There are, however, some interferen
es in the right-hand side. For example, C27,representing sour
e line 1426, is the in�mum of C3 and C26. The latter are labelledhas rename resp. has NFS; has rename has to do with the �le system, while has NFS is
on
erned with the network. These should be independent (transparen
y of the network),but the latti
e reveals that they are not. A look into the sour
e 
ode reveals the following
omment for line 1426: \An even rarer NFS bug 
an o

ur when 
lients retry requests.... This not only wrongly deletes B's lo
k, it removes the RCS �le! ... Sin
e this problema�i
ts s
ads of Unix programs, but is so rare that nobody seems to be worried about it,we won't worry either."
5 Transforming 
lass hierar
hiesRe
ently, we 
ombined 
on
ept analysis with data
ow analysis and type inferen
e in orderto improve obje
t-oriented systems. Our goal is to analyse Java or C++ programs withrespe
t to their member a

ess patterns. We want to infer a transformed 
lass hierar
hywhi
h is semanti
ally equivalent to the original one, but re
e
ts a
tual member a

esses inthe program (in 
ontrast to the stati
 hierar
hy as de�ned in the program text). Te
hni-
ally, for every variable a new type is 
omputed whi
h 
ontains exa
tly the data membersand methods whi
h must be visible to the variable due to its a
tual behaviour. The new
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C1: 1 - 164169 - 179210 - 210238 - 252413 - 427486 - 488532 - 598654 - 659666 - 667674 - 684690 - 691695 - 702708 - 713725 - 727731 - 731747 - 749753 - 754758 - 10491096 - 11211128 - 11421150 - 12281234 - 13161322 - 1328

1347 - 13701377 - 13851396 - 13961401 - 14021406 - 14081419 - 14201434 - 15431549 - 1656C2: !has_setuid1547 - 1547C3: has_rename1424 - 14241428 - 14281432 - 1432C4: !bad_a_rename1394 - 1394C5: !has_prototypes1375 - 1375C6: !has_mktemp1320 - 13201336 - 1345C7: open_
an_
reat1232 - 1232

C8: !has_readlink1125 - 1126C9: has_setuid1545 - 1545C10: (!has_rename OR bad_b_rename)1410 - 1417C11: has_f
hmod1398 - 13991404 - 1404C12: bad_a_rename1387 - 1392C13:1430 - 1430C14: has_prototypes1372 - 1373C15: has_mktemp1318 - 13181330 - 1334C16: !open_
an_
reat1230 - 1230C17: has_readlink1051 - 10941123 - 11231144 - 1148

C18: large_memory254 - 254277 - 400490 - 490608 - 652661 - 661693 - 693715 - 715729 - 729751 - 751C19: !has_memmove258 - 275C20: has_memmove256 - 256C21: !has_NFSC22: !has_rename1422 - 1422C23: 213 - 213C24: (bad_unlink OR has_NFS)181 - 188208 - 208C25: 206 - 206C26: has_NFS204 - 204

C27: 1426 - 1426C28: 215 - 235C29: bad_unlink190 - 193198 - 201C30: 195 - 196C31: !large_memory166 - 167402 - 405410 - 411429 - 484492 - 530600 - 606663 - 664669 - 672686 - 688704 - 706717 - 723733 - 745756 - 756C32: bad_fopen_wplus407 - 408C33:Figure 5: Con�guration latti
e for r
sedit
types are arranged in a new 
lass hierar
hy, obtained as a 
on
ept latti
e. The new hi-erar
hy is usually more �ne-grained, indi
ating that the old 
lasses may be splitted orrefa
tored. Average obje
t size has usually de
reased, hen
e the approa
h 
an also be
onsidered a hyper-agressive spa
e optimization. The program statements are un
hanged!The method is quite 
omplex, and the interested reader 
an �nd details in [8, 9℄. Asan example, 
onsider �gure 6. A small 
lass hierar
hy is presented together with a mainprogram using it. The upper right table summarizes all member a

esses o

uring in thesour
e text. \Obje
ts" are all variables and pointers from the program, in
luding thispointers. \Attributes" are all data members and methods from the program. Note that a
onservative approximation for dynami
 binding must be used during table 
onstru
tion,sin
e the exa
t target of a method 
all is unknown at analysis time. This approximation isa
hieved via points-to analysis (an analysis whi
h for every pointer 
omputes a { hopefully
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lass A fpubli
:virtual int f()f return g(); g;virtual int g()f return x; g;int x;g;
lass B : publi
 A fpubli
:virtual int g()f return y; g;int y;g;
lass C : publi
 B fpubli
:virtual int f()f return g() + z; g;int z;g;

int main()fA a; B b; C 
;A *ap;if (...) f ap = &a; gelse f if (...) f ap = &b; gelse f ap = &
; g gap->f();return 0;g
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a

dcl(A::x)

b ac

def(B::g)

dcl(A::f)

dcl(A::g)

*ap

dcl(B::g)

def(A::f)

dcl(C::z)
def(C::f)

dcl(B::y)

def(A::g)

Figure 6: Sample C++ program; initial member a

ess table and tables after propagatingassignment and dominan
e type 
onstraints; �nal latti
e.
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gnu.regexp.REToken gnu.regexp.RESyntaxgnu.regexp.CharIndexed

Figure 7: Original 
lass hierar
hy for \jEdit".
def(gnu.regexp.RESyntax.get)
dcl(gnu.regexp.RESyntax.get)

gnu.regexp.RESyntax.bits

dcl(gnu.regexp.REToken.setUncle)
def(gnu.regexp.REToken.next)
dcl(gnu.regexp.REToken.next)

dcl(gnu.regexp.REToken.match)
gnu.regexp.REToken.m_uncle

gnu.regexp.REToken.m_subIndex
gnu.regexp.REToken.m_next

dcl(gnu.regexp.REToken.getMinimumLength)
def(gnu.regexp.REToken.dumpAll)
dcl(gnu.regexp.REToken.dumpAll)
dcl(gnu.regexp.REToken.dump)
def(gnu.regexp.REToken.<init>)

dcl(gnu.regexp.CharIndexed.move)
dcl(gnu.regexp.CharIndexed.isValid)
dcl(gnu.regexp.CharIndexed.charAt)

Figure 8: Transformed 
lass hierar
hy for \jEdit".
small { set of obje
ts it 
an point to at runtime). There are also some subtleties in
onne
tion with 
lass-typed data members, nonvirtual methods and this pointers, whi
hwill not be explained here.The original program generates several type 
onstraints whi
h are essential for programbehaviour. For example, in any assignment the type of the left-hand side must be asuper
lass of the type of the right-hand side. Su
h 
onstraints are in
orporated into thetable in form of impli
ations [3℄. Impli
ations are indi
ated as arrows between rows in theupper right table in �gure 6; an impli
ation from row x to row y means that all entriesin x must be 
opied to y and will enfor
e x � y in the latti
e. Furthermore, 
ertain sub-/super
lass relations must be retained in order to preserve visibility properties of memberswhi
h have been rede�ned in sub
lasses. The latter 
onstraints are more 
omplex todetermine; they are indi
ated as impli
ations between 
olumns in the lower left table. A�x-point iteration applies impli
ations until the table has stabilized, and �nally the 
on
eptlatti
e is 
omputed.The resulting latti
e 
an dire
tly be interpreted as a 
lass hierar
hy: latti
e elements are
lasses, \attribute labels" are 
lass members, and \obje
t labels" are 
lass-typed variables.We have proven that the new hierar
hy is operationally equivalent to the old hierar
hy.But usually it 
ontains more 
lasses, and obje
ts are smaller. In the example, we see thatb does not a

ess A::f and A::x, and 
 does not a

ess any of A's original members. Hen
ethe new types of b resp. 
 are not a sub
lass of the new type of a anymore, resulting in
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dcl(gnu.regexp.REToken.setUncle)
def(gnu.regexp.REToken.next)
dcl(gnu.regexp.REToken.next)

dcl(gnu.regexp.REToken.match)
gnu.regexp.REToken.m_uncle

gnu.regexp.REToken.m_subIndex
gnu.regexp.REToken.m_next

dcl(gnu.regexp.REToken.getMinimumLength)
def(gnu.regexp.REToken.dumpAll)
dcl(gnu.regexp.REToken.dumpAll)
dcl(gnu.regexp.REToken.dump)
def(gnu.regexp.REToken.<init>)

def(gnu.regexp.RE.toString)
def(gnu.regexp.RE.setUncle)

def(gnu.regexp.RE.match)
dcl(gnu.regexp.RE.match)

gnu.regexp.RE.m_numSubs
gnu.regexp.RE.lastToken

def(gnu.regexp.RE.getMinimumLength)
gnu.regexp.RE.firstToken
def(gnu.regexp.RE.dump)
dcl(gnu.regexp.RE.dump)

def(gnu.regexp.RE.getMinMax)
dcl(gnu.regexp.RE.getMinMax)
def(gnu.regexp.RE.addToken)
dcl(gnu.regexp.RE.addToken)

def(gnu.regexp.RE.<init>(java.lang.Object,int,gnu.regexp.RESyntax,int,int))

def(gnu.regexp.RE.getNumSubs)
dcl(gnu.regexp.RE.getNumSubs)

def(gnu.regexp.RE.chain)
dcl(gnu.regexp.RE.chain)

def(gnu.regexp.REToken.setUncle)

def(gnu.regexp.RE.getMatchImpl)
dcl(gnu.regexp.RE.getMatchImpl)

def(gnu.regexp.RE.getMatch(java.lang.Object->gnu.regexp.REMatch))
dcl(gnu.regexp.RE.getMatch(java.lang.Object->gnu.regexp.REMatch))

def(gnu.regexp.RE.getMatch(java.lang.Object,int,int->gnu.regexp.REMatch))
dcl(gnu.regexp.RE.getMatch(java.lang.Object,int,int->gnu.regexp.REMatch))

def(gnu.regexp.RE.getMatch(java.lang.Object,int,int,java.lang.StringBuffer->gnu.regexp.REMatch))
dcl(gnu.regexp.RE.getMatch(java.lang.Object,int,int,java.lang.StringBuffer->gnu.regexp.REMatch))

def(gnu.regexp.RE.<init>(java.lang.Object,int,gnu.regexp.RESyntax))

org.gjt.sp.jedit.gui.HyperSearch.doHyperSearch().<#15>

def(gnu.regexp.REToken.chain)
dcl(gnu.regexp.REToken.chain)

def(gnu.regexp.RE.substituteImpl)
dcl(gnu.regexp.RE.substituteImpl)

def(gnu.regexp.RE.substitute(java.lang.Object,java.lang.String->java.lang.String))
dcl(gnu.regexp.RE.substitute(java.lang.Object,java.lang.String->java.lang.String))

def(gnu.regexp.RE.substitute(java.lang.Object,java.lang.String,int,int->java.lang.String))
dcl(gnu.regexp.RE.substitute(java.lang.Object,java.lang.String,int,int->java.lang.String))

org.gjt.sp.jedit.jEdit.getRE(->gnu.regexp.RE).<#1a>

def(gnu.regexp.REToken.getMinimumLength)

def(gnu.regexp.RE.<init>(gnu.regexp.REToken,gnu.regexp.REToken,int,int))

Figure 9: Refa
toring proposal for regular expression subhierar
hy.
redu
ed spa
e requirements for obje
ts b resp. 
.Instead of dis
ussing more details of this powerful analysis method, we would like to
on
lude with a realisti
 example. The \jEdit" text editor (
a. 9000 LOC) uses a Javareimplementation of the GNU regular expression library, and we will now show how ourmethod generates restru
turing proposals for this library. Figures 7 and 8 present the orig-inal and the transformed 
lass hierar
hy, as displayed by our implementation KABA. Mostof the 
lasses are just reprodu
ed by KABA, indi
ating that the original 
lass stru
turewas good.But there is a subhierar
hy \gnu.regexp.REToken" whi
h implements regular expressionsear
h. The transformed regular expression sear
h is mu
h more �ne-grained (�gure 9);for example, KABA dis
overs a distin
tion between \regular expression sear
h withoutsubstitution" and \regular expression sear
h with substitution". Note that the latti
edisplays the �nest possible splittings and refa
torings of 
lasses a

ording to a
tual programbehaviour. For reengineering purposes, the latti
e should therefore be simpli�ed in orderto re
e
t software design prin
iples. Semanti
s-preserving simpli�
ations based on thestru
ture theory of 
on
ept latti
es are dis
ussed in [9℄.
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