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Abstract logic and first-order logic with counting quantifier. In this
paper, we use a semantics of first-order logic formulation
UML (Unified Modeling Language) is the de facto stan- since it is easier for us to consider the translation from this
dard model representation language in software engineer- semantics to a logic program. Berardi et al. showed that
ing. We believe that automated contradiction detection and inconsistency in a UML class diagram corresponds to in-
repair of UML become very important as UML has been consistency in a description logic formula translated from
widely used. In this paper, we propose a debugging sys-the diagram, and used an existing description logic theorem
tem using logic programming paradigm for UML class dia- prover to check consistency. However, in their framework,
gram with class attributes, multiplicity, generalization rela- they can only detect inconsistency in a UML class diagram,
tion and disjoint relation. and cannot explain which part is the cause of inconsistency
We propose a translation method of a UML class dia- whereas this paper considers not only contradiction detec-
gram into a logic program, and using a meta-interpreter we tion but also minimal recovery of UML class diagrams.

can find (Set'inCIUSion'based) minimal sets of rules which In this paper, we translate a UML class diagram into a

leads to contradiction. Then, we use a minimal hlttlng set |Ogic program in order to check inconsistency directiy_ It

algorithm developed by one of the authors to show minimal turns out by our previous results [9] that, for the restricted

sets of deletion of rules in order to avoid contradiction. class of UML class diagram with class attributes, multiplic-
ity, generalization relation and disjoint relation, only multi-
plicity mismatch and violation of disjointness lead to con-

1 Introduction tradiction. Therefore, all we have to do is to check whether
these cases happen and this gives an efficient checking of

UML [12, 6] is a model representation language used in a contradiction detection.

design of software system and has been widely used in soft- We believe that well-developed compilation techniques
ware industry and now considered as the de facto standardf l0gic programming help to get an efficient implementa-
|anguage for software modeiing_ To make software devel- tion. Moreover, by atta.Ching an annotation (rule nUmber) to
oped by UML more reliable, we believe that a formal ap- rulesinlogic programming, we can use a meta-interpreter to
proach for verification of the consistency of UML diagrams detect which rules are blamed for inconsistency. Our trans-
and repair of inconsistent UML diagrams become of much lation actually has one-to-one correspondence between each
importance as UML is applied to more complex systems.  fule and a part of the diagram, so we can directly point out
This paper is toward this direction of research. We con- the blamed part in the UML diagram itself.
sider automated contradiction detection and minimal recov-  Then, using inconsistent rule sets, we can show a pos-
ery of UML class diagrams which consist of class attributes, sible candidate of deletion of rules to avoid contradiction.
multiplicity, generalization relation and disjoint relation. In We have already proposed various methods of formalizing
order to reason about contradiction, we firstly need a rig- minimal update for software requirements represented as a
orous semantics of UML class diagrams. We follow the logic program [13, 14, 15, 16]. This minimal update corre-
works of Berardi et al. by [2, 3, 4] where they define a sponds to computing maximal consistent set of rules from
semantics of UML class diagrams in terms of description augmented requirements with a new requirement.



The above methods mainly concern computing maximal V(e (x) — c(x)), ... ,Va(en(z) — c(z))
consistent set of a logic program directly without computing
a cause of contradiction. In this paper, however, we have in- e Meaning of disjointness between classes . ., ¢, is

formation about contradiction set of rules by contradiction shown by the following formula.
detection and we use this information to get a set-inclusion-

based minimal deletion of rules in the current logic program Va(ci(x) — —cip1(z) A A ey (x))
as follows. In order to avoid contradiction, it is sufficient to forie{1,...,n—1}

delete one rule from each inconsistent set of rules. However,
this deletion might not be minimal since we could delete the The inconsistency of a UML class diagram is defined as
same rule from multiple inconsistent sets. To avoid this re- inconsistency of the above translated formulas plus an exis-
dundant deletion, we compute a minimal hitting set for each tential formuladz(c(z)) for every class.
inconsistent sets (a minimal set which has a common ele-
men'F \{vith egch inconsistent sgt). We use a new algorithm3 Translating Counting Quantified Formula
of minimal hitting set computation proposed by one of the . .
authors [17] which is very simple and efficient in an average Into Logic Program
case.
Then, thanks to one-to-one correspondence between a We translate a classwith an attributea/i..j]: ¢ into the
rule and a part of a UML class diagram, we can point out following rules in logic programming.
which part of a UML class diagram should be deleted on  t(f -a(X)) - c(X).

the diagram directly. at least(f _a(X), 7) :- c(X).
The structure of the paper is as follows. We firstly give (wherei > 0)
a semantics of UML class diagram in terms of first-order ~ contradiction :-
logic with counting quantifier according to [9, 3]. Using c(X), at _least(f _a(X),l), J<l.
this semantics, we provide a sound and complete transla- (Wherej # )

tion method from a UML class diagram to a |Ogic program wheref _a is a Skolem function for an attribute which
in order to check consistency. Then, we provide a methodeXxpresses a function which maps an elemgnof classc
to compute minimally updated UML class diagram using to an element of the attributeand a predicatat _least

minimal hitting set computation. We also show an example expresses the minimum number of elements ofith re-

how such contradiction finding and minimal recovery are SpecttoX andcontradiction expresses contradiction.
represented in our imp|emented System_ Intuitive meaning of the above rules are as follows:
. . e The first rule means that iX is an instance of class
2 Semantics of UML Class Diagrams by then the attribute of X is in the class.
First-Order Logic with Counting Quanti- S
fiers e The second rule means that\fis an instance of class

¢, then the minimum number of instances of attribute

. . . . f X is at least.
We give a semantics of UML class diagrams in terms of @0 S atleast

first-order logic with counting quantifiers according to [9, e The third rule means that i is an instance of class
3]. and the minimum number of instances of attribwiaf
X derived from some rules must be less than or equal

e Let c and¢ be a classg an attribute and:..j] a mul- . o
“ ¢..j] to j. (Otherwise contradiction occurs).

tiplicity. Classc with an attributes|i..j]: ¢t has the fol-

lowing semantics: If ¢ is a generalization of classes, ..., ¢,,, we give the
following translation.
Vavy(c(z) — (a(z,y) — t(y))) oX) - ¢ 1(X)

Va(e(z) — Ixiz(a(z, 2))) -
VZ‘(C(Z‘) — ngz(a(377 Z))) X) | X)
C - C 5 .

whereds;z and3<;z are counting quantified variables The disjointness between classss. .., ¢, are trans-
and 3>;z(3<,z respectively) means that there exists lated as follows.

some elements whose cardinality is more than or Foreveryi=1,...,n—1,

equal toi (less than or equal tprespectively). contradiction :- ¢ {(X),c i1 (X).

e A classc generalizing:y, ..., ¢, is captured by the fol- :
lowing formula. contradiction :- ¢ (X),c L(X).



We add the following fact for every class e The third rule means that to solve a singleton g@al

c(e ). we match an annotated fact of the fo@@nd the
wheree. is a new symbol expressing for an element of each fact is recorded in the list of the second argument of
class. solvel .

We check contradiction of a UML class diagram by

e The forth rule means that to solve a singleton gaal
we match an annotated rule of the foi@(G:-B)
and solveB and the rule is recorded.

Theorem 1 A set of first-order formula with counting Then, we can calculate minimal inconsistent sets of rules by
quantifier which gives a semantics of a UML class diagram checking minimality of these inconsistent sets.

is inconsistent if and only ifontradiction is derived
in the above translated logic program.

checking whethecontradiction is derived or not in
the translated program.

5 Minimal Contradiction Recovery

Proof: See the Appendix.

This result is very important since this guarantees not
only correctness of our method ¢bntradiction is de-
rived from a logic program then the UML class diagram has
inconsistency), but also completeness of our method (if the
diagram has inconsistency, we can always detect it). This
shows the power of our method.

After detecting inconsistency, we would like to derive a
maximal consistent set which keeps the previous UML class
diagram as much as possible. Note that there might be mul-
tiple sources of contradiction. Therefore, we need to delete
one rule from these sources. But there might be the same
rules in multiple contradiction sources so we should pick
up such a rule in order to avoid contradiction and simulta-

) ) . . neously keep the previous diagram as much as possible
4 Consistency Check in Logic Programming In order to pick such overlapped rules, we usaiaimal
hitting sef computation defined as follows:

This section provides a method of computing a incon-
sistent set of rules using meta-interpreter. For the pur-
pose, we attach a rule numbat for each fact or rule
such asN@Qin the case of a fact) anll@(G:-B) (in
the case of a rule). Then, by using the following meta-
interpreter, we can calculate all the inconsistent sets by call-

Definition 1 LetII be a finite set an@{ be a subset family
of II. A hitting set H.S of H is a set s.t. for every € H,
SN HS # (. Aminimal hitting set H.S of H is a hitting
set s.t. there exists no other hitting $&6” of H s.t. HS’ C
HS (HS' is a proper subset off S).

ing solve(contradiction,U,[]) . We use an algorithm to compute minimal hitting sets shown
in Fig. 1. This algorithm was proposed by [17]. L&tbe
solve(G,Used,NewUsed):- {So, ..., S, } wherei of S; means the order of the input set.
+G=(_,), The algorithm in 1 incrementally computes minimal hitting
g sets of eacK Sy, ...S; } (1 < i < n) without redundant enu-
solvel(G,Used,NewUsed). meration. The behavior of the algorithm is as follows:

solve((G1,G2),Used,NewUsed):-
1, 1. We start from choosing one element fréin
solvel(G1,Used,Usedl),

solve(G2,Used1 NewUsed). 2. If we get a minimal hitting seths up to Sy, ..., .S;_1

then, we consider a new minimal hitting set up to

solve1(G,[N@G|Used],Used):- 50;-++» 51, 9; as follows:

N@G. o If mhs andS; have any common elementihs
solvel(G,[N@(G:-B)|Used],NewUsed):- itself is a hitting set (and also minimal) for

N@(G:-B), So, -, Si—1,5; as well. Therefore, we continue

solve(B,Used,NewUsed). this process for further sets.

e Otherwise, we have to add one elemerftom
S; to mhs. We, however, must check whether
e The first rule means that to solve a singleton gGal the addition still preserves minimality. We con-
we callsolvel . tinue this process for further sets only if the re-
sulting setnhs U {e} is a minimal hitting set for

Intuitive meaning of the above interpreter is as follows:

e The second rule means that to solve a compound goal— — . . . .
Note that minimal recovery is based on the set-inclusion of contradic-
(G1,G2) , we callsolvel for Gland we solve rest  iion sources.
(G2) by callingsolve recursively. 2Note that the minimality is based on the subset ordering.



So, ..., S;_1,5;. Then, we continue this process
for further sets.

This algorithm requires exponential time with respect to
the number of setsn(in the algorithm) in the worst case,
but it is empirically shown to be efficient (See [17] for the
detail).

6 Execution Example

We show an inconsistent UML class diagram in Fig. 2.
This actually has two sources of contradiction.

e The class:4 has the superclasses andc6 which are
disjoint. Sincez4 has an instance, it leads to contradic-
tion.

The clasg1 has an attribute1 whose class is2 which
has an attribute2 whose instances’ maximum number
is 5. On the other hand, the classhas a superclass
which also has the same name attributeascl whose
class isc4 which has a superclag$ which has the
same name attributg2 asc2 whose instances’ mini-
mum number i§. Thereforecl.al.a2 has contradic-
tory multiplicity information; the number of instances
are at mosb and at least. This causes contradiction.

We translate this diagram into the following logic pro-
gram to detect such contradictién

c4(al1(X)):-c3(X). (1)
at_least(al(X),1):-c3(X). (2)
c2(al(X)):-c1(X). 3
at_least(al(X),1):-c1(X). 4)
d(a2(Xx)):-c2(X). (5)
at_least(a2(X),1):-c2(X). (6)
contradiction:-

c2(X), at_least(a2(X),l), 5<I. (7
e(a2(Xx)):-c5(X). (8)
at_least(a2(X),7):-c5(X). 9)
contradiction:-

c2(X), at_least(a2(X),l), 10<I. (10)
c3(X):-c1(X). (11)
c3(X):-c2(X). (12)
c5(X):-c4(X). (13)
c7(X):-c5(X). (14)
c7(X):-c6(X). (15)
c6(X):-c4(X). (16)
contradiction:-c5(X), c6(X). a7
cl(ecl). (18)
c2(ec2). (29)
c3(ec3). (20)

3Note that in an actual setting, we attach a unique rule number for each
rule for the input to the meta-interpreter, but we omit the notation for sim-

plicity.

c4(ec4). (22)
c5(ecb). (22)
c6(ec6). (23)
c7(ec7). (24)
d(ed). (25)
e(ee). (26)

We obtain the following two minimal inconsistent sets by
running the meta-interpreter. Note that contradiction arises
when we add the facts that each class has an element (such
ascl(ecl) ) into the translated program.

Minimal Inconsistent Set 1:

c5(X):-c4(X). (13)
c6(X):-c4(X). (16)
contradiction:-c5(X), c6(X). a7
Minimal Inconsistent Set 2:

c4(a1(X)):-c3(X). Q)
c2(al(X)):-c1(X). 3)
contradiction:-

c2(X), at_least(a2(X),l), 5<L.(7)
at_least(a2(X),7):-c5(X). 9)
c3(X):-c1(X). (12)
c5(X):-c4(X). (13)

Then, we calculate minimal hitting sets for the above min-
imal inconsistent sets and obtain the following candidate
sets of deletion of rules{(13)}, {(16), (1)}, {(16),(3)},
{(16), (1)}, {(16),(9)}, {(16),A1)}, {(17),(1)},
{(17), (3} {07, (N}, {(17),(9)}, and{(17), (11)}.

7 UML Debugging System

We made a prototype system which directly reflects the
results from consistency check and minimal update of UML
class diagrams. We make a UML class diagram using UML
class editor and the system translates a UML class diagram
into a logic program to check consistency. If there is in-
consistency, the system shows a minimal source of contra-
diction one by one. The system also shows a set of mini-
mally deleted rules to avoid contradiction one by one. For
the check of the example in the last section, there are two
sources of inconsistency and the system displays them one
by one (Fig. 3 and 4) where the parts corresponding to each
inconsistency source are shown by changing its color or un-
derlining the corresponding part (al). In Fig. 5, we show
one example of a set of deleted rules (in this example, only
the line from clas€4 to c5) changes its color. One to one
correspondence between a part of a UML class diagram and
a rule of a translated logic program enables us to perform
such display.



global So, ..., Sp—1;

begin
if i == n then outputmhs andreturn;

compute_mhs(i + 1, mhs U {e});
return;
end

compute_mhs(i, mhs) I* mhs € MHS({So, ..., Si—1}) */

elseif.S; Nmhs # 0 then compute_mhs(i + 1, mhs);
else foreverye € S; s.t. mhs U {e} is a minimal hitting set ofy, ..., S; do

Figure 1. Algorithm to Compute Minimal Hitting Sets

8 Related Work

In software engineering, there are several proposals o
logical treatment of “inconsistency” of software specifica-
tion such as [5, 19]. A survey of inconsistency handling
is found in [7]. Finkelstein et al.[5] use non-collapsible
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Vr(c(z) — atleast(fq(x),1))

Then, the third formula leads to contradiction if and only
if formulas of the forma(z, z) with 5 + 1 distinct terms
in the second argument are derived. This is equivalent
to the fact thatat_least(f.(x),") s.t. j < 4’ is derived.
Therefore, the third formula is equivalent to the derivation
of contradiction in the following Horn clause:

VaVi' (c(z)Aatleast(fo(x),i)A(j < i') — contradiction)

Thus, the formulas with counting quantifiers can be trans-
lated into the following logic program:

t(Y) - c(X),a(X,Y).

a(X,f _a(X)) :- c(X).

at least(f _a(X), i) :- c(X).

contradiction :-

c(X), at _least(f _a(X),l), j<lL

By partial evaluation o&(X,Y) in the first rule by the sec-
ond rule, we get:

t(f  _a(X)):-c(X),c(X)
This is equivalentto(f _a(X)):-c(X) which is the first
rule in the resulting logic program. If there is a formula like

Ve (d(z) — Is2(a(z, 2))),

it becomesaa(X,f _a(X)) :- d(X). and we could use
this rule for partial evaluation cd(X,Y) . However, if we
do so, we get:

tf _a(X)):-c(X),d(X)
which is subsumed biff _a(X)):-c(X) . S0, we do not
have to consider this partial evaluation.

Therefore, contradiction in formula with counting quan-
tifiers is equivalent to the derivability @bntradiction
in the following logic program:

tf _a(X)) - c(X).

at least(f _a(X), ) :- c(X).

contradiction :-

c(X), at _least(f _a(X),l), j<lL
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