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Abstract: This paper concentrates on merging knowledge repositories representing different
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1 Introduction

In the field of artificial intelligence and databases, we are often confronted with
multiple sources that need to be reconciled into a single, encompassing repository.
The merging of different sources is complicated by potential conflicts and
inconsistencies between the different repositories. Extensive research has addressed
the problem of merging focusing on various aspects. In database integration, current
efforts have put on semantic data model integration and object-oriented database
integration [Parent, 98; Pitoura, 95; Palopoli, 00]. More recently, there are some
studies that focus on the integrations of behavior [Preuner, 01] and integrity constraint
[Turker, 00] in object-oriented databases. It should be noted that, however, in addition
to database model based integration, there exists theory based database integration.
[Lin, 98] presented a formal approach to merging databases with constraints, where a
constraint is a sentence of afunction-free first order language. A (first-order) theory is
a set of sentences. Relational databases are represented by the theories and they are
thereby merged through merging the theories (knowledge).

In knowledge base merging, some combination operators have been proposed
[Baral, 91; Baral, 92]. These operators are al based on the union of all the knowledge
bases and on the selection of some maximal subsets. Since the problem is to find
coherent information from an inconsistent knowledge base once the union of the
knowledge bases is done, such a definition of knowledge base combination is very
close to Brewka's preferred subtheories [Brewka, 89] and to the work of Benferhat et
al. on entailment in inconsistent databases [Benferhat, 93 and 98]. Not defining
combination operators for knowledge bases, some researchers have focused on the
logical properties that merging operators should satisfy. In [Liberatore, 98], the
postulates were proposed to characterize arbitration. Their definition has a strong
connection with revision operators [Katsuno, 91]. The major drawback of their
definition is that those operators arbitrate only two knowledge bases. Furthermore,
they only select some interpretations in the two knowledge bases as the result of the



238 Ma Z.M.: Propositional Knowledge Bases Merging

arbitration. Lin and Mendelzon proposed a theory merging by majority operator that
solves conflicts between knowledge bases by taking the majority into account [Lin,
99]. In [Konieczny, 98], a set of postulates that a rational merging operator has to
satisfy was proposed and arbitration operators and majority operators were
distinguished. Here the arbitration operators strive to minimize individual
dissatisfaction and the majority operators strive to minimize global dissatisfaction.
Furthermore, in [Konieczny, 99 and 02], a logical framework for knowledge base
merging in the presence of integrity constraints was presented when there is no
preference over the knowledge bases. Also a set of postulates that a rational merging
operator with integrity constraints has to satisfy was proposed and arbitration
operators and majority operators were distinguished.

Conflict (or inconsistency) problems occur when several expert systems are
combined. Halpern and Moses discuss implicit conflicts that are only discovered
when knowledge is combined [Halpern, 92]. For example, two sources may state
respectively {a} and {a — b}, both knowing that b is not true; yet, when they sources
are combined, they add b as a fact. It is clear that this process allows to discover new
piece of belief distributing among the sources.

In this paper, we are interested in merging knowledge repositories representing
different viewpoints, with al of them subject to updates and revisions. We define a
set of criteria of interest, then review different approaches and assess them with
respect to these criteria. The remainder of the paper is organized as follows: In section
2 we introduce background information; in section 3 we define a set of criteria
relevant to the merging of knowledge bases; in section 4 we introduce various
merging operations and evaluate them with respect to the criteria. In section 5 we
conclude this paper.

2 Background Information

2.1 Context

We are interested in maintaining and using knowledge repositories of engineering
design knowledge. These repositories contain design constraints on engineering
artifacts. For example, the knowledge related to the design of engines may consist of
a variety of engine classes with associated collections of validity conditions that we
refer to as design constraints. The same repository would contain knowledge about
components and of engines and other related parts. These repositories are commonly
used to collect information about state of the art in science and technology as well as
in-house experience and best-practices. The overall knowledge related to engines --
or any other engineering artifact of some level of complexity—is typically distributed
over many areas of specialty.

2.2 Propositional Knowledge Bases

Propositional logic consists in dealing with prepositional formulas or prepositional
sentences, which are formed from a finite number of propositional variables, their
negations, and the logical connectors. Propositional variables can take only two
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values: True (1) or False (0). Asthere are only two values available, the negation of a
variable can be defined as NOT, denoted —.

Using a finite number of propositional variables and their negations as well as the
connectors, propositional sentences are formed. In the following, propositional
sentences are formally defined.

Definition (Sentence): Let U = <&, 97> be a universe of discourse. Here, £is the
set of propositional variables and 97 is the set of the connectors {v (or), A (and), =
(implication), < (equivalence)}. A sentencein U isasfollows.

(1) For Ae ¢ Aisasentence;

(2) For A,Be £and e 9, (A 6B) isasentence;

(3) For asentence S, — (S) is asentence;

(4) For two sentences Sl and 2 and 8 I, (S16 ) is a sentence.

The main notion in propositional logic is the notion of valuation. It consists in
assigning a truth value (1/Trure or O/False) to a given sentence according to truth
values given to the variables. It is clear that there are multiple assignments of truth
values to the variables but the truth value of the sentence is only 1/Trure or O/False.
Then we have the following definition.

Definition (Possible worlds and model): Given a sentence ¢ formed from k
variables. A possible world or interpretation of ¢ is a mapping from ¢ to {0, 1}¥,
where a truth value is assigned to each one of k variables. A model of ¢ isapossible
world where it makes ¢ true.

For a given sentence, there may be several models. Let ¢ be a sentence. The set
of al the models of gisdenoted by [[¢]].

A propositional knowledge base is defined as a finite set of the sentences in
prepositional logic. In the following, knowledge bases are used to refer to
propositional knowledge bases if there is no specia indication.

3 Reguirementsand Criteriafor Merging Operations

3.1 Regquirements

[Konieczny, 98] underlines the differences between majority operation and arbitration
operation in merging and propose a characterization of merging operations that an
operation has to satisfy in order to have a rational behavior concerning the merging.

Let E be a knowledge set, and let A be an operation that assigns to each knowledge
set E to aknowledge base A (E). Then

(M-KPP1) A (E)isconsistent

(M-KPP2) If EisconsistentthenA (E)=AE

(M-KPP3) If El<> E2then|-A (E1) <> A (E2)

(M-KPP4) If K AK’ isnot consistthenA (K U K’) K

(M-KPP5) A (E1)AA (E2)}-A (E1UE2)
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(M-KPP6) If A (E1) AA (E2)isconsistthen A (ELUE2) A (E1) A A
(E2)

(M_Maj-KPP7) (VK)(@n) (A (EUuK") |-K)

(M_Arb-KPP7) (V K’) (3 K) (K’}-K) (V n) (Merge (K’ U K") = Merge (K’ U
K))

(M-KPP1) shows that the result of merging is always consistent and conflicts
among the knowledge bases are always resolved. (M-KPP2) tales care of one limiting
case, saying that if there is no conflict among the knowledge bases, then the result of
the merging is simply the conjunction of the knowledge bases. (M-KPP3) states that
the merging operation is independent of the syntax of each knowledge base, i.e., if
two knowledge base sets are equivalent, then the two knowledge bases resulting from
the merging are logically equivalent. (M-KPP4) means that when two knowledge
bases are merged, merging operations must not give preference to one of them. (M-
KPP5) and (M-KPP6) together state that if you could find two subgrounds that agree
on at least one aternative, then the result of the globa arbitration will be exactly
those alternatives the two groups agree on. (M_Maj-KPP7) isto say that if an opinion
has a large audience, then it will be the opinion of the group. (M_Arb-KPP7) states
that, to a large extent, the result of the arbitration is independent from the frequency
of the different views.

3.2 Criteriaand Associated Distances and M etrics

A merging operation for knowledge bases must satisfy the requirements given above.
But there till are many possible merging operations that all satisfy the given
requirements and it is unclear how we can distinguish or choose between them. For
this purpose, let us focus on the example of merging operation given in [Konieczny,
98]. But first of al, we present the Dald’s distance [Daal, 88] to caculate the
distance between two possible worlds wl and w2, denoted dist (w1, w2). Then dist
(w1, w2) isthe number of the variables that take different valuesin wl and w2.

Extending this definition, the distance between a possible world w and a sentence
o, denoted dist (w, @), can be defined as a minimum of the distances between w and
all worlds of the given sentence. Formally, dist (w, ¢) isdefined as

dist (w, ) = Wr‘l?i[gl] (dist (w, w')).

Finally, the distance between two sentences ¢ and ¢, denoted dist (¢, ¢'), can be
defined as follows.

dist (@, @) = i dist (w, w
(0. ) m[[(p]]TnLQv'e[W]]( (w, W)

In [Konieczny, 98], a definition of distance between an interpretation and a set of
knowledge bases, disty, is given, which is the sum of the distances between this
interpretation and the knowledge bases of the set. Formally, let E be a set of
knowledge bases and let | be an interpretation. Then the distance between E and | is
defined as

dists (I, E) = Ydist(l, ).
¢cE

Then the following order is defined as
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| <E<Jiff disty (I, E) < disty (I, E),
where | and J are two different interpretations.
Based on this order, amerging operation A y (majority) is defined as follows.

[[A s (B)]] =min (<)

That means that we always look for such interpretations in the universe of
discourse that has the minimum distance to the set of knowledge bases. It has been
proven in [Konieczny, 98] that the merging operation A y satisfies (M-KPP1)-(M-
KPP6) and (M_Maj-KPP7).

Consider the example given in [Konieczny, 98]. Let a set of knowledge bases
class with three students E = { ¢1, ¢2, ¢3}. The teacher can teach SQL, Datalog and
02, which are represented by S, D and O, respectively. He asks these three studentsin
turn to choose what to teach to satisfy the class best.

® Thefirst student wantsto learn SQL or O2: 1 =(SvO) A—D

® The second student wants to learn Datalog or O2 but not both: ¢2 = (— SA

DA=O)v(=SA=DAO)

® Thethird student wantsto learn three languages: 3 =(SA D A O)
Then we have

® [[#1]]={(1,0,0),(00,1), (10 1)}

® [[¢2]]={(0,1,0)(00 1)}

® [[¢8]]={(1, 11}

All distances between the possible worlds and knowledge bases as well as the set of
knowledge bases are shown in Tablel.

) ol 92 @3
Possible [[g1]] dist [[g2]] Dist | [[g3]] | Dist | disty
worldsl 71,0, T 0,0, | .o, | (. [(©1 [ @0 | (¢ [@11)] (e
0) 1) 1) ol) 0 1)

(0,000 |1 1 2 1 |1 1 1 3 3 5
(0,01 [2 0 1 0 |2 0 0 2 2 2
(0,1,0) |2 2 3 2 |o 2 0 2 2 4
0,11 |3 1 2 1 |1 1 1 1 1 3
(1,0,0) [0 2 1 0 |2 2 2 2 2 4
(Lo1n |1 1 0 0 |3 1 1 1 1 2
(1,1,0) |1 3 2 1 |1 3 1 1 1 3
(L1 [2 2 1 1 |2 2 2 0 0 3

Table 1: Distances

According to the merging operation given above, it is clear that

[[A = (B)]]1={(0,0,1), (1,0 1)}.
The teacher hereby has to teach both SQL and O2 or O2 alone to best fit the class.
Formally, we have

As(pl, @2, 93)=(—wSA—=-DAO)Vv(SA=DAO).

For this purpose, we introduce some criteria of interests in this section. First we
give three major criteria.
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® Traceability. A merged knowledge base KB is traceable iff it can be traced
back to original knowledge bases. Minimality. A merged knowledge base
KB isminimal

® Timeliness. A merged knowledge base KB is timely iff it gives priority to
more recent information.

In addition to these three criteria above, we a so have two minor criteria as follows.

® Lack of redundancy.

® FEase of update. Information entered later has higher priority over
information entered earlier.

4 Merging Knowledge Bases

41  Syntactic Merging Relationship Between Knowledge Bases

Since knowledge bases consist of sentences, semantic relationship between sentences
and knowledge bases must be investigated in order to discuss semantic relationship
between knowledge bases. We identify one kind of semantic relationship between a
sentence and a knowledge base, which is semantic implication.

Definition (Sentence implication): Given a knowledge base KB and a sentence ¢.
If KB encompasses ¢, we say KB implies ¢, denoted KB2 = ¢.

Based on the sentence implication, now we focus on the semantic relationship
between knowledge bases that consist of sentences. We identify two kinds of
semantic relationship between knowledge bases: semantic inclusion and semantic
equivalence.

Definition (Knowledge base inclusion): Let KB1 and KB2 be two knowledge
bases. Then KB2 semantically includes KB1, denoted KB1 < KB2, if every sentence
in KBl isimplied by KB2. Formally,

(Vo) (pe KBLAKB2= ¢).

It is clear that given two knowledge bases KB1 and KB2, knowledge base KB =
KB1 u KB2 satisfies KB1 ¢ KB and KB2 ¢ KB, or KB = KB1 A KB2 satisfies KB1 ¢
KB and KB2 c KB if there is no conflict between KB1 and KB2.

Definition (Knowledge base equivalence): If two knowledge bases KB1 and KB2
satisfy KB1 ¢ KB2 and KB2 < KB1, KB1 and KB2 are semantically equivalent to
each other, denoted KB1 = KB2.

Based on the semantic inclusion relationship between knowledge bases, we can

define an ordering relation < over knowledge bases. The ordering relation < above
can also be used over knowledge bases. Given two knowledge bases KB1 and KB2,

KBl < KB2 if and only if KBl ¢ KB2. For KB1 < KB2, KB2 provides more
information than KB1. The order relation < is
® reflexive i.e, ¢l < ¢, and

® transitive i.e, if pl < g2 and @2 < @3, then ¢l < ¢3.
Using the ordering relation defined, in the following, we formulate knowledge base
merging.
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4.2  Merging Knowledge Bases

Intuitively merging knowledge bases is to find a knowledge base that has at least as
much information as each component knowledge base and it is the smallest such
knowledge base. So we define merging as follows.

Definition. Given three knowledge bases KB1, KB2, and KB3, merging KBL,
KB2, and KB3 consists of creating a knowledge base KB-if exists-such as:

(1) KB1 < KB, KB2 < KB, and KB3 < KB.

(2) KB is the smallest knowledge base.

This definition means that when it exists, KB should be the least upper bound
(lub) of KB1, KB2, and KB3. Formally,

KB = Merge (KB1, KB2, KB3) = lub (KB1, KB2, KB3)

It should be noticed, however, when we define the merge of several knowledge
bases as the least upper bound, we always assume that there exists such the merged
knowledge base. When all component knowledge bases are consistent, we have

KB = Merge (KB1, KB2, KB3) = lub (KB1, KB2, KB3) = KB1 A KB2 A KB3.

At thismoment, it is clear that
® Merge (KB1, KB2, KB3) is consistent and
® Merge (KBL, KB2, KB3) = KB1 A KB2 A KB3 if KB1, KB2, and KB3 are
consistent.
Alsoit isclear that
® |f KBl = KB1', KB2 = KB2', and KB3 = KB3', then Merge (KB1, KB2,
KB3) = Merge (KB1', KB2', KB3').
These three properties are the same as the postulates of knowledge base merging
givenin[Lin, 99].

However, the assumption that all component knowledge bases are consistent is
not aways true. When component knowledge bases are not consistent, we have to
take

KB = Merge (KB1, KB2, KB3) = lub (KB1, KB2, KB3) = KB1 u KB2 U KB3.

Although there exists lub (KB1, KB2, KB3) at this moment, it is clear that lub
(KB1, KB2, KB3) is not consistent. Consider that we want to merge the following
knowledge bases: KB1 = KB2 = {a, b}, KB3 ={a, b - c}, KB4 = {—a, d}. With the
merging operation above, KB will be {a, —a, b, b — ¢, d}. Since KB should be the
smallest knowledge base, redundant information is removed from KB. It isclear KB is
not consistent because a and —a exist simultaneously.

An inconsistent knowledge base gives no information for the merging process. In
this case, merging knowledge basesis defined to find a knowledge base that is closest
to the component knowledge bases instead of having at least as much information as
each component knowledge base and it is consistent and the smallest such knowledge
base. So the revised definition of merging knowledge bases is defined as follows.

Definition. Given three knowledge bases KB1, KB2, and KB3, merging KBL,
KB2, and KB3 consists of creating a knowledge base KB-if exists-such as:

(1) KB is consistent,

(2) KB isclosest to {KB1, KB2, KB3}, and

(3) KB is the smallest knowledge base.

It is clear that when KB1, KB2, and KB3 are consistent, this definition becomes to
the last definition. Now let us focus on the situation that KB1, KB2, and KB3 are not
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consistent. In this case, we first obtain several maximal consistent subsets of lub
(KB1, KB2, KB3). Then we select such subset(s) that should have the closest distance
with {KB1, KB2, KB3}. According to the different computation of distance between a
knowledge base and a set of knowledge bases, we at |east have two kinds of merging:
majority and arbitration when lub (KB1, KB2, KB3) is not consistent.

First of all, we define the distance between two knowledge bases. The distance
between two knowledge bases is the number of the sentences that are not equivalent.
Let KB and KB' be two knowledge bases. The distance between KB and KB’ is
denoted by dist (KB, KB'). Based on the distance between two knowledge bases, how
we can define the distance between a knowledge base a set of knowledge bases.
Depending on different merging policies (e.g., mgority or arbitration), the following
definitions for the distance between a knowledge base and a set of knowledge bases
can be identified.

Let KB be a knowledge base and { KB1, KB2 , ..., KBn} be a set of knowledge
bases. The distance between KB and {KB1, KB2 , ..., KBn} is denoted by dist (KB,
{KB1,KB2, ..., KBn}). Then we have

Definition. The distance between KB and {KB1, KB2, ..., KBn} is the sum of the
distances between KB and each knowledge base in {KB1, KB2, ..., KBn}. Formally,

n

dist (KB, {KB1, KB2, ..., KBn}) = Z (dist (KB, KBi)).

i=1

This definition is for majority merging operation.

Definition. The distance between KB and { KB1, KB2, ..., KBn} is a sequence of
the distances between KB and each knowledge base in {KB1, KB2 , ..., KBn}, in
which these distances are sorted in descending order.

This definition is for arbitration merging operation.

Again consider three knowledge bases KB1 = KB2 = {a, b}, KB3 ={a, b — ¢},
and KB4 = {—a, d}. It is clear that lub (KB1, KB2, KB3, KB4) = {a, —a, b, b — ¢, d}
is not consist. Then we have the following maximal consistent subsets of lub (KB1,
KB2, KB3, KB4): {a, b, b — ¢, d} and {—a, b, b — ¢, d}. Each of these two subsetsis
consistent and the smallest knowledge base (no redundant information). Now we
calculate the distance between each of these two subsets and { KB1, KB2, KB3, KB4}
based on majority and arbitration.

For majority:

dist {a, b,b—c, d}, {KB1, KB2, KB3,KB4}) =2+2+2+3=9

dist {—a, b,b—c,d}, {KB1, KB2, KB3,KB4}) =4 +4+4+2=14
It is clear that the distance between {a, b, b — ¢, d} and {KB1, KB2, KB3, KB4} is
less than the distance between {—a, b, b — ¢, d} and { KB1, KB2, KB3, KB4} using
majority. So

KB = Merge (KB1, KB2, KB3) ={a, b, b — ¢, d}.

For arbitration:

dist {a, b, b— ¢, d}, {KB1, KB2, KB3, KB4}) = (3, 2, 2, 2)

dist ({—a, b, b — ¢, d}, {KB1, KB2, KB3, KB4}) = (4, 4, 4, 2)

It is clear that the distance between {a, b, b — ¢, d} and {KB1, KB2, KB3, KB4} is
less than the distance between {—a, b, b — ¢, d} and { KB1, KB2, KB3, KB4} using
arbitration. So

KB = Merge (KB1, KB2, KB3) ={a, b, b — ¢, d}.
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Based on the discussions above, we now give a simple agorithm for merging
knowledge bases.

Algorithm Merge (KB1, KB2, ..., KBn)

Input: a set of knowledge bases {KB1, KB2, ..., KBn}

Output: Merge (KB1, KB2, ..., KBn)

Step 1: Obtain lub (KB1, KB2, ..., KBn) = KB1 U KB2 U ...u KBn;

Step 2: Determine if lub (KB1, KB2, ..., KBn) is consistent;

Step 3: If lub (KB1, KB2, ..., KBn) is consistent, then Merge (KB1, KB2 , ..., KBn)
=KB1 A KB2 A ...A KBn and goto Step 8;

Step 4: Partition lub (KB1, KB2, ..., KBn) into several maximal consistent subsets;

Step 5: Determine merging policy;

Step 6: For each partition T, compute dist (T, {KB1, KB2, ..., KBn});

Step 7: Select such T that has the minimum distance to {KB1, KB2, ..., KBn} and
Merge (KB1, KB2, ..., KBn) = Merge (KB1, KB2, ..., KBn) + T;

Step 8 Return (Merge (KB1, KB2 , ..., KBn))

4.3  Propertiesof the Merging Operation

Now let us focus on how the merging operation defined above satisfies that the
postulates of knowledge base merging given in [Konieczny, 98]. It is not difficult to
see the merging operation defined in the paper satisfies (M-KPP1)-(M-KPP3)
according to the definition of the merging operation. So we omit their proofs. Now let
uslook at if (M-KPP4) is satisfiable for the merging operation. Assumethat K A K’ is
not consistent completely. That means there is no such a sentence in one knowledge
base that is consistent with any sentence in another knowledge base. In other words,
we can only get two maximal consistent subsets K and K’ from inconsistent K A K'.
By the definition of the merging operation, we have

A (KuK)=Kifdist (K, {K, K'}) <dist (K', {K,K'}) or
A (KuUK) =K ifdist (K, {K, K'}) >dist (K, {K, K'}).
SoA (KuK’) K holds.

Consider an example. Let K1={a—c,e— —c,b— —c},K2={4a €},and K3 =
{b}. Then Merge (K1, K2) A Merge (K3) is either

{a,a>c,e— —c,b— —c} A{b} or

{eea—>c,e— —c,b— —c} A{b},
depending on which distances of {a,a— c,e > —¢,b — —c} and {e,a— ¢, e > —C,
b —» —c} to {K1, K2} issmaller. It can be seen that Merge (K1, K2) A Merge (K3) is
consistent. However, Merge (K1, K2, K3) should be one of followings

{a,a—>c,e— —c, b},

{a,a—>c,e— —c,b— —c},

{eea—>c,e— —c,b},or

{eea—>c,e— —c,b— —c}.
Merge (K1, K2, K3) |+ Merge (K1, K2) A Merge (K3). (M-KPP6) does not hold.
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5 Conclusions

This paper concentrated on merging knowledge repositories representing different
viewpoints, with all of them subject to updates and revisions. A set of criteria of
interest was proposed. On the basis, different approaches were reviewed, which were
assessed with respect to these criteria.
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