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Abstract

In this paper we investigate the problem of maintain-
ing and reasoning with differentersionsof a knowl-
edge base. We are interested in the scenario where a
knowledge base (expressed in some logical formalism)
might evolve over time and, as a consequence, differ-
ent versions thereof have to be maintained simultane-
ously in aparsimoniousway. Moreover, users of the
knowledge base should be able to access, not only any
specific version, but also thdifferencesbetween two
given versions of the knowledge base. We address this
problem by proposing general semantic framework

for the maintenance of different versions of a knowl-
edge base. It turns out that the notionseimantic dif-
ferencebetween knowledge bases plays a central role in
the framework. We show that an appropriate character-
ization produces a unique definition of semantic differ-
ence which is applicable to a large class of logic-based
knowledge representation languages. We then proceed
to restrict our attention to finitely generated proposi-
tional logics, and show that our semantic framework can
be represented syntactically in a particular kind of nor-
mal form, referred to asrdered complete conjunctive
normal formor oc-CNF. This is followed by a gener-
alization in which we show that similar results can be
obtained for any syntactic representation (in a finitely
generated propositional logic) of the semantic frame-
work. Of particular interest are representations of ap-
propriately chosen normal forms. We expect that our
constructions for the propositional case can be extended
to more expressive languages, such as description logics
(DLs). In that respect, our results add to the investiga-
tion of the versioning problem for DL-based ontologies.

Introduction

Consider the situation in which we have a knowledge base
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be able to distinguish between the different versions ak wel
More specifically, users need access to a system which is
able to perform the following two reasoning tasks) de-
termine whether a given piece of information can be derived
from a specific version of the knowledge base (access to a
specific version);if) determine from which versions of the
knowledge base it is possible to derive a given piece of in-
formation, and from which versions it is not (articulatirngt
differences between versions). These requirements bighli
the need for a system with the following characteristics:

¢ Different versions of the knowledge base have to be main-
tained simultaneously in parsimoniouswvay. l.e., one
should not storeall of them, but only some kind afore
from which all can somehow be reconstructed,;

e Since we are dealing with knowledge bases (and not data
bases), it should be possible not only to identify the dif-
ference in syntax between versions, but also to determine
the difference irmeaningbetween them.

Besides being of interest in general, the problem of man-
aging different versions of a knowledge base has interest-
ing specific applications. A prominent example (and one of
our main motivations in this work) is the problem afitol-
ogy versioningexpressed in a suitable representational for-
malism such as RDF (Gutiérret al. 2004) or one of the
numerous available description logics (Baaeteal. 2003).
When developing or maintaining an ontology collabora-
tively, different simultaneous (possibly conflicting) s&ms
thereof might exist at the same time (see Figure 1).
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(expressed in some logic-based knowledge representation
language) which might evolve over time. By evolution here
we mean modifications (updates, refinements, etc.) made by Figure 1: An initial ontology and its subsequent versions.

a knowledge engineer (or a group of knowledge engineers

working collaboratively). In situations such as thesesit i That can happen due to many reasons, such as different
frequently the case that different users need access to dif- teams working on different modules of the same ontology in
ferent versions of the knowledge base. Consequently, there parallel, or different developers having different vievisiee

is a need to maintain a number of different versions of a domain, among others. Moreover, modifications performed
knowledge base. In addition to being able to access specific on ontologies need not be incremental (monotone): informa-
versions of the same knowledge base, users usually need totion may be added and removed frequently, and it might well



happen that the latest ontology is actually closer to ontsof i
preliminary versions than its immediate predecessor.dh th
respect, in order for the ontology engineers (and userseof th
ontology) to be able to coordinate their work in an efficient
way, they need tools allowing them t¢) keep track of all
versions; {i) determine to what extent two versions of an
ontology differ; ¢ii) revert from one ontology to another
(possibly previously agreed upon) one; aing given a par-
ticular piece of information, to determine from which of the
current versions of the ontology it can be inferred.

This problemis also relevant to other areas of logic-based
knowledge representation, such as multi-agent systems, re
gardless of the underlying logical formalism. Because of
that, our focus in this paper is not on a particular applarati
but rather on a general framework for maintaining different
versions of a logical theory. In doing so we first investigate
the notion ofsemantic differencbetween knowledge bases.

It turns out that this is a crucial component of the framework
for versioning that we propose.

Our results in this regard are quite broadly applicable. As
we shall see, it holds (at least) for all logics with a Tarskia
consequence relation. These results make it possible to de-
fine a semantic framework with the following structure: We
suppose that there areversions of a knowledge base that
we need to maintain. We then storea@re knowledge base
(Figure 2), which may, or may not, be one of thever-
sions, together with the semantic differences between the
core knowledge base and the different versions. We refer to
this stored information as theore We will show that from
the core itis possible to generatgdny one of they versions
of the knowledge base, anéf)the semantic difference be-
tween any two of the: versions of the knowledge base. We
shall refer to this information as threquired output

Figure 2: The core knowledge base, from which to access
all different versions.

Although applicable to any Tarskian logic, our framework

does not address the question from a computational perspec-

tive, where it becomes important to consider the specific
syntactic representation of the knowledge bases and delate
information. To do so, we restrict our attention to finitely
generated propositional logics, and present ways of gjorin
the core, and generating the required output, in appr@priat
syntactic forms. We expect that these results can be used to
find appropriate syntactic representations expressechptrri

semantic difference. Following that, we present a general
framework for knowledge base versioning which is based
on our notion of diff. We then turn to a specific normal form
with which we illustrate and investigate the issues assedia
with compact representations of knowledge bases and the
diffs in propositional logic. This leads to the descriptimin

a general syntactic representation of knowledge bases and
diffs. After a discussion of, and comparison with, related
work, we conclude with future directions of investigation.

Preliminaries

Given a setX, its power set (the set of all subsetsXj is
denoted by (X).

In the later parts of the paper we work in a propositional
languagel over a set of propositionatoms’3, together
with the two distinguished atoms (true) and L (false), and
with the standard model-theoretic semantics. Atoms will be
denoted by, g, . . . A literal is an atom or the negation of an
atom. We usey, 3, . .. to denote classical propositional for-
mulas. They are recursively defined in the usual way, with
connectives-, A, V, — and<.

Given a formulaa, atm(«) denotes the set of atoms oc-
curring inc. As an example, itk =p — (p > gV r) —

(p = qVr), thenatm(«) = {p, q,7}.

We denote by the set of all propositional valuations or
interpretations : 8§ — {0, 1}, with 0 denoting falsity and
1 truth. WithMod(«) we denote the set of athodelsof «
(propositional valuations satisfying).

Classical logical consequence (semantic entailment) and
logical equivalence are denoted by and = respectively.
Given sentences and g, the meta-statement = 8 means
Mod(«) € Mod(5). a = S is an abbreviation (in the meta-
language) ofx = S andf E a.

A knowledge bask is a (possibly infinite) set of formu-
lasC C L. We extend the above notions of classical en-
tailment and logical equivalence to knowledge bases in the
usual way X = « if and only if Mod(K) € Mod(«).

Given a knowledge base, the set of all logical conse-
quences ofC is defined an(K) = {« | K = a}. The
consequence relatiddn(.) associated with a logic is said to
be Tarskianif and only if it satisfies the properties &fclu-
sion X C Cn(X); IdempotenceCn(Cn(X)) C Cn(X);
andMonotonicity X C Y impliesCn(X) C Cn(Y").

It turns out that the following definitions will also be use-
ful: [a] = {8 | a = B}, and[K] = U,cx[a]. For a set of
sentencesy, . .., ay, we usually write{[aq], . . ., [a,]} for
[a1] U...U[ay).

A clauseis a disjunction of literals. Clauses will be de-
noted byy, x1, ... A clausey is acomplete clausé and
only if each atom iny appears exactly once in it. Awor-
dered complete claudaliasoc-clausg is one in which the
atoms appear in sequence according to some pre-established
fixed enumeration. In our examples, in oc-clauses we use

logic-based knowledge representation languages (such asy, 4. ... with the obvious enumeration.

description logic languages) as well.

The rest of the paper is organized as follows. After some
logical preliminaries we define and investigate a notion of

For any sentence, theordered complete conjunctive nor-
mal form or oc-CNFof « is a set of oc-clauseX such that
A\ X = a. Itis well-known that everyy has an oc-CNF. By



convention, the oc-CNF af is the empty set if and only if
« is a tautology.

Semantic Diff

Given two knowledge baséSandK’, the first step in the de-
velopment of our framework is to define a notionseiman-
tic diff betweentC andXC’. For the purposes of this section,

Semantic diff compliance, as defined above, does not, of
course, necessarily guarantee the existence of an operator
which is semantic diff compliant. In the definition below we
provide a specific construction for the semantic diff oparat
which we will show to be semantic diff compliant.

Definition 2 Given two knowledge basdé§ and K’, the
ideal semantic diffof (1C,K’) is the pair (A, R), where

we assume that the knowledge bases can be expressed irA = K’ \ K, andR = £\ K'.

any logic with a Tarskian consequence relation, denoted by
Cn(.). In later sections we will restrict ourselves to finitely
generated propositional logics.

There is an analogy here with the Urdk f f command,
but whereadli f f distinguishes betweesyntacticallydif-
ferent files, oursemantic diffwill highlight the difference
in terms of the (logicalmeaningbetween two knowledge
bases. For example, although the (propositional) knovdedg
basedp, ¢} and{p,p — ¢} are syntactically different, they
convey exactly the same meaning (they are logically equiv-
alent), and therefore there should be no semantic differenc
between them. Hence our first requirementis that the knowl-
edge basekK andK’ are closed under logical consequence.

(P1) K =Cn(K) andK’ = Cn(K')

We specify the semantic diff df andX’ as a pair of sets
of sentenceéA, R). The intuition is thatd contains the sen-
tences to baddedto 1, and R the sentences to llemoved
from K to obtainK’. A will therefore be referred to as the
add-sebf (K, K’), andR as theremove-sedf (IC, K').

(P2) K' = (KU A)\ R

In order to avoid redundancy, and to comply with the prin-
ciple of minimal change, we require that the sentences to be
added to to obtaink’ should be contained iK’.

(P3) AC K

Similarly, sentences to be removed frdéto obtaink’
should be int.

(PA) RCK

We require the semantic diff to have a certdumlity in
the sense that it can be used to genekétérom £, or to
generateC from K'.

(P5) K = (K'UR)\ A

In other words, the semantic diff should provide for an
‘undo’ operation when moving from one version of a knowl-

Note that neitherl nor R are logically closed. To witness,
consider the following example:

Example 1 LetK = Cn(p A q)* andK’ = Cn(—q), and let
(A, R) be the ideal semantic diff ¢fC, £’). Then we have
that A = {[~q], [~pV ~q]}, andR = {[p A q]. [p], [a]. [p +>
ql,[pVal,[-pVql}. ClearlypV —q € Cn(A), andp V =g €
Cn(R), butpVv —q ¢ AandpV —q ¢ R. In fact, for any
ideal semantic diff4, R), T ¢ AandT ¢ R.

We now show that the ideal semantic diff is the only op-
erator that is semantic diff compliant with respect to a give
pair of knowledge bases.

Theorem 1 Let (A, R) be the ideal semantic diff &€ and
K'. Then(A, R) is semantic diff compliant with respect to
(K,K"). Moreover, (A, R) is the only pair of sets that is
semantic diff compliant with respect t&, X').

We have thus established that there is a unique ideal se-
mantic diff associated with any two knowledge bases. An
interesting consequence of the uniqueness of the semantic
diff is that its two components are disjoint.

Corollary 1 For the ideal semantic diffA, R) of (IC, '),
ANR=0.

This is in line with the principle of minimal change, in
the sense that one does not want to place a sentence in the
add-set, only for it to be subsequently removed (by plading i
in the remove-set) or vice versa. Observe also that the ideal
semantic diff(A, R) of £ andK’ is closely related to their
symmetric differencg X'\ K)U(K\ K'). Indeed, itis easily
seen that the symmetric difference/ofandX’ is simply the
union A U R of the add-set and the remove-set&f £').

Observe also that, as expected, taking the semantic dif-
ference of a knowledge base with itself is the only case in
which both the add-set and the remove-set are empty.

Corollary 2 For the ideal semantic diffA, R) of (K, K'),
(A, R) = (0,0) ifand only if C = K.

A Framework for Knowledge Base Versioning
The results in the previous section allow us to present our

edge base to another: one should be able to roll back any framework for knowledge base versioning. We have a sce-

modification performed.

With the above postulates we can now provide a precise
definition of semantic diff between two knowledge bases.

Definition 1 LetX andK’ be two knowledge bases, and let
A and R be sets of sentences. Theh R) is semantic diff
compliantwith respect taxC, ') if and only if (K, K’) and
(A, R) satisfy Postulates P1-P5.

nario in which there are versions/C4, . .., K,,, of a knowl-

edge base that need to be stored, and a core knowledge base
K. Forl <i,j5 < n,we will refer to the ideal semantic diff

of (IC;, K;) as(D;;, Dj;) (and the semantic diff offC,, ;)
as(D.;, D;.)). Observe that this notation makes sense, pri-
marily because of properties P2 and P5: The addtset

For simplicity, we will writeCn(«) instead ofcn({a}).



of (K;, K;) is also the remove-set qfK;, K;), and the
remove-seD;; of (K;, K,) is also the add-set ¢f;, K).

o If K. = K, for somel < 7 < n, whenevelC; has to be

accessed there is no need to reconstruct it;

In order to be able to access any version of the knowledge By the principle otemporal locality(Denning 1970), it is

base, it is sufficient:
e To store thecoreknowledge basg ., and

reasonable to takE. as one of the most recent versions
(if not the most recent version);

e By the principle ofspatial locality(Denning 1970), it is
reasonable to choo$€. as one of théC;s that are closest
(in terms of semantic diff) to the most accessed versions
(if not the most accessed one).

All these issues (and consequences thereof) rely on the
assumption that extra information of some kind is provided.
An analysis of how to choose the core knowledge base and
its impact on the efficiency of the versioning system is be-

e To storeD;. andD,; forall I; s.t.1 <3 < n.

Given this information, we are able to access any version
of the knowledge base. To see why, observe firstly that by
Theorem 1; = (K. U Dg;) \ D, for every: such that
1 < i < n. Figure 3 depicts such a scenario.

(Des, Dec)

(Des, Dse) (De1, D1c) X
v yond the scope of this paper. Therefore, we do not de-
velop this further here and we assume tKatis notone of
(Des. Do) K1,...,K,. Observe that this assumption does not involve
2y 2¢

any loss of generality since the basic framework remains es-
sentially the same, regardless of whether the core knowledg
base is one of the versioig of the knowledge base.

(Dea, Dac)
(De3, D3c)

Figure 3: Core knowledge base and diffs. ) .
Compiled Representation
Although our characterisation of semantic diff is on the
knowledge levefrom a computational perspective it is nec-
essary to be able to represent it in a compiled format. In
particular, given appropriately compiled representaioh
the knowledge bases; and ;, whatever these represen-
tations may look like, we are interested in the specification
of anintermediaterepresentation of the ideal semantic diff
which will enable us to do the following:

e From the knowledge bad€; together with this intermedi-
ate representation of the ideal semantic diff, generate the
knowledge bask;;

e From this intermediate representation, possibly in con-
junction with other information, generate the ideal seman-
tic diff (D;;, D;;) (cf. Definition 2).

In order to do so, we restrict ourselves from now on to

finitely generated propositional logics.

Furthermore, forl < i,j < n, we are able to generate
the ideal semantic differene¢®;;, D;;) of (IC;, KC;) directly
from the stored informatio®;., D.;, D.; andDj,, courtesy
of the following result.

Proposition1 For1 <i,j < n,
® Dij = (Dej \ Dei) U (Dic \ Dje);
® Dji = (Dei \ Dej) U (Dje \ Dic).
Figure 4 shows the overall picture of our framework.

Ordered Complete Conjunctive Normal Form
Our initial choice for the representation of knowledge Isase
is in ordered complete conjunctive normal fofpt-CNF).

Definition 3 For a knowledge bask, F(K) is defined as
the ordered complete conjunctive normal fornkofThat is,
F(K) is a set of oc-clauses such that @nF'(K)) = K.
Example 2 Let3 = {p,q}, and let = Cn(p A q). Then
F(K)={pVa,~pVqpVq}

Our intermediate representation of the ideal semantic diff
(D, Dj;) is defined as follows:
Definition 4 For 1 < 4,5 < n, theintermediate repre-
sentationof (D;;, Dj;) is the pair(I(D;;), I(D;;)), where
I(Dy;) = F(K;) \ FI(K;), andI(Dj;) = F(K;) \ F(K;).

Figure 4: Core knowledge badé., the different versions
and the respective diffs w.rx’.. The grey area depicts the
information that is really stored: the core and the direffsdi

The observant reader will have noticed that the core
knowledge baséC. is assumechotto be one ofC; ... KC,,.
The core knowledge base can, for example, be chosen as
the ‘average’ ofCy, ..., KC,, i.e., a representation minimiz-
ing the overall semantic diff of. to each of the knowledge
bases(y, ..., ,. Because such a computation can be car-
ried out offline, it would not have a negative impact on the In Definition 4, the understanding is tha{D;;) is the
overall performance of the whole system. intermediate representation of the add4#3gt and/ (D;;) is

On the other hand, there are good reasons to considerthe intermediate representation of the removelsgt with
choosing one ofy, ..., KC,, as the core knowledge base: respect to knowledge basks and/C;.



Example 3 Let3 = {p,q}, and letK; = Cn(p A ¢) and
K; = Cn(~g). ThenF(K;) = {pV q,~pV q,pV g},
F(K;) ={pV ~q,~pV ~q}, and sol(D;;) = {-p V ~q}
and(Dj;) ={pVq,~pVq}.

Example 7 Continuing with Example 4, observe firstI_y that
F(K)\I(Dj;) = {pVaq, pVq,pV-q}\{pVq, -pVq}which
is equal to{p v —¢}. Furthermore,I(D;;) = {-p V —¢},
and so(F(K)\ I(D;:)) ¥ I(Dy) = {pV =g} w{-pV ~q},
which is equal to{{-pV —¢},{pV —¢,—-pV —q}}. So

As expected, this intermediate representation can be usedA ((F(K) \ I(D;;)) W I(D;;)) = {=pV—q, (pV—q)A(—pV

to generate the (compiled representation of the) two knowl-
edge bases from one another.

Theorem 2 For1 <4,j < n, F(K;) = (F(K;)\I(Di;))U
I(Dji)= (F(K;) UI(Dj;)) \ I(Dij).

Example 4 Let3 = {p,q}, and letK; = Cn(p A ¢) and
K; = Cn(~g). ThenF(K;) = {pV ¢,~p V ¢,p V =g},
I(Dji) ={pV q,—pV q}, andI(D;;) = {-pV ~q}. So
(F(Ki) \ 1(Dj3)) U I(Dij) = ({pV ¢;=pV q,pV ~q} \
{pVag,~pVq})U{-pV g} whichis equal taF'(K;) =
{p\/ —q, pV —|q}. Slmllarly, (F(’CJ) \ I(DZJ)) UI(Dﬂ):
({pV—q,~pV =g} \ {-pV —q}) U{pV ¢, —pV g}, which
is equal toF (K;) = {pV ¢,=~p V ¢,p V q}.

In addition, and very importantly, this intermediate repre
sentation can also be used to generatédbal semantic diff
(cf. Definition 2), which was the second of our stated aims.
Before we show that this is the case, we need the following
two definitions.

Definition 5 Given setsX andY’, we define
XWY={UUV|Ue ZX),0+£V,VePY)}
So X WY is a set containing as elements the union of
every subset oK with every non-empty subset &f.

Example 5 For X = {z1,22} andY = {y1,y2} we have

that X WY = {{y1}, {ve}, {y1,v2}, {z1, 91}, {71, 92},
{xlaylayZ}y {$2,y1}, {20273/2}, {$27ylay2}v {£C17$2,y1},
{xlaIQayQ}! {'rlavaylayQ}}'

Definition 6 For X C Z(L), A(X) ={Az |z € X}.

Example 6 For X = {{a},{8,7}}, A(X) = {a, BA~}.

—q)}, and therefore[A ((F'(K)\ I(Dj;)) W I(D;;))]
{[=pV —q],[(pV-q)A(—pV —q)]}, which is equal to
{[-p V —q¢l, [=¢]}, and which, in turn, is equal t®;;.

Although Theorem 3 is a useful result, it still leaves us
somewhat short of the stated aim of being able to generate
D,; and Dj; directly from the stored informatiof'(/C.),
I(D;c), I(De;), I(Dj.), andI(D,;). More specifically, ob-
serve thatD;; and Dj; are currently being generated from
F(K;), F(K;), I(D;;)andI(D;;), noneof which are stored
explicitly. Thanks to Theorem 2 we can generBi{&;) and
F(ICJ) from F(ICC), I(DZC), I(ch), I(DCZ), andI(ch).
This still leavesI(D;;), andI(D;;) as information not be-
ing stored explicitly. The next result shows th&tD;;)
andI(D;;) can be defined in terms diD;.) andI(D.;),
I(Dj.) andI(D.;); information thatis stored explicitly as
part of the core.

Theorem 4 For1 <1i,5 <mn,
I(Dij) = (I(Dej) \ I(Dei)) U (I(Dic) \ 1(Dje))

So Theorems 2, 3 and 4 allow us to genei@jgandD;
from information that is all being stored explicitly — at kta
in principle. In practice a direct application of these tesu
yields definitions ofD;; andD;; that are quite lengthy and
unwieldy, and are omitted here due to space considerations.
Fortunately, it is possible to simplify these definitionseo
siderably, as the next result shows.

Theorem5 For1 <4,j5 <mn, let

X = (F(K)\I(Dic) UI(Dje))) U
(I(Dei) N I(Dej));
Xij I(DCJ) U I(Dw), and
X = I(ch) UI(DCi).
ThenD;; = [A(X W (X35 \ Xji))]-

We are now ready to show that the intermediate represen- Example 8 Let K; = Cn({pAq}), K; = Cn(=q), and
1 T 1 o/ ’

tation of the semantic diff can be used to generate a compact ;- _ Cn(p). ThenF(K,) = {pVq.pV =q}, I(D;.)

representation of the ideal semantic diff. (In Theorem 3 be-
low, keep in mind thatX] = U, x[].)

Theorem 3 For1 < 4,5 <mn,
Dij = [A((F(Ki) \ 1(Dj:)) & 1(Dy;))]

Thatis,[A ((F'(KC;) \ I(D;;)) W I(D;;))] is exactly equal
to D,;, the add-set ofK;, K;), while the set of sentences
[A((F(K;) \ I(Dy;)) W I(Dy;))] is exactly equal taD;;,
the remove-set of/C;, ;). Theorem 3 therefore provides
a method for generating the ideal semantic ¢iff;;, D;;)
of (K;, K;) from K;, and the intermediate representations
I(D;;) andI(Dy;) of D;; andD;, respectively.

0

I(Dje) = {pV a}, I(Dei) = {-pV q}, andI(Dc;) =
{-pV —q}. LetX = (F(ICC) \ (I(Dic) U I(Djc))) U
(I(De;) N I(D.;)), which is equal to{p V —=¢}, let X;; =
I(ch) U I(Dw) = {_‘p vV _|q}, and |eth1‘ = I(D]C) U
I(Dei) = {-pVaq,pVq} ThenX w (X;;\ X;i) =
{pV gt w{-pV-q}={{-pV-g} {pV-q,-pVv-gl}
So[A(X W (Xi; \ Xji))] = {[-pV ~q], [-q]}, which is our
D;;. Similarly, X' & (X;; \ Xi;) = {pV ~q}W{-pVq,pV
at = {{-pVvat.{pVa},{pV—-q,-pVa{pV-qpV
ab,{pV =q,~pV ¢;pV q}}. SO[A(X W (X;; \ Xj))] =
{[=pV—dl, [pVal; (g, [p < ql, [p], [pAg]}, whichiis ourD;;.

The ideal semantic diffD,;, D;;) can thus be generated
from X, X;;, andX; as defined in Theorem 5.



A General Syntactic Representation

®(Dj.) A®(Dei) = (pV q) A (=p V q), which is logically

In the previous section we showed how knowledge base ver- €quivalent toy, and therefore tab(X;;;).

sioning can be represented in a specific normal form — or-
dered complete conjunctive normal form (oc-CNF). While
oc-CNF is useful in gaining a proper understanding of the
representation of versioning, it is not a compact form of rep
resentation, and may therefore not be as useful from a com-
putational perspective. In this section we prowde a more
general syntactic representation of versioning. We do not
|nvest|gate which normal forms are appropriate for version
ing. This is left as future work. Rather, the results in this
section can provide the basis for such an investigation.

Given a knowledge bask, we let®(K) be a sentence
representingC. That is,Mod(®(K)) = Mod(K). In general
®(K) can be any sentence representiigbut in practice
®(K) will be some normal form forC. We shall there-
fore refer to® (k) as thenormal form forkC. In what fol-
lows below, we frequently need to refer®(D;;)), where
I(D;;) is a component of the intermediate representation
(I(Dyj),I(Dj;)) of a semantic diff (cf. Definition 4). For
readability we abbreviate this ®(D;;), and we refer to it
as the normal form foD;;.

In this setting, therefore, theore i.e., the information
that we store explicitly, consists of the normal form 6
together with the normal forms of the semantic diff compo-
nents,D.; andD;.fori=1,.

We now proceed to show that aII the information we are
interested in can be generated from the core. Firstly, the
normal form of any versioilC; of the knowledge base can
be generated from the core.

Theorem6 Fori=1,...,n
(I)(K:l) ((I)(K:c) V ﬁq)(Dic)) A (I)(Dm)

Example 9 Continuing from our Example 8, &k (/C;) =
pAg, OK;) =—q ©(K.) =p, ®(Dic) =T, ®(Dje) =
pVq, ®(De) = —p Vg, and®(D.;) = —pV —¢. Then
(D(K.) V =®(Dic)) A B(Des) = (pV ~(T) A (p V q),
which is logically equivalent t(iC;). Similarly, (®(K.) v
~®(Djc)) AN ®(Dej) = (pV =(pVq)) A (=pV —g), which
is logically equivalent tab(K; ).

Next we show that the ideal semantic diff of any two
knowledge baseks; andk; can be generated from the core.
Recall from Theorem 5 that, in order to do so using oc-CNF,
we first generate the sets, X;;, and.X;;. We first show that
we can generate appropriate normal forms for these sets.

Proposition2 For 1 < 4,j < n, let X and.X;; be defined
as in Theorem 5. Then

o(X) = (D(Kc)V ~(2(Dic) A ®(Dje))) A
(®(Dei) V @(Dej)); and
(I)(X”) = CI)(Dw) A (I)(DCJ)

Example 10 Continuing from Examples 8 and 9, observe
that (B(K) v =(@(Dse) A B(Dje))) A ((Dei) V (D))
=(@V(TAVY))A(=pVqV(-pV—q)), which
is logically equivalent top V —¢, and therefore to?(X).
Also,®(D;.) A®(D.;) = T A(—pV —q), which is logically
equivalent to-p V —¢, and therefore tab(X;;). Similarly,

This puts us in a position to show ha@;;, D;;) can be
generated from the normal forms &f, X;; and X ;.

Theorem7 For i < i,j < n, let ®(X), ®(X;;) (and
®(X;;)) be generated as in Proposition 2. Then

Dij = Cn(®(X) A (®(Xij) V =P(Xi))) \ C(D(X)).

Thus to determine if a sentence is an elemenbgf we
need to do two entailment checks: We need to check whether
it follows from ®(X) A (®(X;;) vV -®(X};)) but does not
follow from ®(X). (And simllarly forDﬂ, of course.)

Example 11 Continuing from Examples 8 and 10, observe
that ®(X) A (©(Xi;) V (X)) = (pV =) A ((-p V
—q)V—q) = —q. Recall also tha®(X) = pVv—¢. Therefore
Cn(=¢)\Cn(p V =q) = {[~q], [-pV—q]}, whichis ourD;;.
Also, observe tha®(X) A (P(X;;) V —®(X;;)) = (p V
=¢)A(gV—(—pV~—q)) =pAq. And sinced(X) =pV —q,

we have Clp A gq) \ Cn(p vV —q) = {[p A dl.[p].[d],[p —

Q]a [ﬁp \ j(]]7 [p \ q]}! which is equal td)]z

Related Work

To the best of our knowledge, the problem of determin-
ing the difference between two (logical) representatidns o
a given domain is a quite recent topic of investigation. ©Orig
inally some work has been done osymtax-basedotion of

diff between ontologies (Noy and Musen 2002). Here our
focus is different: despite the role that syntax might play i
the evolution of a knowledge base, our primary focus is on
the semantics, i.e., the differencernmeaningbetween two
versions of a knowledge base.

The problem of determining the logical (semantic)
diff between knowledge bases was originally investi-
gated by Kontchakowtal. in the context of DL on-
tologies (Kontchakoet al. 2008). There the need for a
semantic-driven notion of diff, in contrast to a simple
syntax-based one, is motivated, and variants thereof are pr
sented for the lightweight description logic DL-Lite. Thei
notion of diff, however, differs from ours in that)(there the
difference between ontologi€¥ andO, is defined with re-
spect to their sharesignature i.e., the set of symbols of the
language that are common to bath andOs; and ¢7) they
define diff betweer?®; and O, as arefinemenbf O, with
respect tad?s, i.e., what we call the add-set 6f; to getOs.

It can be checked that our Definition 1 encompasses both
(7) and ¢:), making the symmetry of diff explicit and also
showing the properties expected from such an operation.

In the same lines of Kontchakoet al's work, Konev
et al. (Konevet al. 2008) investigate the problem of logi-
cal diff for another lightweight description logic, namely
EL (Baader 2003), and provide algorithms for determining
the refinement of an ontology with respect to another.

The two aforementioned approaches are specific to a par-
ticular family of DLs. Our general definition of semantic
diff (Definition 1) holds for any logic which has a Tarskian
consequence relation. Moreover, our framework in terms



of compact representations remains the same for more ex-

pressive formalisms, relying essentially on the existenfce
appropriate normal forms for the respective logic. In that
sense, the approach by Kontchalehal. and Konevet al.
can be seen as a special case of ours.

Jiménez-Ruizt al. address the problem of maintaining
multiple versions of an ontology by adapting the Concur-
rent Versioning paradigm from software engineering to the
ontology versioning case (Jiménez-Ratal.2009). Al-
though their motivations and ours overlap to some extent,
they focus on the definition of a high-level architecture for
versioning, which is based upon the notions of semantic diff
defined by Kontchakoet al. and Konewet al.. For that rea-
son, the work by Jiménez-Ruét al. is not directly compa-
rable to ours. Nevertheless it is worth mentioning that the
crucial difference between their architecture and oursas t
thereall versions of a given ontology are stored in a server’s
shared repository, whereas with our general framework we
keep only the core information which is sufficient to recon-
struct the entire set of versions (cf. Figure 4).

access to any of the versions at all. This is the case irrespec
tive of the underlying syntactic representation.

We plan to pursue further work by investigating which
normal forms are more appropriate as syntactical represen-
tations for knowledge base versioning. Our results for oc-
CNF provide us with a basis for such an investigation.

Finally, since our semantic constructions also apply to
more expressive logics (than propositional logic), we are
currently investigating extensions of our framework to the
description logicALC.
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