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Abstract. Representation of context dependent knowledge in the Semantic Web
is becoming a recognized issue and a number of DL-based formalisms have been
proposed in this regard: among them, in our previous works we introduced the
Contextualized Knowledge Repository (CKR) framework. In CKR, contexts are
organized hierarchically according to a broader-narrower relation and knowledge
propagation across contexts is limited among contexts hierarchically related. In
several applications, however, this structure is too restrictive, as they demand
for a more flexible and scalable framework for representing and reasoning about
contextual knowledge.

In this work we present an evolution of the original CKR (based on OWL RL),
where contexts can be organized in any graph based structure (declared as a meta-
knowledge base) and knowledge propagation is allowed among any pair of con-
texts via a new “evaluate-in-context” operator. In particular, we detail a mate-
rialization calculus for reasoning over the revised CKR framework and prove its
soundness and completeness. Moreover, we outline the current implementation of
the calculus on top of SPRINGLES, an extension of standard RDF triple stores
for representing and rule-based inferencing over multiple RDF named graphs.

1 Introduction

Representation of context dependent knowledge in the Semantic Web is becoming a
recognized issue and a number of DL-based formalisms have been proposed in this re-
gard: among them, in our previous works we introduced the Contextualized Knowledge
Repository (CKR) framework [13,4,2]. In a CKR, each context is associated with a
set of formulae that hold under the same circumstances, which are specified by a set
of dimensional attributes associated to the context (e.g. time, space, topic, author or
access-permissions). In CKR, as proposed in [13], the values of contextual attributes
were organized hierarchically according to a broader-narrower relation. For instance
the geographical value “Italy” is narrower than “Europe”, the time attribute “2010” is
narrower than “21st century”, and the topic attribute “football” is narrower than “sport”.
This structure induces a hierarchical (coverage) relation between contexts. For exam-
ple, the context associated to Italian football during 2010 is covered by the context
for European sports in the 21st century. Coverage relation regulates the propagation of
knowledge across contexts, which is limited among contexts hierarchically related.
Practical applications, however, show that this structure might be too restrictive and
demand for a more flexible and scalable representation of contextual knowledge. For



example, it is often necessary to: associate a type (e.g. Event) to a set of contexts and
characterize it by a set of axioms; use in a context the interpretation of a complex
expression from a possibly unrelated class of contexts. For this reason, in this work we
extend and generalize the original CKR framework by the following two aspects:

1. Generalizing contextual structure: hierarchical contextual attributes are replaced
with a generic graph structure specified by a DL knowledge base, containing individual
names to denote contexts (i.e. contexts IDs), identifiers for contextual attributes values,
and binary relations that allow to specify the relations and contextual attributes for each
context. This generalization enables also the introduction of context classes, prototypi-
cal contexts that represent homogeneous classes of contexts.

2. Generalizing knowledge propagation: we introduce the eval operator, a primitive
that allows to refer to the extension of a concept (or role) in another set of contexts.
For instance the subsumption ¢; : eval(A, C) C A can be used to state that the exten-
sion of concept A in contexts of type C is contained in the extension of A in ¢;. This
subsumption enable to propagate the information of A from contexts in C to c;.

Over this generalized version of CKR, we detail a materialization calculus for instance
checking and prove its soundness and completeness'. Moreover, we outline its current
implementation on top of SPRINGLES, an extension of standard RDF triple stores for
representing and rule-based inferencing over multiple RDF named graphs.

2 Preliminaries: SROZ Q-RL

In the following we assume the usual presentation of description logics [1] and defini-
tions? for the logic SROZQ [6].

OWL RL [12] is basically defined on a restriction of SROZQ syntax: in the fol-
lowing we call such restricted language SROZ Q-RL. The language is obtained by lim-
iting the form of General Concept Inclusion axioms (GClIs) and concept equivalence of
SROZIQ to C' C D where C and D are concept expressions, called left-side concept
and right-side concept respectively, and defined by the following grammar:

C=A I {CL} ‘ CiMCy ‘ CiUCy ‘ dR.Cy | HR{CL} | dR.T

D=A | -C1 |D1 M Doy ‘ HR{G} |VRD1 ‘ <nR.Cy | <nR.T
where n € {0, 1}. Finally, a both-side concept E is a concept expression which is both
a left- and right-side concept. TBox axioms can only take the form C' C D or F = E.

RBox for SROZQ-RL can contain every role axiom of SROZQ but Ref(R). ABox
concept assertions can be only stated in the form D(a), where D is a right-side concept.

3 Contextualized Knowledge Repositories

A CKR is a two layered structure. The upper layer is composed of a knowledge base &,
which describes two types of knowledge: (i) the structure and the properties of contexts

! Complete proofs for soundness and completeness are presented in the Appendix.
% For ease of reference, the intended presentation of syntax and semantics for SROZQ con-
structors and axioms is presented in Table 4 in the Appendix.



of the CKR (called meta-knowledge), and (ii) the knowledge that is context indepen-
dent, i.e., that holds in every context (called global knowledge). The lower layer, is con-
stituted by a set of (local) contexts, each containing (locally valid) facts, that can also
refer to what holds in other contexts. To favor knowledge reuse, the knowledge of each
context is organized in multiple knowledge modules. The association between contexts
and modules is represented in the meta-knowledge via a binary relation, and can be
either explicitly asserted or inferred via meta-reasoning. The knowledge in a CKR can
be expressed by means of any DL language: in the following we provide the parametric
definition to any DL language and successively we instantiate it to SROZ Q-RL.

The meta-knowledge of a CKR is expressed by a DL language defined on a meta-
vocabulary, containing the elements that define the contextual structure?.

Definition 1 (Meta-vocabulary). A meta-vocabulary is a DL vocabulary I" composed
of a set of atomic concepts NCr, a set atomic roles NR and a set of individual con-
stants N1 that are mutually disjoint and contain the following sets of symbols

1. N C NIy of context names. 4. R C NR of contextual relations.

2. M C NI of module names. 5. A C NR of contextual attributes.

3. C C NCr of context classes, 6. For every attribute A € A, a set
including the class Ctx*. Da C NI of attribute values of A.

The meta-language of a CKR, denoted by L, is a DL language built starting from the
meta-vocabulary I with the following syntactic conditions on the application of role
restrictions: for every e € {V,3,< n, > n}, (i) if the concept eA.B occurs in a concept
expression, then B = {a} with a € Da; (ii) if the concept emod.B occurs in a concept
expression, then B = {m} withm € M.

The context (in)dependent knowledge of a CKR is expressed via a DL language
called object-language, based on an object-vocabulary ' = NCy & NRx W NIy. The
object-language Ly is the DL language defined starting from the X. The expressions
of the object language will be evaluated locally to each context: namely each context
can interpret each symbol independently. However, there are cases in which one want
to constrain the meaning of a symbol in a context with the meaning of a symbol in
some other context. For instance if John likes all Indian restaurants in Trento, then the
extension of the concept Good Restaurant in the context of John preferences, contains
the extension of IndianRestaurant in the context of tourism in Trento. To repre-
sent such external references, we extend the object language Ly with the so called
eval expressions. Given a concept or role expression X of Ly, and a context expres-
sion C of L, an eval expression is an expression of the form eval(X, C). The DL
language L5, extends Ly with the set of eval-expressions in L. Intuitively, the ex-
pression eval(C, {c}) represents the extension of the concept C' in the context c. Gen-
eralizing, eval(C, C) with C a context class represent the union of the extensions of
C' in each context of type C. Similar intuition can be given for eval(R, C). The above
example can be formalized by adding the following axiom to the context of John’s pref-
erences: eval(IndianRestaurant, {trento_tourism}) C GoodRestaurant. Finally,

3 To support readability we use sans-serif typeface to denote elements of the meta-vocabulary.
* Intuitively, Ctx will be used to denote the class of all contexts.



notice that we do not allow nested eval expressions: every expression occurring inside
an eval should be an expression in L.

Definition 2 (Contextualized Knowledge Repository, CKR). Given a meta-vocabulary
I' and an object vocabulary 3, a Contextualized Knowledge Repository (CKR) over
(I, X) is a structure R = (B, {Km tmem) where:

— & is a DL knowledge base over L U Ly
— for every module name m € M, K, is a DL knowledge base over LS,.

Definition 3 (SROZQ-RL CKR). A CKR is a SROZQ-RL CKR, if & is a knowledge
base in SROZQ-RL, and for each m € M, K, is a SROIQ-RL knowledge base,
where eval-expressions only occur in left-concepts and contain left-concepts or roles.

Example 1. We introduce an example in the tourism recommendation domain’. In this
scenario we use CKR to implement a knowledge base, called £;,., that is populated
with touristic events, locations, organizations and tourists’ preferences and profiles, and
that is capable to identify events that are interesting for a tourist (or tourists class)
starting from his/her preferences. A simplified version of the structure and the con-

G [ ] S
Event m_event m_tourist
o m_sp:tourist
| CulturalEvent | SportsEvent [© >
T T ~"m_v_match ISportiveTouristl I CulturalTourist I
VolleyAl
| Concert | | VolleyMatch |Competition volley_fan_01
trento_cuneo trento_latina Al_2012-13 <> m_tourist01
mo_c‘ie'ﬁaftrento :
<> <> <> hasParentEvent
m_matchl m_match2 m_match3 —_—>
Ky match HomeTeam ETeam, HostTeam CTeam, | | _— Winner (bre_banca_cuneo_volley),
= Winner CTeam, Loser CTeam, ... mate Loser(itas_trentino_volley), ...
K eval(Winner, TopMatch) C TopTeam | | K Winner(casa_modena volley),
sport_ev eval( P )£ Top maCh2 ) oser(itas trentino_volley), ...
% eval(TopTeam, SportsEvent) & Kppatens Mnner(ites trentino_volley),
sp_tourist PreferredTeam Loser(andreali_latina_volley), ...

Fig. 1. Example CKR knowledge base R¢our

texts of Ry 18 shown in Figure 1. In this example we focus on sportive events and
in particular on volley matches. Intuitively, in the global context &, every sport event
and tourist is modelled with a context: in the figure, these are depicted as black di-
amonds and we show some of the official volley matches and a tourist. Contexts are

3 This example is a simplified version of a real case scenario in which we apply CKR to a tourist
event recommendation system in Trentino (see http://www.investintrentino.it/
News/Trentour-Trentino-platform-for-smart-tourism).



grouped by types and organized in hierarchies by means of context classes: in the
figure (depicted as boxes) we show a distinct context class hierarchy for event types
(e.g. SportiveEvent, VolleyMatch) and for tourists types (e.g. SportiveTourist). The
metaknowledge in & associates to contexts and context classes a set of knowledge
modules, by axioms of the kind Event = Jmod.{m_event} or {modena_trento} C
Imod.{m_match2}: in the figure these associations are represented by dotted lines to
the gray empty diamonds depicting module name individuals. Knowledge bases asso-
ciated to modules are depicted as the corresponding gray boxes in the lower part of
Figure 1: for example, in K,_natch We have general axioms about the structure of volley
matches, while in modules for specific matches as K,tch1 We store assertions about the
actual results of the match. Intuitively, the semantics will enforce a form of inheritance
of modules via context class hierarchy. Contextual relations across events and tourists
are depicted as bold arrows in the figure: the only relation hasParentEvent connects
matches with the competition in which they occour. Note that in some of the knowledge
modules, we use eval expressions to define references across contexts. For example, in
Ksport.ev We can state® that “Winners of major volley matches are top teams” with:

eval(Winner, VolleyMatch M 3hasParentEvent.VolleyAlCompetition) C TopTeam

Similarly, in K tourist We say that for each sportive tourist “top teams are preferred
teams” with eval(TopTeam, SportsEvent) C Pre ferredTeam. <&

Definition 4 (CKR interpretation). A CKR interpretation for (I, X)), is a structure
J = (M, I) s.t. M is a DL interpretation of I' U X and, for every x € Ctx™, Z(z) is
a DL interpretation over X.

According to the previous definition, a CKR interpretation is composed by an inter-
pretation for the “upper-layer” (which includes the global knowledge and the meta-
knowledge) and an interpretation of the object language for each instance of type con-
text (i.e., for all 2 € Ctx™), providing a semantics of the object-vocabulary in z.

Definition 5 (CKR Model). A CKR interpretation J is a CKR model of R (in symbols,
J | R) iff the following conditions hold:

1. Global interpretation: (i) NM C Ctx™ and, forevery C € C, CM C Ctx™;
(i) M = &.

2. Local interpretations: if (z, ) € mod™ and y = m™, then I(z) |= Kp.

3. Knowledge propagation: for every x € Ctx"": (i) for a € Nlx, and any y € CoxcM,
a @) = oTW) = M. (ii) for a € B witha € Ly, I(z) = a.

4. Interpretation of eval expressions: given xr € CtxM,

eval(X,C)T®) = U X
ecCM

Note that the interpretation of an eval expression is independent from the context in
which it is evaluated.

We adapt to CKR models the definition of the classic reasoning problem of entail-
ment: intuitively, the problem is specialized by indicating the context of reference.

® For space reasons, in Figure 1 and in following examples, we write TopMatch as a shortcut
for the corresponding context expression.



Definition 6 (c-entailment). Given a CKR R over (I', X) with ¢ € N and an axiom
o € LS, we say that « is c-entailed by R (denoted by R |= ¢ : «) if, for every CKR
model I = (M, T) of & we have Z(c™) |= a.

We extend this definition to CKR knowledge bases as follows.

Definition 7 (Global entailment). Given a CKR & over (I, X)) and an axiom «, we
say that « is (globally) entailed by R (denoted by R = «) if:

— «a € LS, and, for every c € N and model 3 = (M, T) of & we have Z(cM) = a;
— « € L and, for every model 3 = (M, T) of & we have M |= a.

Example 2. We can now consider again the R;,,,, CKR of Example 1 and provide a
formal interpretation for it. Let J = (M, Z) be the model of Ry, directly induced by
its assertions. By the definition of the model, we can now find the knowledge base as-
sociated to each context: for example, for the context of the match modena_trento, we
have that 7 (modena,trentoM) E Kevent U Ksport.ev U Ky match U Kmatcho and similarly
for the other matches. In particular, we have that the local interpretation satisfies the
axiom eval(Winner, TopMatch) C TopTeam € Kqportev. We can now give the for-
mal reading of such axiom: we have that eval(Winner, TopMatch)Z(medenatrento™) _
UeeTopMatchM Winner?(®). From the assertions in the ABox of &, this corresponds to

. Z(e) . . ..
UeE {match-2, match_3} Winner~'®). Now, by assertions on Winner inside Kpatch2 and

Kmatch3» We obtain {itas_trentino, casa_modena} C TopTeam®(modena-trento™)

We can do a similar reasoning for the context describing the tourist volley_fan_01.
We have that 7 (voIIey,fan,Olel ) E Kiourist U Ksp tourist U Krouristo1. Thus, the inter-

pretation satisfies eval(T'opTeam, SportsEvent) T Pre ferredTeam from Kqp tourist-

. My oL,
As in the case above, eval(TopTeam, SportsEvent)?(velley-fan-017%) g interpreted as

UeesportsEventM TopTeam®®). From the assertions in &, we obtain that this is equal to

I(e) . .
Uee {match.1, match 2, match 3y 1 opTeam™'®). Finally, from the reference axiom above,

we obtain {itas_trentino, casa_modena} C PreferredTeam®(Volley-fan0177) %

4 Materialization Calculus K.

In this section we extend the materialization calculus K, for instance checking on
SROEL(M, x) (OWL-EL) proposed by [10] in order to reason over the two layered
structure of a CKR in SROZ Q-RL. As we will discuss in the following, this calculus
basically formalizes the operation of forward closure we realized in the implementation.
To simplify the presentation of the calculus rules, we introduce a normal form for
the considered axioms. We say that a CKR & = (&, {Kp }mem) is in normal form if:

— & contains axioms in L of the form of Table 1 or in the form C C Imod.{m},
CC3A{da}for A,B,CeC,R,S,T€R,a,b€N,meM,A e Aanddp € Da.

— & and every K, contain axioms in Ly of the form of Table 1 and every K, contain
axioms in £, of the form eval(A4,C) C B, eval(R,C) C T for A,B,C € NC,
a,be NI, R,S,T € NRand C € C.



A(a) R(a,b) —R(a,b) a=5b a#b
ACB {a} C B AC-B ANBCC
JRACB AC3R{a} ACVYRB ACKIRB

RCT RoSCT Dis(RS) Inv(RS) Irr(R)

Table 1. Normal form axioms

We can give a set of rules’ that can be used to transform any SROZQ-RL CKR in
an “equivalent” CKR in normal form. As in [10], we assume that rule chain axioms in
input are already decomposed in binary role chains. The correctness of this translation
can be shown by the following lemma.

Lemma 1. For every CKR R = (&, {Km}mem) over (I, X), a CKR & over extended
vocabularies (I, X') can be computed in linear time s.t. all axioms in & are in normal
form and, for all axioms o only using symbols from (I, X), R = a iff R = « O

Let us introduce the basic concepts of the proposed calculus. We follow the same pre-
sentation given in [10], and we will thus express our rules in the language of datalog.
A signature is a tuple (C,P), with C a finite set of constants and P a finite set of
predicates. We assume a set V of variables and we call ferms the elements of C U V.
An atom over (C,P) is in the form p(ty,...,t,) withp € Pandeveryt;, €« CUV
fori € {1,...,n}. A rule is an expression in the form By, ..., B, — H where H and
Bi, ..., B, are datalog atoms (the head and body of the rule). A fact H is a ground
rule with empty body. A program P is a finite set of datalog rules. A ground substitution
o for (C,P) is a function o : V — C. We define as usual substitutions on atoms and
ground instances of atoms. A proof tree for P is a structure (N, E, \) where (N, E) is
a finite directed tree and A is a labelling function assigning a ground atom to each node,
where: for each v € N, there exists arule By, ..., B,, — H in P and a ground substi-
tution o s.t. (i) A\(v) = o(H) and (ii) v has m child nodes w; in E, with A(w;) = o(B;)
fori € {1,...,m}. A ground atom H is a consequence of P (denoted P = H) if there
exists a proof tree for P with root node r and with A(r) = H.

We can now present the definition of our materialization calculus: we instantiate
and adapt the general definition given by [10] in order to meet the structure of CKR.

Definition 8 (Materialization calculus K;.). The materialization calculus K;. is com-
posed by the input translations Igop, Ijoc, 111, the deduction rules Py, Py, and output
translation O, such that:

— every input translation I and output translation O are partial functions (defined over
axioms in normal form) while deduction rules P are sets of datalog rules;

— given an axiom or signature symbol o (and ¢ € N), each I(«) (or I(a,c)) is either
undefined or a set of datalog facts,

— given an axiom o and ¢ € N, O(q, c) is either undefined or a single datalog fact;

— the set of predicates used by each I, P, O is fixed and finite;

— all constant symbols in input or output translations for o are signature symbols ap-
pearing in (or equal to) .

7 Presented in Table 5 in the Appendix.



Global input rules /4., (®)

(igl-subctx1l) C € C — {subClass(C, Ctx,gm)}

(igl-subctx2) ¢ € N — {inst(c, Ctx,gm)}

Local input rules ;0. (Km, ¢)

(ilc-subevalat) eval(A,C) C B +— {subEval(A,C, B,c)}

(ilc-subevalr) eval(R,C) C T > {subEvalR(R,C,T,c)}

Local deduction rules P,

(plc-subevalat) subEval(a,ci,b,c),inst(c’, c1,gm), inst(x,a,c’) — inst(x, b, c)
(plc-subevalr) subEvalR(r,ci,t,c),inst(c’, c1,gm), triple(x,r,y,c¢') — triple(z,t,y,c)
(plC-Gq) nom(m, C)7 eq(:li', Y, Cl) - eq(.’E, Y, C)

Output translation O(«, c)

(o-concept) A(a) — {inst(a, A,c)}

(o-role) R(a,b) — {triple(a, R,b,c)}

Table 2. K. translation and deduction rules

We extend the definition of input translations to knowledge bases (set of axioms) S with
their signature X', with 1(S5) = U ,es 1(a) UlU e 50 1(5) definea £ (8) (similarly I(S, c) =
Uaes 1(c, ) UU e 5 1(s) definea L (8, €))- The sets of rules defining input translation Zgp
for global context, input translation [;,. and deduction rules P, for local contexts and
output rules O are presented in Table 2. Finally, SROZ Q-RL input I,; and deduction
P, rules are presented in Table 3.

In order to introduce the notion of entailment, we define in the following the “trans-
lation process” to produce a program that represents the knowledge of the complete
input CKR. Let R = (&, {Ky, }mem) be an input CKR in normal form. Then, let:

PG(@) = glob(ﬁ) UPyU Irl(ﬁp, gm) U Irl((’jg, gk)

with gm,gknew, 6 ={a € &|a € Lr} and By = {a € & |a € Lx}. We define
the set of contexts Ng = {c € C | PG(®) |= inst(c, Ctx,gm)}. For every c € Ng,
we define its associated knowledge base as:

K. = U{Km € R| PG(®) = triple(c,mod, m,gm)}
We define the program for c as:
PC(C) - F)loc U IlOC(KC7 C) U I’!‘l(KC? C) U I?'l(®27 C)

Finally, the program for & can be encoded as PK (8) = PG(6) Uy, PC(c).

We say that & entails an axiom o € L (denoted & F ) if PG(&) and O(«, gm)
are defined and PG(®) = O(a, gm). The same can be stated if o € Ly, substituting
gm with gk. We say that R entails an axiom o € LS, in a context ¢ € N (denoted
R F c: a)if the elements of PK (R) and O(«, c) are defined and PK (R) = O(a, c).

The presented rules and translation provide a sound and complete materialization
calculus for instance checking (with respect to c-entailment) in SROZ Q-RL CKRs in
normal form. The result can be verified by extending the proofs in [10] to SROZ Q-RL
and to the CKR structure. Soundness w.r.t. the global knowledge is established as:

Lemma 2. Given & = (&, {Ky, }mem) a CKR in normal form, and o € L ora € L,
with « an atomic concept or role assertion, then & - « implies & = a. a



RL input translation I,,;(.S, c)

(irl-nom) a € NI~ {nom(a,c)} (irl-not) A C =B+ {supNot(4, B,c)}
(irl-cls) A € NCw— {cls(4,¢)} (irl-subcnj) A1 M A C B — {subConj(A1, Az, B,c)}
(irl-rol) R € NR +— {rol(R,c)} (irl-subex) JR.A C B+ {subEx(R, A, B,c)}
(irl-instl)  A(a) — {inst(a, A,¢)} (irl-supex) A C 3R.{a} — {supEx(A, R,a,c)}
(irl-triple)  R(a,b) — {triple(a, R,b,c)} (irl-forall) A C VR.B + {supForall(4, R, B,c)}
(irl-ntriple) —R(a,b) — {negtriple(a, R,b,c)} (irl-leqone) A T <1R.B +— {supLeqOne(A, R, B,c)}
er—eq) a=bw {eq(a,b,c)} (irl-subr) R C S +— {subRole(R,S,c)}
(irl-neq)  a # b {neq(a,b,c)} (irl-subrc) RoS C T v {subRChain(R, 5, T, )}
(¥rl—1nst2) {a} C B+ {inst(a, B,c)} (irl-dis) Dis(R, 5) — {dis(R, S, c)}
(%rl-subc) A [ B +— {subClass(A, B7 (,)} (il'l-il’lV) Il’lV(R7 S) s {inv(R, S7 C)}
(}rl—top) T(a) — {inst(a,top,c)} (irl-irr) Irr(R) — {irr(R,c)}
(irl-bot)  L(a) — {inst(a,bot,c)}
RL deduction rules P,
(prl-ntriple) negtriple(z,v,y,c), triple(z,v,y, c) — inst(z, bot, ¢)
(prl-eql) nom(z, c) — eq(z,x,c)
(prl-eq?) eq(, y,) — ea(y, z, ¢
(prl-eq3) eq(z,y,c),inst(z, z,¢) — inst(y, 2, ¢)
(prl-eq4) eq(z,y,c), triple(x,u, z,¢) — triple(y,u, z,¢)
(prl-eq5) eq(z,y,c), triple(z, u, z,c) — triple(z,u,y,c)
(Pfl'eqﬁ) eq(xv Yy, c ) (y7 2, C) - eq(x, 2, C)
(prl-neq) eq(z,y, ¢),neq(z,y,c) — inst(z, bot, c)
(prl-top) inst(z, z,c¢) — inst(z, top, ¢)
(prl-subc) subClass(y, z, ¢), inst(z, y, ¢) — inst(z, 2, ¢)
(prl-not) supNot(y, 2, ¢), inst(z, y, ¢), inst(z, 2z, ¢) — inst(z, bot, ¢)
(prl-subcnj) subConj(y1, Y2, 2, ¢), inst(x, y1, ¢), inst(z, y2, ¢) — inst(z, z,¢)
(prl-subex) subEx(v,y, 2, ¢), triple(x,v, 7', c), 1nst(x y,¢) — inst(z, z,¢)
(prl-supex) supEx(y,r, 2, ¢), inst(x,y, ¢) — triple(z,r, 2, c)
(prl-supforall) supForall(z,r, 2/, c), inst(z, 2, ¢), trlple(x r,y,c) — inst(y, 2’, ¢)
(prl-leqone) supLeqOne(z,, 2, ¢), inst(x, 2, ¢), triple(z, r, 1:1,0),

inst(x1,2’,c), triple(z, r, o2, ), inst(z2, 2’, ¢) — eq(z1, 22, ¢)
(prl-subr) subRole(v,w,c), triple(z,v,2’, ¢) — triple(z,w,z’, c)
(prl-subrc)  subRChain(u,v,w,c),triple(x,u,y,c), trlple(y,v z,¢) — triple(z,w, z,¢)
(prl-dis) dis(u,v,c), triple(z, u,y,c), triple(z, v,y, c) — inst(z, bot,c)
(prl-inv1) inv(u,v, ¢), triple(z, u,y,c) — triple(y,v,z,c)
(prl-inv2) inv(u,v, ¢), triple(z,v,y,c) — triple(y,u, z,c)
(prl-irr) irr(u,c), triple(z, u, z, c) — inst(z, bot,c)

Table 3. RL input and deduction rules

Soundness for global entailment is proved by extending the result to local knowledge.

Theorem 1 (Soundness). Given 8 = (&, {K }mem) a CKR in normal form, o € Ly,
an atomic concept or role assertion and c € N, then RF c: aimplies R =c:a. O

Completeness can be verified in a similar way. We say that a CKR 8 is consistent if there
does not exist c € N U {gm, gk} and a € NIy UNIy s.t. PK(8) | inst(a,bot,c).

Lemma 3. Given 8 = (&, {K }mem) a consistent CKR in normal form, and oo € L
or o € L with o an atomic concept or role assertion, then & = o implies & - o. O

Theorem 2 (Completeness). Given & = (&, {Kn, }mem) a consistent CKR in normal
form, o € L an atomic concept or role assertion and c € N, then 8 = ¢ : « implies
RFc:a ad



S5 Concrete Syntax for RDF with Named Graphs

The forward reasoning over CKR expressed by the materialization calculus has been
implemented in a prototype. Basically, the prototype accepts RDF input data express-
ing OWL-RL axioms and assertions for global and local knowledge modules: these dif-
ferent pieces of knowledge are represented as distinct named graphs, while contextual
primitives (e.g. contexts and the eval operator) have been encoded in a RDF vocabu-
lary. The prototype is based on an extension of the Sesame 2.6 framework: the main
component, called CKR core module exposes the CKR primitives and a SPARQL 1.1
endpoint for query and update operations on the contextualized knowledge. The mod-
ule offers the ability to compute and materialize the inference closure of the input CKR,
add and remove knowledge and execute queries over the complete CKR structure.

The distribution of knowledge in different named graphs asks for a module to com-
pute inference over multiple graphs in a RDF store. This component has been realized as
a general software layer called SPRINGLES?. Intuitively, the layer provides methods to
demand a closure materialization on the RDF store data: rules are encoded as SPARQL
queries and it is possible to customize both the input ruleset and the evaluation strategy.

In our case, the ruleset basically encodes the rules of the presented materialization
calculus. As an example, we present the rule dealing with atomic concept inclusions:
:prl-subc a spr:Rule ;

spr:head """ GRAPH ?mx { ?x rdf:type 2z } """ ;

spr:body """ GRAPH ?ml { ?y rdfs:subClassOf ?z }
GRAPH ?m2 { ?x rdf:type ?y }
GRAPH sys:dep { ?mx sys:derivedFrom ?ml, ?m2 }
FILTER NOT EXISTS

{ GRAPH ?m0 { ?x rdf:type ?z }
GRAPH sys:dep { ?mx sys:derivedFrom ?mO } } """

This code corresponds to the local rule (prl-subc) of P, thus has the scope of a single
context. When the condition in the body part of the rule is verified in graphs ?m1 and
?m2, the head part is materialized in the inference graph ?mx. In the rule we work at
level of knowledge modules (i.e. named graphs): the first three lines directly correspond
to the rule in P,;; in the fourth line we require that module ?mx, containing the infer-
ences in the given context, depends on the modules of the assumptions. In other words,
we require that both rule preconditions and results belong to the KB associated to the
same context’. The filter expression checks that the results have not been derived yet.
The rules are evaluated with a strategy that basically follows the same steps of
the translation process defined for the calculus. Intuitively, the plan goes as follows:
(i) we compute the closure on the graph for global context &, by a fixpoint on rules
corresponding to P,;; (ii) we derive associations between contexts and their modules,
by adding dependencies for every assertion of the kind mod(c, m) in the global closure;
(iii) we compute the closure the contexts, by applying rules encoded from P,; and P,
and resolving eval expressions by the metaknowledge information in the global closure.

8 SParql-based Rule Inference over Named Graphs Layer Extending Sesame.

° Statements ?mx sys:derivedFrom ?my are generated from the closure of the global
context. For every context, an additional module for its inferences is created and associated to
it via sys :derivedFrom relation.



A demo of the prototype, containing RDF data that encodes the example CKR
Riour,canbe found at https://dkm. fbk.eu/index.php/CKR-TourismDemo.

6 Related Works

The interest in representation of contexts in the Semantic Web favored the proposal of
several DL-based formalisms. One relevant example is the Two-dimensional descrip-
tion logics of context [8,9]. It is based on a multimodal extension of one DL with
another: the composition of an object language Lo with a contextual language L re-
sults in a combined language €§g This allows a clear separation of the metaknowledge
and a complex definition of the contextual structure. Contextual modal operators intro-
duced by this logic allow to define references to other contexts, similarly to the eval
operator. On the other hand, we note that most of the approaches (including [13]) only
consider fixed structures for the representation of metaknowledge, possibly for dealing
with the complexity of the combination of languages [7, 14—16]. A comparison of the
approaches with respect to the needs for context in Semantic Web can be found in [3].

The presented materialization calculus extends the calculus for instance checking
presented in [10] for SROEL(M, x) to the language of OWL RL: in our extension, we
also referred to the subsequent work [11] presenting a rule-based calculus for classifi-
cation in OWL RL.

7 Conclusions

In this paper we presented a revised and extended version of the CKR framework, gen-
eralizing the previous formalization in aspects of contextual structure and knowledge
propagation. We then proposed a sound and complete materialization calculus for rea-
soning over the new CKR definition and outlined its implementation based on SPARQL
and a concrete syntax in RDF with named graphs.

We remark that the newly proposed version addresses several limitations of CKR
in [13]: the global context & extends the metaknowledge component of CKR with
global object knowledge and, most of all, metaknowledge is not limited by a fixed
structure but can be defined as a full DL knowledge base; contextual structure is now
independent from the definition of context dimensions and the coverage relation, while
general context relations can be explicitly asserted across contexts; the eval operator
generalizes the notion of qualified symbols to generic object expressions and contexts
classes; finally, we allow multiple modules to be associated to contexts. On the other
hand we have still to verify how this increase in representation potential affects the
complexity of reasoning in the new representation.

We are currently realizing a different implementation of the calculus based on DL
rewritings to Datalog programs [5]. Moreover we plan to study the complexity proper-
ties of the new version of the CKR with respect to the previous formalization. Finally,
we want to evaluate the different realizations of CKR with respect to reasoning perfor-
mances and ease of modelling over the same set of contextualized data, as in [2].
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A Appendix: Result Proofs

A.1 Soundness

Lemma 1. Given R = (&, {K, }mem) a CKR in normal form, and o« € L ora € Ly
with o an atomic concept or role assertion, then ® & o implies ® |= .

Proof. We can basically follow the same proof schema used for proving soundness
in [10], by adapting it to the rules of our calculus. By definition, we have that PG(&) =
Igiop(®) U Py U Ly (&, gm) U L(S 5, gk). We can assign an interpretation to the
ground atoms derived from PG(®) as follows, where g = gm or g = gk:

— inst(a, A,g) witha € NI UNIx, A € NCr UNCy, then & = A(a);

— inst(a,top, g) with a € NI U NIy, then & = T(a);

— inst(a,bot,g) with a € NI} UNIy, then & = L(a);

- triple(a, R,b,g) with a,b € NI UNIyx, R € NRp UNRy, then & = R(a,b);
- eq(a,b,g) with a,b € NI UNIy, then & = a = b;

— neq(a, b,g) witha,b € NI UNIy, then & = a # b;

We claim that, for any ground atom H of the above form with the corresponding se-
mantic condition C'(H), PG(®) = H implies & |= C(H ). We can prove the claim by
induction on the possible proof tree of the above atoms H.

— (prl-ntriple): then H = inst(a,bot,g) and PG(®) = negtriple(a, R,b,g),
PG(®) | triple(a, R, b, g). We have that = R(a,b) € & and, by the above inter-
pretation of atoms, we obtain that & |= R(a, b). This is an absurd, thus there cannot
be an interpretation satisfying &, which justifies the consequence & = L(a).

— (prl-eql): then H = eq(a, a, g) and, by I, rules, a € NI UNIy. For any model M
of &, for any a € NI UNIy it holds that a™ = a™, thus this verifies & = (a = a).

— (prl-eq2): then H = eq(b, a,g) and PG(®) = eq(a, b, g). By the above interpreta-
tion of atoms, & |= (a = b): by symmetricity of equality relation this directly implies
that & = (b = a).

— (prl-eq3): then H = inst(b, B, g) and PG(®) |= eq(a,b,g), PG(®) = inst(a, B, g).
By the above interpretation of atoms, & = (a = b) and & |= B(a). This directly
implies that & |= B(b), thus proving the assertion.

— (prl-eq4): then H = triple(a, R,b,g) and PG(6) = eq(c,a,g), PG(®) =
triple(c, R,b,g). By the above interpretation of atoms, & = (¢ = a) and & £
R(c, b). This directly implies that & = R(a, b). The case for (prl-eq5) can be verified
similarly.

— (prl-eq6): then H = eq(a, b, g) and PG(®) = eq(a,c,g), PG(®) = eq(c,b, g).
By the above interpretation of atoms, ® = (a = ¢) and & |= (¢ = b): by transitivity
of equality relation this directly implies that & |= (a = b).

— (prl-neq): then H = inst(a,bot,g) and PG(8) & neq(a,b,g), PG(B) =
eq(a, b, g). By induction hypothesis and the above semantic conditions, we obtain
® = (a =b) and & |= (a # b). This is an absurd, thus there cannot be an interpre-
tation satisfying ®: this justifies the consequence & = L(a).

— (prl-top): then H = inst(a,top,g) and PG(®) = inst(a, B, g). By induction
hypothesis, ® = B(a): for every model M of &, it holds that a™ € AM = TM,
thus it is verified that & = T (a).



Concept constructors |Syntax Semantics
atomic concept A AT
complement -C AT\ T
intersection cnbD ctnbD*
union cubD ctubp?
T
existential restriction JR.C xc AT - (@, y% €h
Ny e’
self restriction JR.Self |{z € AT | (x,z) € RI}
T
universal restriction VR.C {m e A vy (@, y)IG R }
—yeC
T
in. . - “nR. 7z | t{y| (= y YER
min. card. restriction >nR.C { €A Ay € T } >n
T
. . -~ <nR. 7 |Hyl(z Z/ ER
max. card. restriction <nR.C {x €A Ay € P Y<n
L _ B Ili{y\xyERI
cardinality restriction =nR.C {m €A AyeCTy=n
nominal {a} {a*}
Role constructors Syntax Semantics
atomic role R R*
inverse role R {{y,2) | (z,y) € R*}
role composition So@ {{z,2) | (@,y) € S%,(y,z) € Q" }
Axioms Syntax Semantics
concept inclusion (GCI) |C C D c* c p?
concept definition c=D |cT=D*
role inclusion (RIA) SCR ST Cc R?
role disjointness Dis(P,R) |PPNRT =0
reflexivity assertion Ref(R) |{{z,z)|z € AT} C RT
irreflexivity assertion  |Trr(R)  |RT N {(z,2) |z € AT} =0
symmetry assertion Sym(R) |(z,y) € R = (y,x) € R*
asymmetry assertion Asym(R) |(z,y) € RT = (y, ) ¢ R*
transitivity assertion Tra(R) |{{z,v), (y,2)} C R = (z,2) € R
concept assertion C(a) at e C*
role assertion R(a,b) |(a®,b") € R*
negated role assertion | —R(a,b) |{a”, blg ¢ R
equality assertion a=b 7=
inequality assertion a#b al £ bv?

Table 4. Syntax and Semantics of SROZQ



C(a) — {X(a),X C C} Sym(P) — {P C W, Inv(P,W)}

CCD—{CCX,XLCD} Trans(P) — {Po P C P}
ACT—0 Asym(P) — {Dis(P,W),Inv(P, W)}
1CA—D

eval(D,C) E B € Km — {eval(X,Y) C B € Kn,
DCXeKm, CCYE®B,
Y C dmod.{mx} € &}
eval(R,C) C T € K — {eval(R,Y)C T € Kn,

AC-C—{AC-X,CC X}
CNACB—{CCX,XMNALC B}
ACCND—{ACC,AC D}
CUDC B~ {CLCB,DLC B}

CCYe®}
JROC A {CCX,3RXC A} Jeval(R,C).AC B € Kn > {IW.AC B € Kn,
AC3IRC— {ACIRX,CC X} eval(R,C) C W € K}
ACVRD—{ACVRX,XC D} eval(R,C)oSCTEKn+r {eval(R,C)C W € Kpn,
AC <OR.D — {AC VR.~D} WoSCTEeEKn}

ACKIRD— {ACKIR.X,DC X} Dis(eval(R,C),S) € Km — {eval(R,C) C W € K,
Dis(W, S) € Km}

With A, B € NC, R,S,T € NR, X,Y & NC fresh concept names, W € NR a fresh role
name, mx a fresh module name and K. its associated knowledge base, C, D, C concept
expressions with C, D, C ¢ NC.

Table 5. Normal form transformation

— (prl-subc): then H = inst(a, B,g), AC B € ® and PG(®) |= inst(a, 4, g). By
the above semantic conditions, & |= A(a): this directly implies that & |= B(a).

— (prl-not): then H = inst(a,bot,g), A C =B € & and PG(&) = inst(a, 4, g),
PG(®) = inst(a, B, g). By induction hypothesis, & = A(a) and & |= B(a): this
is an absurd, since the first consequence would imply that & |= (=B)(a). Thus there
can not be an interpretation satisfying &, which justifies the consequence & = 1 (a).

— (prl-subcnj): then H = inst(a, B,g), ANC C B € ® and PG(®) |= inst(a, 4, g),
PG(®) |= inst(a, C, g). By the above semantic conditions, & = A(a) and & |=
C(a): this directly implies that & = (A M C)(a), and thus & |= B(a).

— (prl-subex): then H = inst(a, B,g), 3R.AC B € G and PG(®) = triple(a, R,b,g),
PG(®) = inst(b, A, g). By induction hypothesis, this implies that & = R(a,b)
and ® = A(b): by definition of the semantics, this proves that & |= (3R.A)(a)
which implies & = B(a).

— (prl-supex): then H = triple(a, R,b,g), A T JR.{b} € & and PG(B) =
inst(a, A, g). By induction hypothesis, & |= A(a): this implies that, for every
model M of &, a™ € (FR.{b})M, that is (a™,bM) € RM. This proves that
& = R(a,b).

— (prl-supforall): then H = inst(b, B,g), AC VR.B € G and PG(®) |= inst(a, 4, g),
PG(®) | triple(a, R,b,g). By induction hypothesis, & = A(a) and & |=
R(a,b): this implies that, for every model M of &, a™ € (VR.B)™, and thus
bM € BM. This proves that & = B(b).

— (prl-leqone): then H = eq(b,c,g), A C< 1R.B € &. Moreover, PG(&)
inst(a, A,g), PG(®) = triple(a, R,b,g) with PG(®) = inst(b, B,g) and
PG(®) E triple(a, R,c,g) with PG(®) = inst(c, B,g). By induction hy-
pothesis, & = A(a) and thus & = (< 1R.B)(a). Moreover, & = R(a,b) and



® = R(a,c) with & = B(b) and & = B(c). By definition of the semantics, for
every model M of @&, it holds that b = ¢, which implies & = (b = c).

— (prl-subr): then H = triple(a, S,b,g), RC S € & and PG(®B) = triple(a, R, b, g).
By the above semantic constraints, ® = R(a, b) which directly implies & = S(a, b).

— (prl-subrc): then H = triple(a,T,b,g), RoS C T € & and PG(8)
triple(a, R, ¢, g), PG(®) = triple(c, S, b, g). By the above semantic constraints,

& = R(a,c) and & = S(c,b): by definition of the semantics, this implies that
& = T(a,d).

— (prl-dis): then H = inst(a, bot, g), Dis(R, S) € & and PG(®) |= triple(a, R, b, g),
PG(®) | triple(a, S, b, g). By the above semantic constraints, & |= R(a,b) and
& = S(a,b): this is an absurd, thus there cannot be an interpretation satisfying &,
which justifies the consequence & = L(a).

— (prl-invl): then H = triple(a,S,b,g), Inv(R, S) €  and PG(®) = triple(b, R, a,g).
By the above semantic constraints, & = R(b,a): this directly implies that & =
S(a,b). The case for (prl-inv2) can be proved similarly.

— (prl-irr): then H = inst(a,bot, g),Irr(R) € & and PG(®) = triple(a, R, a,g).

By induction hypothesis this would imply that & = R(a,a), which is an absurd:
thus there cannot be an interpretation satisfying &, which justifies the consequence
& = L(a).

a

Theorem 1 (Soundness). Given 8 = (&, {K, }mem) a CKR in normal form, a € Ly,
an atomic concept or role assertion and c € N, then R ¢ : aimplies R = ¢ : .

Proof. To prove the assertion, we extend the construction of the previous Lemma 1 to
the local interpretations for contexts and the definition of the program representing the
whole input CKR.

By definition, PK (&) = PG(6) U Uy, PC(c) where, for every ¢ € Ng,
PC(C) = P, U Iloc(Kc; C) @] Irl(Ko C) @] Irl(ﬁg, C).

For Lemma 1, we can also easily derive that, for every interpretation M such that
M = &:if c € Ng (that is, if PG(6) |= inst(c, Ctx,gm)) then M e Ctx™; if
Ko, € K (that is, if PG(®) [= triple(c, mod, m, gm)) then (¢, m™) € mod™.

As in previous lemma, we can assign a semantic constraint to the ground atoms
derived from PK (R) as follows, where ¢ € Ng:

— inst(a, A,c) witha € NIg, A € NCyx, then 8 = c: A(a);

— inst(a,top,c) witha € NIy, then R = c: T(a);

— inst(a,bot,c) witha € NIy, then R = c: L(a);

— triple(a, R,b,c) with a,b € NIy, R € NRy, then 8 = c: R(a,b);
— eq(a,b,c) witha,b € NIg, then R =c:a =1b;

- neq(a,b,c) witha,b € NIy, then R =c:a #b;

We claim that, for any ground atom H of the above form with the corresponding se-
mantic condition C(H), PK(R) |= H implies R |= ¢ : C'(H). We show the claim by
induction on the possible proof tree of the above atoms H': the cases for the rules in
P,; are analogous to what has been shown in the previous lemma, thus we only have to
prove the assertion for the rules in Pj,..



— (plc-subeval): then H = inst(a, B,c) and PK(R) | subEval(A,C, B,c), PK(R) E
inst(c/,C,B,gm) and PK(R) | inst(a, A,c). By induction hypothesis and
Lemma 1, & = C(c/), R = ¢ : A(a) and 8 |= ¢ : eval(A,C) C B. Hence, for
every model J = (M, T) of &, |J,ccm AT C BT(™) then AT ¢ BT
and thus Z(c™) = B(a) which means £ = ¢ : B(a).

— (ple-subevalr): then H = triple(a,S,b,c) and PK(R) = subEvalR(R,C, S, c),
PK(R) | inst(c/,C, B,gm) and PK(R) = triple(a, R,b,c’). By induction hy-
pothesis and Lemma 1, & = C(c’), 8 = ¢’ : R(a,b). and R = c: eval(R,C) C S.
Hence, for every model J = (M, Z) of &, J.ccm RZ(e) ¢ §T(<™) then RT(™) C
SZ(™) and thus Z(cM) k= S(a, b) which means & = ¢ : S(a, b).

— (ple-eq): then H = eq(a, b, c), PK(R) = nom(a,c) and PK(R) = eq(a, b,c’). By
induction hypothesis, by rules in I,; we have @ € NIy and 8 = ¢’ : (a = b). Then,
for every model J = (M, T) of &, we have that a® (™) = pZ(e™) By the condition
on local interpretation of individuals in the definition of CKR model, we have that
aZ() = ™) = pT™) = pZ(™) Thus it holds that Z(c™) |= (a = b) which
means & = c: (a = b). O

A.2 Completeness

Lemma 2. Ler R = (&, {Kp}mem) be a CKR in normal form and PK(R) its as-
sociated program. We define the equivalence relation ~ on the Herbrand universe of
PK (R) as the reflexive, symmetric and transitive closure of

{{a,) | PK() = eq(a,b,¢), for a,b,c € NI; UNIy}

Given a,b,c,d € NIy U NIy, with a = b, it holds that:

(i) if PK(R) = inst(a, 4, ¢), then PK(R) |= inst(b, 4, ¢);

(ii) if PK(R) |= triple(a, R, d,c), then PK(R) |= triple(b, R, d,c);
(iii) if PK(R) |= triple(d, R, a,c), then PK(R) |= triple(d, R, b, ¢);
(iv) if PK(R) |= inst(d, A, a), then PK (R) |= inst(d, A, b);

(v) if PK(R) |= triple(c, R, d, a), then PK(R) |= triple(c, R, d,b);

Proof. By rules (prl-eq2) and (prl-eq3), it follows immediately that if PK (R) = eq(a, b, ¢)
then PK(R) | inst(a, 4,c¢) iff PK(R) E inst(b, A,c). This also proves point
(¢) of the assertion. By rule (prl-eq2) and (prl-eq4), we can derive that if PK(R) &
eq(a, b, c), then PK(R) |= triple(a, R, d, ¢) iff PK(R) |= triple(b, R, d, c), prov-
ing point (¢4). Point (¢i7) can be proved similarly by rules (prl-eq2) and (prl-eq5).

For point (iv), let us assume that PK(R) = inst(d, A,a) with ¢ # ¢ (other-
wise the assertion is immediate). Then, by the definition of the program, it must be
that PG(®) = eq(a, b, gm). By rules (prl-eq2)-(prl-eq5), in praticular this implies that
PG(®) | triple(a,mod, m,gm) iff PG(&) = triple(b, mod, m, gm), meaning
that, by definition of the translation, they have analogous local programs PC(a) and
PC(b) (in which only the “context argument” in the atoms translated by I,; and ;.
changes). Thus, we obtain that PK (&) = inst(d, A,b). The proof for point (v) fol-
lows from similar reasoning. a



Lemma 3. Given & = (&, {K }mem) a consistent CKR in normal form, and oo € L
or « € Ly with a an atomic concept or role assertion, then ® |= « implies & - .

Proof. We show by contrapositive that: & t/ « implies & [~ «. Assuming that & t/ a,
then we have by definition that PG (&) = O(a,gm) ifa € L or PG(®) £ O(«, gk)
if @« € L. Let us assume that « € L (the other case can be proved similarly). Then
there exists an Herbrand model H of PG(®) such that H & O(a, gm). We show that
from this model for PG(®) we can build a model M for & (meeting the definition
of the CKR model for the global interpretation) such that M [~ «, which allow us to
derive that & £ «.

Let us consider the equivalence relation ~ as defined in Lemma 2. We define the
equivalence classes [¢] = {d | d = c}, that will be used to define the domain of the
built interpretation.

Then M = (AM M) is defined as follows:

AM = {[C] | c e NIp UNIZ};

— For each e € AM, we define the projection function ¢(e) such that, if e = [c], then
t(e) = b with a fixed b € [];

— M =[c], forevery ¢ € NI U NIy;

- AM = {d € AM | H |= inst(i(d), A, g)}, for every A € NCr U NCy, with

g =gmorg = gk;

RM is the smallest set such that (d,d’) € R™ if one of the following conditions

hold:

- H = triple(u(d), R, u(d'),g) with g = gm or g = gk;

- SCRe®and (d,d) e SM,;

- SoTC Re®and (d,e) € SM, (e,d') € TM fore € AM,;

— Inv(R,S) € orInv(S,R) € & and (d’,d) € SM;

Note that by Lemma 2, the definition of M does not depend on the choice of the ¢([c]) €
[c]. Ttis easy to see that, given o € L with H = O(a, gm), then M [~ «. For example,
if « = C(a), then H = inst(a, C, gm) which implies by definition that M = C(a).

In order to show that M is a model for &, we have to prove that M satisfies the
definition of global model from the definition of CKR model, and in particular that
M | &. We easily prove that NM C CexM: by the definition of rule (igl-subctx2),
for every ¢ € N we have H = inst(c, Ctx, gm), which implies c™ € Ctx™. The
condition CM C Ctx™ for every C € C can be shown similarly by the rule (igl-
subctx1). To prove that M |= &, we proceed by cases and consider the form of all of
the axioms 8 € L or 8 € Ly that can appear in &.

— Let 3 = A(a) € &, then H = inst(a, A4, g)'°. This directly implies that a™ =
[a] € AM.

— Let § = R(a,b) € &, then H |= triple(a, R,b,g). By definition, we directly have
that ([a], [b]) € RM.

— Let 8 = =R(a,b) € &, then H |= negtriple(a, R,b,g). Suppose that ([a], [b]) €
RM, then H |= triple(.([a]), R,([b]),g). By rule (prl-ntriple) and Lemma 2, this
would imply that H |= inst(¢([a]), bot, g) contradicting our assumptions on the
consistency of &. Thus ([a], [b]) ¢ R™ as required.

<o

19 In the proof of these cases, for simplicity of notation, we assume g = gm or g = gk.



Let 8 = (a = b) € &, then H = eq(a, b, g). By the definition of =, it holds that
a = b, thus {a,b} C [a] and a™ = bM = [a].

Let 3 = (a # b) € &, then H |= neq(a,b,g). Suppose that a™ = &M, then
H E eq(¢([a]), ¢([b]), ). By rule (prl-neq) and Lemma 2, we would obtain that H =
inst(¢([a]), bot, g). Again, this contradicts our assumptions on the consistency of
£. Thus a™ # bM as required.

Let 8 = {a} C B € &, then H |= inst(a, B, g). This case can be proved similarly
to the case 5 = A(a).

Let 3= AC B € &, then H = subClass(4, B, g). If d € AM, then by definition
H | inst(u(d), A, g): by rule (prl-subc) we obtain that H |= inst(:(d), B, g) and
thus d € BM.

Let 3 = T(a) € &, then H = inst(a,top, g). As in the case for 3 = A(a) (in
which this case is subsumed), we directly obtain that a™ = [a] € TM.

Let 8 = 1(a) € &. Assuming that £ in input is consistent, this case can not subsist
as we would directly derive that H |= inst(a, bot, g), showing the inconsistency of
R

Let 3 = A C -B € &, then H = supNot(A, B, g). Suppose that d € AM,
then H = inst(:(d), A, g). Moreover, suppose that d € BM: this implies that
H |= inst(:(d), B, g). By rule (prl-not) and Lemma 2, we would obtain that H =
inst((d), bot, g). This contradicts our assumptions on the consistency of K, thus
d ¢ BM as required.

Let 3 = Ay M Ay C B € &, then H |= subConj(A;, Az, B,g). If d € AM and
d € A", then by definition H |= inst(c(d), A1, g) and H |= inst(u(d), Az, g). By
rule (prl-subconj), we directly obtain that H |= inst(:(d), B, g): thus d € BM as
required.

Let 8 = JR.A C B € &, then H = subEx(R, A, B,g). Let d € (3R.A)M: by
definition of the semantics this means that there exists d’ € A such that (d,d’) €
RM. Thus, H |= inst(i(d’),A,g) and H = triple(:(d), R,¢(d’),g). By rule
(prl-subex), we obtain that H |= inst(:(d), B, g): thus d € BM as required.

Let 3 = A C 3R.{a} € &, then H |= supEx(4, R,a,g). Letd € AM, then H =
inst(:(d), A, g). By rule (prl-subex), this implies that H = triple(:(d), R, a,g):
this proves <d, aM> € RM as required.

Let 3 = A C VR.B € &, then H |= supForall(A, R, B,g). Letd € AM, then
H k= inst(u(d), A, g). Supposing that there exists d’ € AM such that (d, d’) € RM,
we have that H |= triple(c(d), R, ¢(d'), g). By rule (prl-supforall) this implies that
H k= inst(u(d’), B, g), thus proving d’ € B as required.

Let 3= AC< 1R.B € &, then H |= supLeqOne(A, R, B,g). Let d € AM, then
H = inst(i(d), A, g). Suppose that there exist di,dy € AM such that (d,d;) €
RMand (d,dy) € R™,and {d;,ds} C BM.Thus H |= {triple(:(d), R,1(d1),g),
triple(c(d), R, t(dz2),g),inst(¢(d1), B, g), inst(c(dz), B, g)}. By (prl-leqone) rule
we obtain that H |= eq(¢(d1), t(d2), g). This implies that ¢(d;) = ¢(d2) and thus they
are interpreted as the same domain element d; = dy in M.

The cases for 3 = R C S,Ro S C T and Inv(R, S) follow directly from the
interpretation of roles in M.

Let 3 = Dis(R, S) € &, then H |= dis(R, S, g). Suppose that (d,d’) € RM and
(d,d'y € SM.ThenH = triple(i(d), R, (d")g) and H |= triple(:(d), S, c(d)g).



By rule (prl-dis) and Lemma 2, we would obtain that H = inst(:(d), bot, g). This
contradicts our assumptions on the consistency of &, thus there can not exists a pair
(d,d") € R™ N SM as required.

— Let 3 = Irr(R) € &, then H = irr(R,g). Suppose that (d,d) € RM, then
H = triple(u(d), R, 1(d), g). By rule (prl-irr) and Lemma 2, we would obtain that
H |= inst(«(d), bot, g). This contradicts our assumptions on the consistency of 8,
thus (d,d) ¢ R™ as required.

O

Theorem 2 (Completeness). Given & = (&, {Kn }mem) a consistent CKR in normal
SJorm, a € Ly an atomic concept or role assertion and c € N, then R |= ¢ : « implies
RlFc:a

Proof. As in the case of soundness, we prove the assertion by extending the previous
construction on the global context to the whole structure of the input CKR.

We prove by contrapositive that & I/ ¢ : « implies & = ¢ : a. If R I/ ¢ : «, then
we have by definition that PK(R) & O(a,c). Then there exists an Herbrand model
H of PK(R) such that H [~ O(«, c). As in the previous lemma, from this model for
PK (R) we build a CKR model J = (M, Z) for & such that Z(c™) [~ «, implying that
RiEc:a

We consider again the equivalence relation ~ defined in Lemma 2 and the equiva-
lence classes [¢] = {d | d & ¢} as from the above lemma. Then we build J = (M, T) as
follows: the global interpretation M = (AM M) is a structure defined as in Lemma 3;
for each e € AM, we define again the projection function ¢(e) such that, if e = [c],
then «(e) = b with a fixed b € [c]. As in the case of Theorem 1, we can note that,
since we can show M = & then: if ¢ € Ng (that is, if PG(&) = inst(c, Ctx,gm))
then cM € CoM;if K, € K (that is, if PG(8) = triple(c,mod, m,gm)) then
(M, mM) € mod™. For every ¢ € N, we build Z(c) = (A,, Z(9) as follows:

- A, ={[d] | d € NIg};
- a®(®) = [a], for every a € NIy;
- AT ={d e A. | H |= inst(u(d), A, )}, forevery A € NCy;
— RZ() is the smallest set such that (d,d’) € RZ(°) if one of the following conditions
hold:
- H E triple(i(d), R, u(d'),);
- SCReK.U®yxand(d d)e SZ(0).
- SoTCReK.U®&yxand(d,e) € SZ(e), (e,d'y € TZE fore € A
— Inv(R,S) € K.U®x or Inv(S, R) € K. U®Bx and (d’,d) € ST();

As in the above lemma, we can see that, given H [~ O(«,c), then Z(cM) #~ « as
required.

To show the assertion, we have to prove that J meets the definition of CKR model
and that J = R. By Lemma 3 we directly obtain that the conditions on the global
interpretation M are verified. Given x,y € CtxM, we note also that, by the definition
of 1(e), for every a € NIy it holds that a(*) = o) = g™ = [a].

To complete the proof, we have to show that for every Ky, s.t. (¢,m™) € mod™
(that is, every K, € K.) we have Z(c) = K, and Z(c) = & 5. As in the case above



we proceed by cases and consider the form of all of the axioms 5 € L that can appear
in K. U & 5. The case for the axioms in the general normal form of Table 1 can be
proved analogously as in the cases of Lemma 3: thus we have to prove the case of local
reference axioms.

— Let 8 = eval(A,C) C B € K., then H = subEval(A, ,B,c).Ifc’ € CMandd €
AZ(<) | then by definition H = inst(u(d), 4,:(c')) and H = inst(u(c'),C, gm).
By (I‘l)l]e (plc-evalat) we obtain that H |= 1nst( (d), B, ¢): hence, by definition d €
BI c

— Let 8 = eval(R,C) C T € K., then H |= subEvalR(R,C,T,c). If there exists
¢ € CM, then H |= inst(.(¢), C,gm). Moreover, suppose (a,b) € RZ(), then
H [ triple(i(a), R,u(b),t(c")). By rule (plc-evalr) and by Lemma 2 we obtain
that H = triple(u(a), T, t(b),c), and thus (a,b) € TZ(), O



