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Abstract. The Object Role Modelling (ORM2) is a conceptual modelling ap-
proach combining both textual specifications and graphical language, similar to
UML and ER, and adopted by Visual Studio, the integrated development envi-
ronment designed by Microsoft. This paper introduces a new linear syntax and
corresponding complete set-theoretic semantics for a generalization of ORM2
language. A core fragment of ORM2 is defined, for which a provably correct en-
coding into ALCQI description logic is presented. Based on these results, an
extensive and systematic critique of alternative approaches to the formalisation
of ORM2 in (description) logics published so far is provided. A first prototype
has been implemented, which offers a back-end for the automated support of
consistency and entailment checks for ORM2 conceptual schemas along with its
translation into ALCQT knowledge bases.

1 Introduction

Automated support to enterprise modelling has increasingly become a subject of inter-
est for organisations seeking solutions for storage, distribution and analysis of knowl-
edge about business processes [6]], and the main expectation from automated solutions
built upon these approaches is the ability to automatically determine consistency of a
business model. Despite existence of reasoning tools for Unified Modelling Language
(UML) [2], its known weakness with regard to verbalisation of facts and constraints
restricts its usage by domain experts [10]. Recently becoming popular ORM2 (‘Object
Role Modelling 2’) is a graphical fact-oriented approach for modelling, transforming,
and querying business domain information, which allows for a verbalisation in lan-
guage readily understandable by non-technical users. Being domain expert oriented,
the semantics of ORM2 differs from that of UML (e.g. permitting optionality of car-
dinality constraints) and thus makes ORM?2 richer in its capacity to express business
constraints [[10].

The NIAM language (‘Natural-language Information Analysis Method’), ancestor
ORM, has been equipped with an FOL-based semantics for the first time in 1989 [9].
Since then, despite the remarkable evolution in terms of expressivity and graphical no-
tation that ORM2 has experienced, much less attention has been paid in the consequent
development of appropriate formal foundations for the modelling language.

This paper addresses the main problem of providing a logic formalism, equipped
with sound and complete reasoning services, that captures the expressiveness of ORM2.
The first contribution of the paper is thus the introduction of a completely new linear



syntax and a set-theoretic semantics for ORM2 matching the usage patterns in the com-
munity. The new syntax can be used to express the full set of ORM2 graphical symbols
introduced in [10]. The second contribution of the paper is driven by a practical ob-
jective. On the basis of well known results developed in the Description Logics (DLs)
community, we identified a ‘core’ fragment of ORM2 that can be translated in a sound
and complete way into the ExpTmMe-complete logic ALCQZ [1], through n-ary rela-
tions reification. On the basis of the results presented in the paper, a first prototype, built
on top of available DL reasoners, has been implemented, which provides an automated
support for schema consistency, entity/relations consistency check, and entailment ver-
ification for user-defined ORM2 statements.

The rest of the paper is organised as follows: Section [2]is about the introduction,
through examples, of the ORM2 graphical notation and intended semantics in the frame-
work of the fact modelling approach; Section |3| introduces the new linear syntax by
means of expressing the example from the previous section in this syntax. The encod-
ing of the corresponding set-theoretic semantics into the DL logic ALCQYT is the main
topic of Sectiond] Finally, Section [5 gives an overview of the implemented reasoning
support prototype, its interface and gives an example of its usage.

2 Fact-oriented Modelling in ORM2

Basic ORM2 objects are: entities (e.g. a house or a car) and values (e.g. character
string or number). Moreover, entities and values are described in terms of the types
they belong to: a type (e.g. House, Car) is a set of possible instances. In order to avoid
ambiguity among the possible instances of a given type, entities are identified also by
means of a particular reference mode and a value. The roles played by the entities in a
given domain are introduced by means of logical predicates; each predicate (or rela-
tion) has a given set of roles according to its arity. Each role is connected to exactly one
object type, indicating that the role is played only by possible instances of that type.

The first step of the ORM2 design procedure thus concerns the specification of
the relevant object types (i.e. entity and value types), predicates and reference modes.
All the subsequent steps in the procedure mostly deal with the specification of static
constraints. Let us consider the example in Fig.
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Fig. 1. A conceptual schema including an instantiation of most of the ORM2 constraints



The schema includes:

Entity types: Enroliment, Student, Date, ... ;

Binary predicates: isBy, wasOn, worksFor, ... ;

A user-defined role name [lecturer], for the role played by Research&TeachingStaff;

Reference modes for each entity: .1d, .Nr, .Mdy, ... ;

Subtyping links (depicted as thick arrows) indicating ‘isa’ relationships among

types, and a constraint combination, called partition, made of an exclusive con-

straint (a circled ‘X’ for mutual disjointness), and a total constraint (a circled dot
for complete coverage of the common super-type).

6. Internal frequency occurrence constraint indicating that if an instance of Re-
search&TeachingStaff plays the role of being lecturer in the relation isGivenBy, it
plays the role at most 4 times.

7. An external frequency occurrence that applies to roles played by Student and
Course, meaning that ‘Students are allowed to enroll in the same course at most
twice’.

8. An external uniqueness constraint between the role played by Course in isIn and
the role played by Date in wasOn, saying that ‘For each combination of Course and
Date, at most one Enroliment isIn that Course and wasOn that Date’.

9. A disjunctive mandatory ‘circled dot’, called inclusive-or, linking the roles played
by AreaManager indicating that ‘Each area manager either works in or heads (or
both)’.

10. An object cardinality constraint forcing the number of the Admin instances to be
less or equal to 100.

11. An object type value constraint indicating which values are allowed in Credit.

12. An exclusion constraint (depicted as circled ‘X’) between the roles played by Stu-
dent in the relations worksFor and collaborates, expressing the fact that no student
can play both these roles.

13. A ring constraint expressing that the relation reportsTo is asymmetric.

A e

3 Proposed Formalisation of ORM2

As mentioned before, the modelling activity in ORM2 is supported by several tools that
provide user friendly graphical interfaces to build complex conceptual schemas. How-
ever, none of the available design tools offers automated reasoning support on specific
combinations of ORM2 constraints. The automated verification of schema consistency
and consistency of an object type over a conceptual schema strictly depends on the pos-
sibility to perform reasoning and make inferences on it by means of a semantic-based
logic representation of the schema itself.

With this goal in mind, we propose a linear syntax that fully covers the set of graph-
ical symbols of ORM2. Table [T} using the example from previous section, shows how
a new introduced syntax can be used to encode conceptual schemas that have been
originally specified in graphical terms. For each construct ¢ in the syntax, its corre-
sponding set-theoretic semantics expressed in relational algebra is also introduced in
table 2| (where O denotes an object type).



Table 1. Constraints C1-C7 below represent a fragment of the schema from Fig.

ENTITYTYPES:{Enrollement,Student,...}
VALUETYPES:{Credit,Student-Nr,...}
RELATIONS:{isIn,isBy,collaborates,student-Nr,...}

ci TYPE(isBy.enrollment,Enroliment)
' b TYPE(isBy.student,Student)
co. MAND ({isBy.enrollment},Enroliment)
_=
c3 (vt )= ‘ FREQ({isBy.student,isIn.course},
’ T4 ((course ) {isBy.enrollment,isin.enroliment},(1, 2))

O-SE T+ ({R&TStaff,Student,Admin},UNI-Personnel)

C4. O-SETg, ({R&TStaff,Student,Admin},UNI-Personnel)
C5. RINGasym(reportsTo.sub, reportsTo.obj)

Cé. V-VAL(Credit)={[4,6,8,12]}

C7. O-CARD(Admin)=(0,100)

The signature S of the linear ORM2 syntax is made of:

Disjoint sets & and V of entity type and value type symbols, respectively;

a set R of relation symbols and a set A of corresponding role symbols;

a set D of domain symbols, and a set A of pairwise disjoint sets of values;

for each D € D, an injective extension function A.) : £ — A associating each
domain symbol D to an extension Ap;

a binary relation o € R X A linking role symbols to relation symbols. We take the
pair R.a as the atomic elements of the syntax, and we call it localised role. Given a
relation symbol R, or = {R.alR.a € o} is the set of localised roles with respect to R;
for each relation symbol R, a bijection 7g: og — [1..|og|] mapping each element in
or to an element in the finite sequence of natural numbers [1..|og|]. The mapping
Tg guarantees a correspondence between role components and argument positions
in a relation.

Given the signature S, an ORM2 conceptual schema X over S includes a finite combi-
nation of the constructs in table 21

4

Encoding in ALCQT

With the main aim of relying on available reasoning tools to reason in an effective
way on ORM2 schemas, we present here the encoding in the logic ALCQZ, for which
tableaux-based reasoning algorithms with a tractable computational complexity have
been developed [8/12]. The ALCQI encoding has been devised through an intermedi-
ate translation step in the logic D LR, where arbitrary n-ary relations are allowed [3]].
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ALCQT corresponds to the basic DL ALC equipped with qualified cardinality restric-
tions and inverse roles, and it can also be viewed as a fragment of DLR [4] where rela-
tions are restricted to be binary. The difficulty implied by the absence of n-ary relations
has been overcome by means of reification. Unfortunately, apart from the necessity of
introducing reified relations, the restricted expressive power of ALCQI does not allow
to fully capture the semantics of the ORM2 constraints. The analysis of correspond-
ing limitations thus led to identification of a fragment of ORM2, called ORM2%°™°, that
is maximal with respect to the expressiveness of ALCQZ, and that is still expressive
enough to capture the most frequent usage pattern of the modelling community [5]].
The ORM27® fragment considers the following constraints:

ORM2%" = {TYPE,FREQ~,MAND, R-SET~, O-SETsa, O-SET+ot, O-SETgy, OBJ},
where: (i) FREQ™ can be applied to only one role at time, and (ii) R-SET™ applies
either to a pair of relations of the same arity or to two single roles. The encoding of the
semantics of ORM2%®™ is shown in table[3]

Table 3. ALCQT encoding

Background domain axioms: E;C-(Dyu---uDbD)) foreachi=1,...,n
V;E D; foreachi=1,...,m, and some j, with1 < j <!
D, c |_|lj:i+l -D; foreachi=1,...,1

TYPE(R.a, O) Ar(R.a)". AR E O

FREQ™ (R.a, {min, max)) Ar(R.a)".Ag T > min 7(R.a)".Ag N < max 7(R.a)".Ag

MAND({R'.ay,...,R".a,,...,R* .ay,...,R.a,},0) OC3IAr(R'.a;))" Ap U---UIt(R" .a,) .Ag L---L
Ar(R*.a1) " Age U -+ - U IT(R*.a,,) " Ape

eIfA={Ra.....Ra,).B=1(Shy.....S.b,) R-SETg,,(A.B)  AxC Ag

and n = logl = losl: RSETe (A.B)  ApC A, M-As

oIf A = (Ray), B={S.b)): R-SETs,(A.B)  Fr(Ray).Ag C 3r(S.b)) As
RSET. (A.B)  Jr(Ra) Ag T Ar, M-3(S.b)).As

O-SET5,({01,...,0,},0) o u---u0,EO0

O-SET1t({O01, ..., 0,},0) OC O U---u0,

O-SET({01,...,0,},0) o,u---u0,Co
0 C i1 0, foreachi=1,...,n

OBJ(R, O) 0 = Ax

Given the encoding above, a fragment of ALCQZ KB corresponding to the schema
from the Fig.[l|is the following (where reified relations have been prefixed with ‘R-’):
Example 1. Fr(reportsTo.sub)™.R-reportsTo C Admin
Jr(reportsTo.obj)”.R-reportsTo £ AreaManager
Admin E 3r(reportsTo.sub)™.R-reportsTo

The correctness of the introduced encoding is guaranteed by the following theorem:

Theorem 1. Let X?°™ be an ORM2%®" conceptual schema and X7CY the ALCQT
knowledge base constructed as described above. Then an entityfvalue type O is consis-
tent in 7 if and only if the concept O is satisfiable w.r.t. ZLC



S Prototype of Automated Reasoning Support Tool

The ORM2 automated reasoning support tool is implemented in Java and includes a
parser for ORM?2 linear syntax, a set of Java classes representing the ORM2 knowl-
edge database, a translator into an OWL2 ontology and a modal reasoning engine using
HermiT or FaCT++ as an underlying reasoner. The graphical user interface of a tool
is introduced on Figure [2] and contains controls which allow to select an input file, un-
derlying reasoner, output file and output format for resulting ontology (if needed). The
consistency check for an input ORM2 schema is performed after loading the input file
and the result of the check is communicated by visual flag as well as by a detailed log
in the corresponding window.

Ao ORM2 to OWL2 Translator

Underlying reasoner: HermiT | :]

Load ORMZ file:

M2XMLTranslator/input/2-Subtyping.txt Browse é
Save OWL2 file as: RDF/XML | :]
-

Check ORM2 statement entailment:
O-SETisa({Student},LazyPeople) ( Check ) é

Log:

Performing a8 consistency check.

Validating schema using HermiT reasoner...

The given OEM2Z schema is internally consistent.

HE: Entailment iz only awailable for purely structural
(non-modal) fragment of ORM2)

Checking entailment using HermiT reasoner...

The provided ORM2Z =tatement is entailed by the given O
EM2 =zchema. }»

Input OREM2 =chema loaded successfully. H

'y

v

Fig. 2. A conceptual schema including an instantiation of most of the ORM2 constraints

Let us now consider the following example in ORM?2 linear syntax. This model de-
scribes a domain of university personnel, which is partitioned into three mutually exclu-
sive categories: research staff, administration and some lazy people. We then introduce
an entity type Student as a part of university personnel, which is claimed to be neither
researchers nor administration staff.

ENTITYTYPES: {UNI-Personnel,LazyPeople,Student,Admin,RTStaff}
O-SETtot({LazyPeople,RTStaff,Admin},UNI-Personnel)
O-SETex({LazyPeople,RTStaff,Admin},UNI-Personnel)
O-SETisa({Student},UNI-Personnel)
O-SETex({Student,RTStaff},UNI-Personnel)

(

O-SETex({Student,Admin},UNI-Personnel)



The resulting encoding in ALCQZL will look like the following:

UNI-Personnel C RTStaff LI Admin L LazyPeople
RTStaff © —Admin U —LazyPeople
Admin C -LazyPeople
Student C —RTStaff LI =Admin
Student © UNI-Personnel

After loading the linear syntax input file, the corresponding conceptual schema is au-
tomatically checked for consistency (see FigureZ). As a result of the consistency check
we obtain the message 'The given ORM2 schema is internally consistent’, which confirms
the correctness of the schema.

Implemented entailment check functionality allows user to analyze the conceptual
schema and to discover interesting inferences. For example, let us analyze the entity
type Student, which is claimed to be part of the university personnel. However, since
the partition of UNI-Personnel described above is total, the only possibility for Student
to be non-empty is to be equivalent to the entity type LazyPeople. Which is indeed
confirmed by the inference engine of the implemented prototype when performing en-
tailment check for the following ORM2 statement (see Figure [2)):

O-SETisa({Student},LazyPeople)

6 Related Works

In the last few years, several papers addressed the issue of encoding ORM2 concep-
tual schema into DL knowledge bases [15J14113I11]]. Among those proposals, [15] can
be taken as the only one going through the encoding with a formal perspective. In
particular, [15] pretends to start from the Halpin’s FOL semantics, and introduces an
encoding of a fragment of ORM2 into the logic DLR;s4 [3]. In general, the paper suf-
fers from the presence of several imprecisions, redundancy, and syntactical mistakes
that makes the proposed mapping solutions not always clearly understandable. More-
over, the bottom-up approach that avoids the specification of a complete theoretical
framework for the mapping of the ORM2 semantics into D LR; 4, makes some of these
solutions extremely questionable, such as in the case where ‘objectification’ is simply
treated as ‘relation reification’ in DL.

As regards to [14]], we mostly rely here on the extensive review already made by
Keet in [15]. Starting from this, it should be also noticed that subsequent attempts,
focused on the possibilities of encoding ORM2 into the the web ontology language
OWL2 [1311], suffer from the same formal inconsistencies and limitations of [14]. In
particular, [14] is misleading with respect to the underlying DL formalism: distinct DL
languages (e.g. DLR, plus D.LR-Lite, plus SROIQ, plus ‘role composition’ operator)
are there arbitrary mixed together. No special semantics is provided by [14] in corre-
spondence with these combinations, nor theorems showing the complexity of reasoning
with them.

Another paper focused on the encoding of ORM2 in OWL has also been recently
published [16]]. The paper introduces a set of informal ‘rules’ devoted to the mapping of
a subset of ORM2 constructs into OWL Manchester Syntax [7]. Unfortunately, the paper
is misleading in several respects (for instance: (i) the OWL EquivalentTo, instead of



the SubClassOf, is erroneously introduced several times; (ii) optionality of uniqueness
constraints is definitively lost). In general, the paper covers a fragment that is smaller
than ORM2%°°, and the proposed mapping mostly remains formally unjustified.

7 Concluding Remarks

In this paper we introduced a linear syntax and a complete set-theoretic semantics for
the ORM2 conceptual modelling language. A decidable, and computationally tractable,
fragment of ORM2 has been clearly identified and mapped into the DL logic ALCQT .
Finally, a first reasoning support prototype for ORM2 has been implemented, which
enables consistency and entailment checks for the defined fragment of ORM2. Future
theoretic works will be mainly focused on the extension of the ORM2*™ towards the
identification of a more expressive, still decidable, ‘object role’ modelling language.
The practical objectives of the research will be directed towards full integration of
the prototype into third-party solutions providing graphical user interface for design-
ing ORM2 conceptual schemas (e.g. NORMA plugin for Microsoft Visual Studio). In
particular, such integration will benefit from reasoning capabilities of the tool by pro-
viding the user with a list of all meaningful inferences entailed by the original schema.
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