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Abstract. The use of conceptual models has long been confined to the
data analysis stage of software development. In recent years, this has been
extended to use them at run-time as well, for, among others, querying
large amounts of data. This brings afore the need to have tractable logicbased reconstructions of the conceptual models, i.e., in at most PTIME.
We provide such a logic-based reconstruction for most of ORM using the
Description Logic language CFDI ∀−
nc , which has several features important for conceptual models, notably n-ary relationships, complex identification constraints, and role subsumption. The encoding captures over
96% of the constructs used in practice in the set of 33 ORM diagrams
analysed. The results are easily transferable to EER and UML Class
diagrams, with an even greater coverage.

1

Introduction

While for many years conceptual models were developed and then shelved upon
implementation or used ‘offline’ for documentation purposes, recent years has
seen an increase in using such precious resources computationally. One strand
of investigation focuses on expressiveness and a logic foundation to compute
satisfiability and detect inconsistencies over the TBox only, among others [2, 5,
8, 16, 24], and several implementations exists using various technologies that are
more or less scalable; e.g., using OCL [16], Alloy [8, 23], or a DL reasoner [19].
Another looks at usage during runtime for a range of purposes, such as using a
conceptual model for scalable test data generation [35] and for designing [6] and
executing [13] queries. Approximations of conceptual models are used also deeper
into the machinery of querying databases, in particular during various stages
of query compilation, e.g., when reasoning about duplicates [39]. The former
purpose requires a logic foundation using a (very) expressive logic, whereas the
latter requires computationally better behaved logics to keep the whole process
feasible. What such a tractable logic language looks like that captures most, or
all, important conceptual data modelling language features, has received little

attention, however. To the best of our knowledge, there are only four efforts to
capture a fragment of which concept or full satisfiability checking is (or is claimed
to be) in polynomial time (or less): one for ER [2], two for UML [1, 25], and one
for ORM [35], with the first one logic-driven and the last one implementationdriven, and they all differ substantially in coverage of features. The main general
question, thus, is: what is a useful fragment for tractable runtime usage of a
conceptual data model? Then, how to formalise it.
To answer this question, we choose to focus on ORM first, for it is strictly
more expressive than ER and UML class diagrams, and then facilitating transferability of the results. Given that there is a lot of insight in computational complexity of Description Logic (DL) languages and which ones are in P, we zoom in
on those for a logic-based reconstruction. It appears that the DL CF DI ∀−
nc [40]
is a good fit and can capture 96.5% of the ORM models in a dataset of 33 ORM
models that are part of the dataset of 101 conceptual models (dataset available
from [28]). This is chiefly thanks to ‘trading’ costly but lesser used covering
constraints for the more often used arbitrary identifiers and n-ary relationships.
In the remainder of the paper, we first provide background definitions in
Section 2. The main results are presented in Section 3, and are discussed and
compared with related research in Section 4. We summarize our results and
briefly outline future work in Section 5.

2

Preliminaries

The two preliminaries are the DL CF DI ∀−
nc and the ORM language, so as to
keep the paper self-contained.
2.1

The Description Logic CF DI ∀−
nc

All members of the CF D family of DLs are fragments of FOL with underlying
signatures based on disjoint sets of unary predicate symbols called primitive
concepts, constant symbols called individuals and unary function symbols called
features.
Definition 1 (CF DI ∀−
nc Knowledge Bases) Let F, PC and IN be disjoint sets
of (names of) functional features, primitive concepts and individuals, respectively. A path function Pf is a word in F∗ , and we denote the empty word by id
and concatenation by “.”. Metadata and data in a CF DI ∀−
nc knowledge base K
are respectively defined by a TBox T and an ABox A. A TBox T consists of a
finite set of inclusion dependencies of the form
A v B, A v ¬B, A v ∀f.B, ∀f.A v B, A v ∃f −1 ,
or A v B : Pf 1 , . . . , Pf k → Pf
where A, B ∈ PC, f ∈ F, and Pf i ∈ F∗ . A concept “B : Pf 1 , . . . , Pf k → Pf” that
participates in the last dependency is called a path functional dependency (PFD).
An ABox A consists of a finite set of facts in the form of concept assertions A(a),
and function assertions f (a) = b where A ∈ PC, f ∈ F, and a, b ∈ IN. Any PFD

occurring in T must also satisfy a regularity condition by adhering to one of the
following two forms:
C : Pf . Pf 1 , Pf 2 , . . . , Pf k → Pf

or

C : Pf . Pf 1 , Pf 2 , . . . , Pf k → Pf .g.

(1)

A PFD is a key if it adheres to the first of these forms.
The semantics is defined in the standard way with respect to an interpretation
I = (4, (·)I ), where 4 is a domain of “objects” and (·)I an interpretation
function that fixes the interpretation of primitive concepts A to be subsets of
4, features f to be total functions on 4, and individuals a to be elements of
4. The interpretation function is extended to path expressions by interpreting
id , the empty word, as the identity function λx.x, concatenation as function
composition, and to derived concept descriptions as follows:
(¬A)I =4 \ AI
(∀f.A)I ={x | f I (x) ∈ AI }
(∃f −1 )I ={x | ∃y ∈ 4 : f I (y) = x}
Vk
(C : Pf 1 , . . . , Pf k → Pf)I ={x | ∀y ∈ CI : ( i=1 Pf Ii (x) = Pf Ii (y))
⇒ Pf I (x) = Pf I (y)}
An interpretation I satisfies an inclusion dependency C v D if CI ⊆ DI , a concept assertion A(a) if aI ∈ AI , and a function assertion f (a) = b if f I (aI ) = bI .
I satisfies a knowledge base K if it satisfies each inclusion dependency and assertion in K. In addition, every CF DI ∀−
nc knowledge base must satisfy the following
two conditions.
1. (inverse feature and value restriction interaction) If {A v ∃f −1 , ∀f.A0 v
B} ⊆ T then (a) A v A0 ∈ T , (b) A0 v A ∈ T or (c) A v ¬A0 ∈ T .
2. (inverse feature and PFD interaction) Any non-key PFD occurring in T that
involves features used in the ∃f −1 concept in T must also satisfy a stronger
regularity condition by adhering to the following form:
C : Pf .f, Pf 2 , . . . , Pf k → Pf .g.

(2)

Proposition 1 ([40]). Consistency of CF DI ∀−
nc knowledge bases is complete
for PTIME.
Other reasoning tasks, such as logical implication and concept consistency reduce
(linearly) to knowledge base consistency. Relaxing either of the aforementioned
conditions leads to EXPTIME and PSPACE completeness, respectively [40].
Note also, that condition (2) imposed on PFDs applies only to non-key PFDs.
Overall, however, the restrictions do not seem to impact the modeling utility
of CF DI ∀−
nc in relation to keys and functional constraints. Indeed, arbitrary
functional dependencies in relational schema are easily captured. Finally and
for convenience CF DI ∀−
nc supports additional syntax, e.g., subsumptions of the
form ∃f −1 v A. This additional syntax is mere syntactic sugar and can be
equivalently expressed in CF DI ∀−
nc as defined above [40].

Fig. 1. Sample ORM2 diagram for a particular university where, among others, each
Support Staff must have exactly one Extension that is identified by a code, Support Staff
and Academics are subtypes of Employee and are disjoint, each Room is identified by
the Building and its RoomNr, each Employee has exactly one Name, and a support staff
that supports a department also works for that department.

2.2

Brief overview of ORM2

Object-Role Modelling as a general term is also known as Fact-Based Modeling and comprises several notational variants with varying language features,
ranging from its predecessor NIAM and its recent notation in the proprietary
CogNIAM tool of PNA, to the FCO-IM flavour [4], to ORM as in [21] popularised with VisioModeler 3.1 and ORM2 [22] popularised with the NORMA
tool [15] as plugin for MS Visio, among others. We use Halpin’s notation [22]
in the remainder of the paper for its compactness. As we are interested in the
static, structural components, we ignore deontic constraints5 —they did not occur in any of the evaluated ORM models anyway [28]—and derived constraints
(ORM’s version of methods). ORM2 has four different kinds of named entities:
– entity type, which is like an EER entity type and UML class and may be
objectified, and is denoted with a blue rectangle with round corners;
– value type, which is an entity type that has a binary fact type (relationship)
to a data type, denoted with a blue dashed rectangle with round corners;
– role that each entity/value type plays in a fact type, denoted with a small
rectangle and connected to the object type or value type;
– n-ary fact type (n ≥ 1) that relates entity types to each other or entity
types to value types and they have to be elementary (uniqueness constraint
spanning n or n − 1 roles), denoted with a rectangle composed of the roles.
Typically, roles and fact types are named automatically, but this can be added,
as indicated with the user-named role [DE] in Fig. 1; note that the text next to
the fact types are ‘readings’ for model verbalisations, not fact type names.
5

Refer to [36] for a treatment of deontic constraints in the context of DLs and SBVR

ORM has many constraint types (some of which are used rarely [28]); a nonexhaustive example is shown in Fig. 1. The ones used in the figure are mandatory
(small blob), uniqueness (line over rectangle), reference schemes (simple identifiers, e.g., .empNr), and external identifiers (circle with double horizontal line),
subtype (arrow) and subset (over roles, fact types, paths), disjointness (encircled cross); others include coverage, constraints on values, and 11 relationship
constraints (a.o., transitive, irreflexive).
As transformations exist from one ORM model to UML and to ER [22], ORM
is ‘more conceptual’ than the other models for one does not have to commit to
an implementation paradigm upfront. Moreover, the notation is also used for
business rules specifications [32].

3

ORM2cfd fragment into CF DI ∀−
nc

While we primarily focus on ORM to CF DI ∀−
nc mapping here, we also aim for
an easy extension to EER and UML Class diagrams, the ability to use it for
inter-model assertions across models represented in different languages [17], and
for unification of the conceptual modelling language families for a widely used
subset of features. To this end, we first define the syntax and semantics of a
‘generic’ conceptual data modelling language, which we name CM−
com , as it
is, essentially, a proper fragment of CMcom —used as common conceptual data
modelling language for EER, UML, and ORM [30]—without covering and disjunctive mandatory constraints, and with limited cardinalities and a more precise
definition of relationship subsumption and disjointness. CM−
com contains those
features mappable into CF DI ∀−
nc (as described in Section 3.3) and captures a
subset of features of ORM, named ORM2cfd . Thus, within the scope of this
paper, one can equate CM−
com and ORM2cfd .
3.1

Syntax

The syntax is introduced first, and subsequently illustrated with an example.
We assume a transformation where an ORM value type is encoded in CM−
com as
an attribute, and note that recursive relationships are allowed such that a class
can participate more than once in a relationship.
−
Definition 2 (Conceptual Data Model CM−
com syntax) A CMcom conceptual data model is a tuple Σ = (L, rel, att, cardR , cardA , isaC , isaR , isaU ,
disjC , disjR , id, extid, fd, obj, rex) such that:
1. L is a finite alphabet partitioned into the sets: C (object type symbols), A (attribute symbols), R (relationship symbols), U (role symbols), and D (domain
symbols); the tuple (C, A, R, U, D) is the signature of Σ.
2. att is a function that maps a class symbol in C to an A-labeled tuple over D,
so that att(C) = {A1 : D1 , . . . , Ah : Dh } where h is a non-negative integer.
3. rel is a function that maps a relationship symbol in R to an U-labeled tuple
over C, rel(R) = {Ui : Ci }hi=1 , h ≥ 1, Ui 6= Uj if i 6= j, h is called the arity of
R, and if (Ui , Ci ) ∈ rel(R) then player(R, Ui ) = Ci and role(R, Ci ) = Ui .
The signature of the relation is σR = {Ui }ni=1 .

4. cardR is a partial function cardR : R × U → {0, 1} × {1, ∞} denoting
cardinality constraints. We denote with cmin(R, U ) and cmax(R, U ) the first
and second component of cardR .
5. cardA is a partial function cardA : C × A → {0, 1} × {1, ∞} denoting multiplicity constraints for attributes, such that cardA (C, A) is defined iff (A, D) ∈
att(C) for some D ∈ D. We denote with cmin(C, A) and cmax(C, A) the
first and second component of cardA .
6. isaC is a binary relationship isaC ⊆ C × C.
7. isaR is a binary relationship isaR ⊆ R × R. isaR between relationships is
restricted to relationships with compatible signatures.
8. isaU is a binary relationship isaU ⊆ U × U.
9. disjC is a relationship over 2C × C, describing disjointness partitions over
groups of isa that share the same superclass.
10. disjR is a subset of 2R , describing disjointness over a group of relations
(with compatible signatures).
11. id is a partial function, id : C → 2A , that maps a class symbol in C to its
identifier (key) attributes; cardA (C, A) = (1, 1) holds for each A ∈ id(C).
12. extid is called an external uniqueness, which is a partial function that
maps a class to a set of sets of relation-role pairs or attributes, extid : C →
(R×U )∪A
22
, where for any S ∈ extid(C) it holds that at least one pair (R, U ) ∈
S, and whenever (R, U ) ∈ S then player(R, U ) = C, cardR (R, U ) = (1, 1),
and when A ∈ S then cardA (C, A) = (1, 1).
U
13. fd is a functional dependency assertion, a partial function fd : R → 22 ×U
such that fd(R) may be defined only if its arity is ≥ 2 and for all Ui , U ∈ U
such that ({Ui }, U ) ∈ fd(R) then exist Ci , C such that Ui : Ci ∈ rel(R)
and U : C ∈ rel(R).
14. obj is an objectification partial function that maps an n-ary relationship
symbol R ∈ R to a C ∈ C, i.e., obj : R → C. Whenever obj(R) = C and
Ui : Ci ∈ rel(R), 1 ≤ i ≤ n then there exist n new binary relationships Ri ∈
R such that rel(Ri ) = {Ui1 : C, Ui2 : Ci }, with Ui1 , Ui2 ∈ U; extid(C) =
{(Ui , Ci ) | 0 < i ≤ n}; cardR (Ri , Ui1 ) = (1, 1) and cardR (Ri , Ui2 ) = (0, 1).
15. rex is a subset of 2U describing disjointness partitions over a group of roles,
i.e, if {Ui }hi=1 ∈ rex then exist Ri ∈ R, Ci ∈ C such Ui : Ci ∈ rel(Ri ), and
all Ri have the same arity.
To link this syntax to ORM’s icons, value types are transformed into attributes,
any unary relationship is translated into a class and a binary relationship with
a Boolean datatype, and a suitable naming scheme for the roles and fact types
is in place.
Example 1 Let us consider a mapping between this CM−
com syntax and some of
the mappable ORM icons of the ORM2cfd fragment, using the diagram in Fig. 1.
The fact type verbalised with works for can be represented with the relationship
rel(works) = {DE : Department, ED : Employee}
Identification (single attribute, resp. external) of the Employee and Room with
id(Employee) = {empNr} and extid(Room) = {{locBuildingName, roomNr}}.
Subsumption of ORM entity types and fact types is straightforward as:

Academic isaC Employee and supports isaR works
and mandatory participation of Department in works as
cardR (works, DE) = (1, ∞).
3.2

♦

Semantics

The model-theoretic semantics of CM−
com in the light of ORM2cfd is as follows.
−
Definition 3 (CMcom Semantics) Let Σ be a CM−
com conceptual data model.
An interpretation for the conceptual model Σ is a tuple I = (∆I ∪ ∆ID , ·I ), such
that:
– ∆I is aSnonempty set of abstract objects disjoint from ∆ID ;
– ∆ID = Di ∈D ∆Di is the set of basic domain values used in Σ; and
– ·I is a function that maps:
• Every basic domain symbol D ∈ D into a set DI = ∆D .
• Every class C ∈ C to a set C I ⊆ ∆I .
• Every attribute A ∈ A to a set AI ⊆ ∆I × ∆ID , such that for each A ∈ A
and C ∈ C with A : D ∈ att(C) for some D ∈ D, then for all o ∈ C I
there exists d ∈ DI such that (o, d) ∈ AI .
• Every relationship R ∈ R to a set RI of tuples of U-labeled elements
of ∆I : for R an n-ary relationship connecting the classes C1 , . . . , Cn ,
rel(R) = {Ui : Ci }ni=1 , i.e., {Ui : oi }ni=1 ∈ RI implies oi ∈ CiI .
I is called a legal database state or legal application software state if it satisfies
all of the constraints expressed in the conceptual data model:
– for each C1 , C2 ∈ C: if C1 isaC C2 , then C1I ⊆ C2I .
– for each R1 , R2 ∈ R (with the same signature): if R1 isaR R2 , then R1I ⊆ R2I .
In addition, ORM stipulates that the participating role sequences (which in
this case are all roles of Ri ) of every relationship participating in the R1I ⊆ R2I
to be role-sequence compatible.6
– for each U1 , U2 ∈ U: if U1 isaU U2 , then there exist R1 , R2 ∈ R with
player(R1 , U1 ) = C1 and player(R2 , U2 ) = C1 , and C1 , C2 ∈ C, and
{o ∈ C1I such that U1 : o ∈ R1I } ⊆ {o ∈ C2I such that U2 : o ∈ R2I }.
– for each C ∈ C, R ∈ R, U ∈ U: if cardR (R, U ) = (x, y) and player(R, U ) =
C, then x ≤ #{o ∈ C I such that U : o ∈ RI } ≤ y.
– for each C ∈ C, A ∈ A: if cardA (C, A) = (x, y), then A : D ∈ att(C) for
some D ∈ D, and x ≤ #{d ∈ DI such that (o, d) ∈ AI , o ∈ C I } ≤ y.
– if {Ci }ni=1 ∈ disjC then CiI 6= CjI for all i, j, j 6= i, 1 ≤ i, j ≤ n.
– if {Ri }ni=1 ∈ disjR then Ri are role-sequence compatible and RjI ∩ RkI = ∅.
– for each C ∈ C, Ai ∈ A, 1 ≤ i ≤ n: if id(C) = {Ai },Vthen exists Di ∈ D such
n
that Ai : Di ∈ att(C), and #{o ∈ C I such that i=1 (o, di ) ∈ AIi } ≤ 1 for
I
any di ∈ Di , 1 ≤ i ≤ n.
– for each C ∈ C, Ri ∈ R, Ui ∈ U, 1 ≤ i ≤ h, Aj , 1 ≤ j ≤ l: if {(Ri , Ui )}hi=1 ∪
{Aj }lj=1 ∈ extid(C), then exist Dj ∈ D with Aj : Dj ∈ att(C), and #{o ∈
C I such that (Ui : o) ∈ RiI and (o, dj ) ∈ AIj } ≤ 1 for any dj ∈ DjI , 1 ≤ j ≤ l.
6

We assume that the compatibility is enforced explicitly by additional isaC pairs of
the classes linked to the matching roles in the relationships, e.g., for U : C ∈ rel(R1 )
and U : D ∈ rel(R2 ) we have C isaC D.

– for each U, Ui ∈ U, 1 ≤ i ≤ h, R ∈ R: if fd(R) = ({Ui }hi=1 , U ), then exists
C, Ci ∈ C such that C : U ∈ rel(R), Ci : Ui ∈ rel(R) and #{o ∈
C I such that {U : o} ∪ {Ui : oi , } ∈ RI } ≤ 1 for any oi ∈ CiI , 1 ≤ i ≤ h.
– for each R ∈ R, C ∈ C: if obj(R) = C, then exist Ri ∈ R with rel(Ri ) =
{Ui1 : C, Ui2 : Ci }, for all 1 ≤ i ≤ n, and the following statements are also
satisfied: extid(C) = {(Ri , Ui2 ) | 0 < i ≤ n}, cardR (Ri , Ui1 ) = (1, 1), and
cardR (Ri , Ui2 ) = (0, 1).
– for each Ui ∈ U, 1 ≤ i ≤ h: if {Ui }hi=1 ∈ rex, then exists Ri ∈ R with
arity m, such that Ui : Ci ∈ rel(Ri ). Then for each o ∈ CiI the following
condition is true #{k such that {Uk : o} ∈ RkI , 1 ≤ k ≤ h} ≤ 1.
Σ is said to be globally consistent if it admits at least one legal state.
3.3

Mapping of ORM2cfd to CF DI ∀−
nc

We formalize how CF DI ∀−
nc can capture ORM2cfd conceptual models. Let Σ =
(L, rel, att, cardR , cardA , isaC , isaR , isaU , disjC , disjR , id, extid, fd, obj,
rex) be a CM−
com conceptual data model corresponding to ORM2cfd . We map
Σ to a CF DI ∀−
nc TBox TΣ in the vocabulary PC, F using the following rules:
– Include in the vocabulary one concept name for each ORM2cfd object type
and datatype, i.e., for each C ∈ C, D ∈ D we have C ∈ PC, D ∈ PC.
– To map attributes, there are two cases to consider: if the attribute is functional then it is mapped as a function symbol and two concepts that reify
each of the roles; otherwise it is reified as a new concept, with the corresponding cardinality constraints. For each C ∈ C such that att(C) = {Ai :
Di }ni=1 , and for each i:
Ai
i
• if cardA (C, Ai ) = (1, 1), then we introduce two new concepts UA
1 , U2 ∈
Ai
Ai
PC, a new function symbol ai ∈ F, and {C v ∀ai .Di , C v U1 , U1 v
−1
i
i
C, UA
, ∃ai −1 v UA
2 v ∃ai
2 } ∈ TΣ .
A
• otherwise we introduce new concept symbols Ai , UA
i,1 , Ui,2 ∈ PC, and
two new function symbols ai,1 , ai,2 ∈ F, with {Ai v ∀ai,1 .UA
i,1 , Ai v
A
A
A
−1
A
−1
A
∀ai,2 .UA
,
U
v
C,
U
v
D
,
U
v
∃a
,
U
v
∃a
,
∀a
i
i,1
i,2
i,1 .Ui,1 v
i,2
i,1
i,2
i,1
i,2
Ai , ∀ai,2 .UA
i,2 v Ai , Ai v Ai : ai,1 , ai,2 → id} ⊆ TΣ . If cmin(C, Ai ) = 1,
then also C v UA
i,1 ∈ TΣ ; if if cmax(C, Ai ) = 1, then Ai v Ai : ai,1 →
id ∈ TΣ .
– The mapping of relationships (ORM2cfd fact types) is similar as the mapping of attributes. If the relationship is binary and one of its roles has a
(1, 1) constraint, then it is mapped as an attribute; in the other cases the
relationship and its roles are reified as a new concepts, with new attributes
from the reified relationship to the reified roles. The reified roles are then
subconcepts of the concepts originally participating in the relationship. For
each R ∈ R such that rel(R) = {Ui : Ci }ni=1 then
• if n = 2 and cardR (R, U1 ) = (1, 1), then we introduce a new function
symbol u1 ∈ F, and {C1 v ∀u1 .C2 , C1 v C1 : u1 → id} ∈ TΣ . Similarly
if cardR (R, U2 ) = (1, 1) then we introduce function symbol u2 ∈ F and
{C2 v ∀u2 .C1 , C2 v C2 : u2 → id} ∈ TΣ .

• otherwise we add new concept symbols R, UR
i ∈ PC, 1 ≤ i ≤ n , new
R
R
function symbols uR
∈
F,
1
≤
i
≤
n,
and
then
{R v ∀uR
i
i .Ui , Ui v
−1
R
R
n
R
R
Ci , U R
, ∀uR
i v ∃ui
i .Ui v R}i=1 ∪ {R : u1 , . . . , un → id} ⊆ TΣ . Additionally for each i, 1 ≤ i ≤ n if cmin(R, Ui ) = 1 then also Ci v UR
i ∈ TΣ ;
and if cmax(R, Ui ) = 1, then R v R : uR
→
id
∈
T
.
Σ
i
– for each C1 , C2 ∈ C such that C1 isaC C2 , then C1 v C2 ∈ TΣ .
– for each R1 , R2 ∈ R such that R1 isaR R2 , then R1 v R2 ∈ TΣ . In order
to define relationship inheritance in ORM2cfd , the types of the participating
concepts must be compatible, therewith adhering to the syntax restriction
of ORM (as aside: without this condition, the reconstruction in a PTIME
language is not possible).
– for each U1 , U2 ∈ U such that U1 isaU U2 then U1 v U2 ∈ TΣ .
– for each Ci , C ∈ C such that {Ci }ni=1 disjC C, then {Ci v C}ni=1 ∪ {Ci v
¬Cj }ni6=j,i,j=1 ⊆ TΣ , stating the concepts are pairwise disjoint.
– for each Ri ∈ R such that {Ri }ni=1 ∈ disjR , then {Ri v ¬Rj , Ri v Rj :
σRj → id}ni6=j,i,j=1 ⊆ TΣ . Again, ORM has the condition that relationship
exclusion must be defined over compatible types for the participating concepts (which also happens to be a necessary condition for the efficiency of
the translation).
– for each C ∈ C, Ai ∈ A such that id(C) = {Ai }ni=1 , then C v C :
a1 , . . . , an → id ∈ TΣ . In this case since the attributes are keys then they
must be in (1, 1) constraint with C, so they are mapped as features in TΣ
by the first point of the respective rule, described above.
– for each C ∈ C, Ri ∈ R, Ui ∈ U, Aj ∈ A such that {(Ri , Ui )}hi=1 ∪ {Aj }kj=1 ∈
R
extid(C), then C v C : uR
1 , . . . , uh , a1 , . . . , ak → id ∈ TΣ . Here the only
possibility is that Ui and Aj belonging to the external identifier have a (1, 1)
constraint, so they are mapped with features.
– for each U, Ui ∈ U, R ∈ R: if fd(R) = ({Ui }hi=1 , U ), then CR v CR :
R
R
uR
1 , . . . , uh → u . This case is similar as the previous one: we ensure the roles
and attributes belonging to the external identifier are mapped as features in
TΣ because the are (1, 1) to C.
– for each R ∈ R, C ∈ C: if obj(R) = C, then we have the mappings for
extid(C), cardR (Ri , Ui1 ) = (1, 1), and cardR (Ri , Ui2 ) = (0, 1).
– for each Ui ∈ U: if {Ui }hi=1 ∈ rex, then exists Ri ∈ R, Ci ∈ C with arity m,
R h
such that (Ui : Ci ) ∈ rel(Ri ), 1 ≤ i ≤ h. Then {UR
i v ¬Uj }i6=j,i,j=1 ⊆ TΣ .
Note that rex requires optional participation in the role, and therewith uses
the second case of the relationship mapping above.
Case analysis of the translation combined with Proposition 1 yields the following:
Theorem 1. Let Σ be an ORM2cfd conceptual data model. A class C is consistent in Σ if and only if the knowledge base (TΣ , {C(aC )}) is consistent. Σ is
globally consistent if and only if TΣ is consistent with A = {C(aC ) | C ∈ C}.
Example 2 Consider again the running example with Fig. 1 and the illustration
of the syntax (Example 1), the corresponding CF DI ∀−
nc knowledge base contains,
among others: the translation where empNr is an attribute of Employee with

cardA (empNr, Employee) = (1, 1), the following CF DI ∀−
nc axioms:
v Employee,
, UempNr
{Employee v ∀empNr.Integer, Employee v UempNr
1
1
}.
v ∃empNr−1 , ∃empNr−1 v UempNr
UempNr
2
2
Then, to represent the identifier, we add Employee v Employee : empNr → id.
The mapping of rel(works) with cardinalities cardR (works, DE) = (1, ∞) and
cardR (works, ED) = (0, ∞) is the set of axioms
−1

{ Works v ∀deworks .DEworks , DEworks v Department, DEworks v ∃deworks ,
∀deworks .DEworks v Works, Works v Works : deworks , edworks → id,
Department v DEworks , Works v ∀edworks .EDworks , EDworks v Employee,
−1
EDworks v ∃edworks , ∀edworks .EDworks v Works
},
and likewise for the remainder of the diagram in Figure 1.
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♦

Discussion

There are many papers with logic-based reconstructions of ORM, EER, and
UML; we discuss a subset relevant to the scope of this paper.
Comparison with other ORM2 Encodings. Fairly expressive logic-based
reconstructions of ORM fragments exist, including ORM 2zero in the EXPTIMEcomplete ALCQI [20], ORM2− [30] in the EXPTIME-complete DLRifd [11], an
ORM2 fragment (e.g., [41]) in SROIQ that is N2EXPTIME-Complete [27], and
ORM in the undecidable FOL [21]. An Alloy encoding and a numeric model as
encoding for ORM are proposed in [23], which are experimentally compared to
unsatisfiability pattern checks, showing that the latter two far outperform the
Alloy approach (seconds vs. hours and timeouts), but complexity results are not
provided. Their ORM fragment of the number encoding does include ‘costly’ features, such as covering constraints, disjunctive mandatory, arbitrary frequency
(with uniqueness check), external identifiers, and value constraints, but it is unclear what was used in the test ORM diagrams. The only ORM fragment claimed
in PTIME is Smaragdakis et al.’s ORM− [35] that also uses a number model. It
includes non-overlapping uniqueness constraints over n-ary relationships, simple
mandatory, non-overlapping frequency constraints (cardinalities > 1), value constraints, and subtype constraints. Arbitrary frequency constraints (like arbitrary
projections in a relational table) cause undecidability, but, though not specified
in [35], one could assume it always occurs in conjunction with a suitable uniqueness constraint in order to regain decidability, as discussed in [23, 29]. Their value
constraints are not constrained either, i.e., value ranges of integers, floats, and
enumerations are allowed, and have no constraints, such as so-called “safe” data
types [3]. Most problematic, however, is the integer bound propagation in step 2
of Algorithm 2 in [35], which has recently shown to be NP-Complete [7], hence,
Smaragdakis et al.’s solution seems to be at least NP-Hard. To the best of our
knowledge, the here provided logic-based reconstruction of the ORM2cfd ORM
fragment in the PTIME CF DI ∀−
nc is the first tractable encoding of ORM, yet
still capturing most of the entities encountered in extant ORM models.

Extensibility to EER and UML Class Diagrams. As ORM is more expressive than UML Class Diagrams and EER, and an ORM diagram can be
translated into UML and into ER [22], the results obtained should be at least as
good for those. A quick matching thanks to availing of the unifying metamodel
[31, 18] reveals that that is the case, where CF DI ∀−
nc can encode over 97% of
the 34 UML models and over 99% of the 34 (E)ER models in our dataset. This
can be of use here as well, as also most UML Class Diagram encodings focus
on expressiveness, using, among others, DLRifd [5] as well, or an OCL-lite encoding matching ALCI [34], which is still EXPTIME-complete. Kaneiwa and
Satoh claim to have some fragments of UML Class Diagrams in P and PSpace
for full satisfiability checking (all classes must be satisfiable) [25, 26], but this has
been proven otherwise by Artale et al. [1]. Focusing on coverage of features, the
smallest restricted fragment is shown to be NLogSpace [1] when disallowing isa
on associations and completeness on subclasses, using approximations of reified
binaries (i.e., missing extid, and thus also no qualified associations). An initial analysis shows that this might still capture almost 96% of the UML models
in our dataset, and might thus also be a worthwhile fragment of UML. Such
high coverage can be obtained partially due to the changes to UML v2.4.1 [33]
where relational properties (asymmetry and transitivity) for aggregation have
been dropped, with aggregation taking up about a quarter of all associations,
and not all UML features in the standard are implemented in modelling tools.
The story is similar for (E)ER. Various encodings exist [14, 37, 38], (partially
due to the absence of a standard), which either use a language in the EXPTIMEcomplete DLR family [9–11] or DL-Lite family [12] with different computational
complexities for different EER fragments [2]. Trading functionality for gaining
a little in computational complexity [2], however, is certainly not an option if
coverage is also an aim, especially due to all the identifiers in EER and ORM
(which can be represented in CF DI ∀−
nc ).
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Conclusions

A logic-based reconstruction for most of ORM using the PTIME Description
Logic language CF DI ∀−
nc has been presented, covering 96.5% of a set of extant
ORM models. This is the first tractable encoding of ORM, which includes features important for conceptual models, notably n-ary relationships and complex
identification constraints. Future work includes working toward implementations
of the scenarios alluded to in the introduction, and we also expect to apply this
encoding to facilitate inter-model interoperability [17] as the results are easily
transferable to EER and UML Class diagrams.
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