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Abstract. Research into knowledge and expert system engineering has
seen numerous attempts to streamline conceptual modeling, especially in
the field of so-called Multi-Level Modeling (MLM). In this paper, we will
refine and augment the approaches made there, so that these can also
be used for conceptual modeling in general. To this end, we introduce a
formal methodology for the definition of attributes (data properties) and
relational relationship types (object properties). Rules are then defined as
instantiation regulations in this connection. As a new methodology, we
introduce the so-called Value Assignment Propagation (VAP), and then
show how this streamlines conceptual modeling, how layer-mistakes can
be avoided and how previously unfulfilled requirements for MLM can be
satisfied.

Keywords: Knowledge Engineering, Conceptual Modeling (CM), Multi-
Level Modeling (MLM), Data Properties (DP), Value Assignment Propa-
gation (VAP), Filters, Inheritance, (Deep) Instantiation, Powertypes

1 Introduction

The past two decades have been a number of seminal publications and
books about ontology engineering, yet, we are unable to arrive at a math-
ematical formalism for instantiation. Intuition is the predominant aspect
in identifying what data properties can be invoked via inheritance, but a
precise definition of which sets of universals and particulars are affected,
is nowhere to be found; in particular, the question of how inheritance
affects object properties (relationship types) with regard to instantiation
is left largely unanswered.

The way in which the terms inheritance and instantiation are applied
by ontologists is often features an intuitive type of understanding, which
is based on the methods of object-oriented programming (OOP), object-
oriented analysis (OOA) and object-oriented design (OOD). The Unified
Modeling Language (UML) and UML diagrams are utilized to visualize
conceptual models and to specify the logic of applications. Ontologistcs
also rely on modeling languages such as the Web Ontology Language



(OWL), which is based on Description Logic (DL). The concepts of in-
heritance and instantiation also play a key role in relational and NO-
SQL database systems. When attempting to actually break the modeling
down into its implementation levels, a mismatch often occurs because the
methodology and the power of the various representations vary from each
other. By applying mathematical set theory, we will extend and gener-
alize the formalisms for describing inheritance and instantiation and we
will have to distance ourselves from known methods, where necessary.

The rest of the paper is organized as follows: In the Related Work sec-
tion (s. 2), we discuss what approaches already exist for streamlining con-
ceptual modeling and what disadvantages they entail. The Methodology
section (s. 3) describes the naming conventions on which our method-
ology are based and the mathematical foundations for the formalizing
inheritance and instantiation. Using concrete modeling examples, the ap-
plication of the methodology is discussed in the Application section (s.
4). In the Evaluation section (s. 5), we evaluate the extent to which our
methodology contributes to fulfilling the criteria for Multi-Level Model-
ing (MLM), and to what extent our approach contributes to streamlining
conceptual modeling in general, and how metadata can be managed more
systematically; we also document the savings potential of our modeling.
Finally, in the Conclusion section (s. 6), we summarize the results and
describe the outlook fore future research activities.

2 Related Work

The article by Humm et al. [1] differentiates between lightweight and
heavyweight ontologies and associates developer-oriented communities
with the first, and academic communities with the latter. Our primary
motivation is to introduce a methodology for conceptual modeling that
has no limitations to the power of modeling, but avoids the ballast and
complexity of other approaches. That is, our approach aims to support
the development of both lightweight and heavyweight ontologies. As a
typical layer mistake in Meta-Object Facility (MOF)! we find that ciass
appears on both levels 2 and 3, which we believe to be a flaw. The article
by Carvalho and Almeida |2] describes how a powertype mobilephoneModel
can be modelled using regularity attributes. But the classes the mMobilephone
and MobilePhoneModel cannot be merged with regularity attributes, since
each particular phone would then also have a 1aunchpate. Another current
subject of discussion in ontology modeling and in the Semantic Web is

! https:/ /en.wikipedia.org/wiki/Meta-Object Facility
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the question of how we can model Labeled Property Graphs (LPG). Sug-
gested solutions come from the NO-SQL community, particularly from
neo4j’. So far, however, these have not been systematically incorporated
into modeling languages such as RDF and OWL. Within the Dublin Core
Metadata Initiative?, metadata is defined in the Dublin Core Metadata
Element Set. Are data properties like Title, publisher and pescription
really always metadata, or do they belong more to the application do-
main? There needs to be a clarification on how to achieve flexibility in
modeling so that such attributes can be used either as meta attributes
or attributes of the application domain, or in both ways, if necessary.
An article 3] by Atkinson and Kiihne argues that the shallow instantia-
tion approach cannot solve the issues surrounding multiple classification
and replication of concepts problems. The authors add the concept of po-
tency to each model element. Potency defines the depth to which a model
element can be instantiated. In each instantiation step, the potency is re-
duced by 1. However, this requires the concepts to be modeled such that
they can be divided into logical levels, each of which must be assigned a
meaning. This harbors the potential for layer mistakes, especially in on-
tologies that are undergoing frequent changes during development. The
subdivisions of base classes are also often performed using terms such as
category, family, group, order, subordinate, etc. For example, in a paper
by Neumayr et al. [4] on page 9, in Figure 3, the basic classes ook and
car are modeled as subclasses of the productcategory and assigned a clas-
sification level of 3. To model that marketrauch has to be instantiated at
brand level and mileage has to be instantiated by objects at level physical
entity, the authors claim it is necessary to use explicit constraints. Since
the authors do not specifiy the constraints, the question of how this can
be achieved is left open. We also see the potential for layer mistakes in
taking this approach. A paper by Guizzardi et al. [5] also discusses deep
instantiation. The classes Birdspecies and the class Bira are modelled in
two parallel class hierarchies. In this we identifiy a modeling deficiency
whereby the characteristics of all other species would have to be modeled
redundantly as in Birdspecies, or would need to be shifted to a higher
class species. The authors’ modeling of roles for cender and ThreatPhase
does not answer how one of the values for the enumeration types should
be associated with a specific particular. We make the assumption that it
should be a 1:1 connection via an object property. Nevertheless, we con-
sider the graph rewriting rules on page 6 of [6] to represent an important

2 https:/ /neodj.com
3 https:/ /www.w3.0org/2001 /09 /rdfprimer /rdf-primer-20021108.html#dublincore
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contribution in reducing the complexity of ontology models. The approach
of Bense and Humm [7]| proposes satisfying the instance and type char-
acter via two different inheritance mechanisms of properties. These are
BroderInheritedProperty based on skos:broader and TypeInheritedProperty
based on rdfs:class. The case that is not covered by this is if we want to
model that all polar bears have a white fur.

Other proposals made in the area of Multi-Level Modeling (MLM) ([8],
[9], [10], [11]) describe approaches with which conceptual modeling is not
only enriched but also streamlined. What the cited approaches have in
common, however, is that they require additional complex or even overly-
complex annotations and/or the extension of query languages, meaning
they are no longer compatible with RDF/RDFS/OWL and query lan-
guages such as SQL/SPARQL. In addition, not all of the requirements
previously placed on on MLM in [5], [9], and [12] could be met. So, ma-
jor problems in conceptual modelling result from the non-availability of
suited uniform methods or the inadequate application of modeling meth-
ods. In addition to other problems, this causes layer mistakes, which pen-
etrate even into the basic methods of software engineering.

The key research question we answer is: What are the limitations in
ontology engineering when it comes to creating leaner, less redundant,
better comprehensive and more accurate models, and what methods can
be used in overcoming the limitations discussed above. This raises other
additional questions: What naming conventions can be used to reduce am-
biguities? What patterns can be specified to define properties and what
are the permissible instantiations that result from this? What influence
does this have on the modeling style of the ontologists? How can exist-
ing ontologies benefit from this, and what advantages emerge here for
maintaining accuracy and consistency in the evolution of ontologies.

3 Methodology

Before answering questions, the methodology used here has to be intro-
duced. Basic methodologies for naming conventions in ontological engi-
neering were described in [13]. Figure 1 is a so-called ontograph visu-
alization of an example of a vehicle ontology that makes use of these
naming conventions. The open source library graphviz?* ist used to create
ontographs. The quick switching between ontology modeling and visual-
ization supports rapid prototyping, thus supporting error detection and

* http://www.graphviz.org
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correction. The example in Figure 1 also illustrates the principle of (mul-
tiple) inheritance, as well as depicting the instantiation of object prop-
erties. The following sections will explain in greater detail the naming
conventions used, the different types of property definitions, and their
instantiations.

But first of all, we need to introduce a set of basic definitions, nam-
ing conventions, axioms and rules for conceptual modeling. Our aim is
to manage with as few concepts as possible. These should be understood
as recommendations and they may be adapted or implemented in al-
ternative ways. For example, the prefixes used in the naming conven-
tions encode the type of the concepts within their names. Of course, by
explicitly specifying further meta information, each represented concept
can alternatively be classified without using prefixes. The core concepts
we define here include Knowledge Graph (KG), Knowledge Subject (KS),
Atomic Data Type (ADT), Value Set (VS), Value Set Range (VSR) and
Particulars Layers (PL) as well as Universals Layer (UL). The mathe-
matical concepts Principal Filter and Principal Ideal allow for a compact
definition of hierarchies of universals. The aforementioned concepts con-
sequently form the basis for formally defining Data Property Definitions
(DPD) and Object Property Definitions (OPD). The instantiation rules
then determine how DPDs and OPDs may be applied. The instantiation
of data properties is referred to as Data Property Instantiation (DPI),
and that of object properties is referred to as Object Property Instanti-
ation (OPI). Relator Instantiation is a special type of OPI for modeling
n-ary relationships. The central approach taken by this paper is called
Value Assignment Propagation (VAP) and consists of introducing a new
methodology for the different application of the data property instantia-
tion (DPI) based on two different types of the data properties, namely the
Propagation Data Property (PDP) and the Meta Data Property (MDP).

Definitions: The key concepts in ontology engineering are classes, at-
tributes, relationship types, particulars, relators, processes and functions.
In line with language usage in the Semantic Web, we also refer to at-
tributes as Data Properties (DP) and relationship types as Object Proper-
ties (OP). It is therefore consistently true that a property p is either a DP
or an OP. Classes, object properties and processes are also gathered under
the general term universal. The most important concepts in ontology en-
gineering are classes, attributes, relationship types, particulars, relators,
processes and functions. According to the language usage in the Semantic
Web, we also refer to attributes as Data Properties (DP) and relationship
types as Object Properties (OP). It applies consistently that a property



p is either a DP or an OP. Classes, object properties and processes are
also collected under the general term universal. Particulars are instances
of universals which are connect by the object property »iof (is instance
of) with a universal, e.g. (>Toms Lambo, »iof, “Lamborghini Miura). Besides
through duplication particulars cannot be instantiated (s. Axiom Al in
[8], Page 8). Thus, the assertion (x, »iof, >Toms Lambo) is not allowed.

~Particulars nteger
createdBy :EMail
~updated  :Date
~created :Date

~Version  :String
~Version 33
~Universals ‘Integer

~Class
()subClassOf
Supdated 2022.12.01 | O °0C

“hasRange _~fhasbomain

A | ocehame stng

Firstname  :String ~ LicensePlateNbr :String

5ubOpOf Last St Universals 3 ~U I 6
P name :String partcdars 2 ~Universals

~Particulars 1 ~Particulars 2

~Universals 1 NbrofSeats  :Integer

MaxNbrofSeats  :integer

YObjectProperty
~minCard :String
~maxCard :String

»subClassOf »s5ubClassOf “\psubClassOf

~Un ~Universals 1
*g:r::j:: ; YearOfDesign ‘integer ~Particulars 1 ~Universals 1 ] [Frossenoervencie | Preee ]
b ~Particulars 1 NbrOfCyinders  sinteger ~particulars 1 Luadlaned sam :Float MaxNbrOfSeats 9 “mutable :Boolean

~Universals 1 Fuelype String

Voltage_V :Float
Displacement_mm :Float 7

~maxCard n

“subClassOf “subClassof »subClassOf

Gender  :String
“mutable T
.“Particulars  7.299

sla_Model_3
ModelName Tesla Model 3
~createdBy abc@xyz.com

[ ComuusmonEngme ha Electnctotor
1

~Particulars ~Particulars v

T —
isOffroadCapable :Boolean NbYOfSealS 2

VCH_OP

VCH

I

~.female

~Particulars  2.943
Power kW 257

NbrOfCylinders 12

~Lamborghini_Miura

.ModelName Lambo Miura

Gender_ EN female
Gender_DE weiblich

PC-Gender

>Toms_Lambo

>MTR BT
_Power_kW 239
Voltage_V 404

AParticulars 4.3
.Gender EN male

»isDesignerOf_LM

YearOfDesign 1966

>NPS-Marcello_Gandini
_Firstname  Marcello
.Lastname  Gandini

LicensePlateNbr DA-RW 1937
“created 2022-06-02

VCH_PL

Fig. 1: Vehicle Ontology

Name Sets: The name of an ontological concept always has the index of
the designating set as its prefix: Ny = {xn | n is a string}. To enable the
names of ontological concepts to be unambiguously designated, we intro-



duce the following sets: N=Strings with the subsets IN~=Class Names,
N.=Data Property Names, Ny=Object Property Names, N~ =Particular
Names, N, =Relator Names, N,=Process Names, N-=Function Names.
The names of universals is the set Ny= N~ U Ny UN,. Later, we will
show how the prefixes of data properties, in particular, are used to define
instantiation rules. Similar naming conventions for so-called regularity
attributes are introduced in [2], e.g. the prefix instances in instancess-
creensize indicates that an attribute of the type class MobilePhoneModel
correlates with the corresponding attribute of the base class mMobilephone.
Knowledge Graphs: An ontology is represented by a Knowledge Graph
(KG). The smallest syntactic storage unit is a (RDF) triple® in the form
(s, p, o). A Knowledge Graph (KG) is defined as KG C N x N x N.
With s, p, o € N, a Knowledge Atom (KA) is a triple (s, p, o) € ka. A
Knowledge Subject (KS) is the set of triples with the same subject x is
denoted by Y:

Df 31 (Knowledge Subject). ¥y = {(s, p,0) e KG |s =x}.

A knowledge subject Xy is represented as a node in the graphical rep-
resentation of a knowledge graph (OntoGraph) and has the node name x.
According to our understanding, a knowledge subject also corresponds to
an instance / singleton that is unique, regardless of whether it is a par-
ticular or a universal. Even if all pairs (p,0) of values of two knowledge
subjects Xy and Xy with x # y are identical, they are different objects
simply because their names x and y are different. The physical represen-
tation of a knowledge graph is called a Knowledge Repository (KR). A
KR can be a file, a table, or a database.

Atomic Data Types: Data properties are defined by exactly one so-called
Atomic Data Type (ADT). An ADT name is an element of the set apr
= {:String, :Integer, :Decimal, :Float, :Double, :Boolean, :Duration,
:DateTime, :Date, :Time, :anyURI, ...}. 10 simplify matters here, we only
use a subset of the datatypes defined in OWLS, and XML", and we also
use a different notation. Instead of patapropertyaAssertion (a:NbrOfCylinders
a:>MTR TL "12"~* xsd:integer), we would make assignments in the more
readily editable and readable form (>uTR TL, .NbrofcCylinders, 12). Nor do
we encode the type of the attribute value at the attribute value itself, but
rather within the definition of the data property with (*combustionEngine,
.NbrOfCylinders, :Integer) instead. We consider it a major disadvantage
that, according to OWL conventions, the atomic data type always must

% https://en.wikipedia.org/wiki/Semantic _triple
® https://www.w3.org/TR/2012/REC-owl2-syntax-20121211/#Datatype Maps
" https:/ /www.w3.org/TR /2012 /REC-xmlschemal1-2-20120405 /#anyAtomicType
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be specified with the value itself, as this leads to unnecessarily high ad-
ditional storage overheads and needlessly complicates queries and makes
comparisons difficult.

Value Sets: The set of all possible values of a data property p is defined
by the Value Set Range (VSR). The set of all values actually applied in
the ontology for a data property form the Value Set VS(p) C VSR(p).

Df 32 (Value Set). VS(p) = { v | (s, p, v) € KG}. Examples:

— VSR(:Natural) = N, VSR(:Integer) = Z, VSR(:Float) = R

— VSR (:Boolean) = {0, 1} V {T, F}; VS(.warmblooded) = {T, F}
— VSR(.Gender) = :String; VS(.Gender) = {male, female}

— VSR(.WavelengthOfVisibleLight nm) = {wl | wl € [400, 780]}

Layers: We differentiate between two ontology layers, the Universals
Layer (UL) and the Particulars Layer (PL). The PL contains all partic-
ulars which are connected via the »ior object property to an universal
and all object property instantiations (OPI) between any two particulars.
Universals are organized into hierarchies by the following sets of semantic
relations (SR).

— srU = {{is}; SRM = {OQhas};
— SRR = {OsubClassOf, <>subOpOf, OsuprOf, qubProcessOf}
— SRO = {OhasSubClass, QhasSubOp, OhasSupr, OhasSubProcess}

The object properties of the SSR set express hypeRnomy, those of the
SRO set hypOnomy and the respective inverse relationship results from
the naming convention: {subxof = Onassubx . The UL contains all uni-
versals including all data property definitions (DPD), all object property
definitions (OPD) and all hierarchy relationships defined through an ob-
ject property op € sk = srr U sro. The number of levels in a hierarchy is
not restricted. Cycles are not permitted in hierarchies.

Filters: Let < be a non-strict order relation, while the pair (M, <) is
called a non-strictly ordered set. A filter or order filter (OF) is a special
subset of a partially ordered set (poset). We use filters to construct parent
and child hierarchies of universals. With x, v € ny and ¢srr € SRR or
Qsro € SRO we define:

— x<y & ((x, Qssr, y) € KGOr (y, Ossr_l, x) € KG)
— x>y & ((x, Osro, y) € KG Or (y, <>sro_1, x) € KG)
Df 33 (principal filter). " a = {xeM| a<x} is the principal filter of a.
Df 34 (principal ideal). .".a = {zeM| z<a} is the principal ideal of a.



Inheritance: We use the term inheritance essentially as it is applied in
programming. Properties are inherited across a hierarchy of universals.
As the root element of all such inheritance hierarchies, we introduce the
~~resource element. The elements of a class hierarchy are connected by the
transitive object property Qsubciassof. A class is by definition a subclass
of itself (as the subset may be the complete set)®. For example, the triples
("ElectricMotor, »subClassOf, “Motor), (“CombustionEngine, »subClassOf,
~Motor) and (*Motor, »subClassOf, ~Class) define a so-called class hierarchy
(s. Fig. 1). The data property .power xw is therefore inherited from the
~Motor class to all of its subclasses. This means that any particular motor
can be assigned a value for the .power xw data property.

Inheritance Hierarchies: Be u € ny the name of an universal. The princi-
pal filter - ‘u is the set of all super universals of u including u, the principal
ideal .".u is the set of all sub universals of u including u, e.g.:

— ".""Pickup = {"Pickup, "Truck, "PassengerVehicle, “Vehicle}

— .."Motor= {"Motor, “CombustionEngine, "“ElectricMotor}

— ','QhasCombustionEngine = {OhasCombustionEngine, OhasMotor}

— _'.QhasMotor = {OhasMotor, QhasElectricMotor, OhasCombustionEngine}

Property Definitions: We distinguish between data and object property
definitions. For both, we provide a compact and a traditional definition
pattern. The two triple definition pattern, which uses the object properties
shasDomain and »hasRange, can be always transformed into the compact one
triple definition pattern.

Data Property Definitions: Internal properties of instances are referred
to as data properties (DP) according to the convention in the Seman-
tic Web / OWL / RDF. These include characteristics such as .color,
.Length, .Weight, .Age, etc., which establish the corresponding quality di-
mensions. Traditionally a Data Property Definition (DPD) is built using
two triples €.g. (.LicensePlateNbr, »hasDomain, "“Vehicle) and (.License-
PlateNbr, »hasRange, :String). The short form of a DPD determines the
associated type for the class, e.g. (*vehicle, .LicensePlateNbr, :String)
and an instantiation like (>Toms Lambo, .LicensePlateNbr, DO-IT 1954). Be
a € v, the name of a data property, :adt € apr an Atomic Data Type, and
u € Ny the name of a universal. Both versions of the DP definitions are
equivalent according to the following rule: (u, a, :adt) < (a, »hasDomain,
u) A (a, »hasRange, :adt). S0, data properties (DP) connect instances to
values from the value set VS(DP). Data Properties (DP) are defined using
Atomic Data Types (ADT) with an associated Value Set (VS). We distin-
guish between two fundamentally different types of data properties with

8 https:/ /www.w3.org/ TR /owl-ref/#subClassOf-def
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their Data Property Definition Patterns (DPDP) defined below. DPDPs
are inherited down the universal hierarchy, in which they are defined. Be

.dp the name of a Propagation Data Property (PDP) and .~dp the name
of a Meta Data Property (MDP).

— A Propagation Data Property Definition (PDPD) has the form (u, .dp,
:adt), for example, (“Motor, .Power kW, :Float).

— A Meta Data Property Definition (MDPD) has the form (u, .~dp,
radt), for example, ("Car, ."YearOfDesign, :String).

Object Property Definitions: External properties of instances are referred
to as Object Properties (OP) according to the convention in the Semantic
Web / OWL / RDF. Object properties connect instances with another in-
stance or with itself. The traditional definition for an object property e.g.
<>hasMotor is deﬁned using the two triples (<>hasMotor, »hasDomain, ~Car)
and (QhasMotor, »hasRange, “Motor). The short form of an Object Property
Definition is (~car, {hasMotor, ~Motor). As an example from the vehi-
cle ontology we have (>Toms Lambo, (hasCombustionEngine, >MTR TL) wWhere
OhasCombustionEngine isa subobject property (OsubOpOf) of OhasMotor. This
modeling is an example of how it is possible to define relationship types
between instances and their specialization on different abstraction levels
according to the requirement set out in [12], page 3. Be Qop € ng the
name of an object property, and ¢, 4 € n~ the name of classes. Both
versions of the OP definitions are equivalent according to the following
rule: (c, Oop, d) & (Oop, »hasDomain, c) A (<>op, »hasRange, d).

Instantiation: How can we formally define instantiation? We essentially
understand instantiation to be the creation of a new knowledge subject
corresponding to a node in the knowledge graph, whose identifier x
y for all previously existing instances of y. During the creation process,
all possible value assignments should be preceded by the typing of the
instance either as a particular of a class with (x, »i0f, v) or as a subclass
of another class with (x, »subclassof, y). Any further value assignments
can then be made to the instance, regardless of whether they are data
properties or object properties. Be ~c, b € n~ the names of classes and
*~c and *.~p their superclass hierarches and .".~c and .".~p their subclass
hierarches and sop(".u)= U (sop(c) | ¢ € .".u}. Be >p, >p1, >p2 € N5 the
name of particulars and >p1 € sop(..”c), >p, >p2 € sop(.".*D). Be r €
Ny the name of an object property and -.'r the set of names of the super
object properties of r. Be pp € n_ a data property name and v € vs(pp)
a value from the value set of DP.

Data Property Instantiation: A short form Data Property Definitions
(DPD) follows the pattern (u, A, :adt) where u can be the name of a
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class or an object property, and a € {.a, .~a} is the name of an princi-
pal or meta data property and :adt € apr denotes an Atomic Data Type
(ADT). The Value Set Ranges (VSR) of .2 and .~a are identical: vsr(.»)
= vsr(.~a). Thus with v € vs(.a) C vsr(.a) every Data Property Instan-
tiation (DPI) must map to one of the following rules where the symbol F
relates the property definition to its allowable property instantiation.

— (u, A, :adt) F (x, &, v) where (x, »iof, u) or x € "u

— (Qop, .a, :adt) F (»opI, .a, v) for relators with (»or1, »iof, Qop)

Value Assignment Propagation (VAP): In a hierarchy of universals .".u a
value v can be assigned to a data property starting from the class where
it firstly has been declared in the form (u, a, :adt), for example, (~car,
.ManufDate, :Date) OI (“Car, .“LaunchDate, :Date). If the name of a data
property contains the prefix dot (.) it is a Propagational Data Property
(PDP) and if it contains the prefix dot-circumflex (.7) it is a Meta Data
Property (MDP). Value assignments of PDPs are propagated along the
hierarchy of universals from the universal u, where the assignment was
first made, to all subclasses that lie below u in the hierarchy .-u and also
to particulars that are connected to the universal u via »iof. According to
Carvalho and Almeida [2], page 37 this is characterized by durability=0c.
For MDPs there is no propagation of value assignments (durability=0),
i.e., they can only by assigned once and are not inherited downwards. In
addition, we provide the characteristic mutability for a data property for
the case, that the value of an attribute needs to be forbidden to change,
once it has been assigned, for example (.warmblooded, .mutable, F) O
(.Gender, .mutable, T). This corresponds to setting mutability=0 in [2].
For MDPs ."a we have in general that they must not instantiate into
particulars with the only exception of Adminstrative Meta Data Proper-
ties as described in the Evaluation section (s. 5): If p is a particular then
there must not exist a (p, .”~a, v) € xe. Another desirable characteristic
to be modeled for data properties is that of disjointness. If a data prop-
erty a is declared to be ‘disjoint’ then in a hierarchy of universals it is
not allowed that a subclass c1 of a class c2 has a different value for a: if
3 (c1, a, v1) € ke then there may not exist a (c2, a, v2) € e with v1
# v2. As a consequence, the classes c1 and c2 have to be remodeled in a
way that they become siblings with respect to another superclass which
they have in common. Examples:

— Be ~sportcar a direct or indirect subclass of ~venicie. The data property
definition (~vehicle, .MaxNbrofSeats, :Integer) and the assignment in
~“SportsCar With ("PassengerVehicle, .MaxNbrOfSeats, 7) eﬁect that every
subclass of ~passengervehicle also has a maxium of 7 seats and that
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every particular of ~passengervenicle or any particular of a subclass of
~passengerVehicle has also 7 seats at maxium by default.

— Value assignments for disjoint PDPs must not be overwritten. If the
assignment ("SportsCar, .NbrOfSeats, 2) and ("Formulal Car, .NbrOf-
seats, 1) are applied then the class ~Formulal car cannot be a subclass
of ~sportscar, because the set of single-seaters cannot be a subset of
two-seaters. L.e., the two classes have to be aligned as sibling classes
below a common superclass.

— Value assignments for non-disjoint PDPs may be overwritten. l.e, a
particular instantiates all values of the PDP of all superclasses.

— Be (""Resource, .”"produced, :Integer) a deﬁnition Of an MDP. Then
the attribute .~produced can be assigned in any universal or any par-
ticular of a universal in the hierarchy below ~*resource. E.g. (“Lam-
borghini Miura, ."produced, 763) models the fact that 763 cars of type
~Lamborghini_Miura have been produced. Since . produced is an MDP its
value is not propagated to subclass of “Lamborghini Miura P400 because
this never makes sense, and would actually be an error source. This
also implies that it is not mutable (.~produced, .mutable, F).

Object Property Instantiation: An Object Property Definition (OPD) has

the short form (~C, QOP, "D), where ~C is the domain class and "D is
the range class. Then there are the following possible Object Property
Instances (OPI): (1) (>p1, »op, >p2), where >p1 must be a particular
instance of a class from .-~c and >p2 must be a particular instance of
a class from ~p ("C and "D can be identical), i.e. (>p1, »op, >p2), is
appended as particular object property instance under (~c, Qor, ~p). (2)
(>p, »0P, ~C), or also (*c, »op, >p), which means that connections between
the particulars layer and the universals layer are possible.In the vehicle
ontology in Figure 1, we find the following Object Property Definition
(OPD) opd = ("Vehicle, QhasCombustionEngine, ~“CombustionEngine). To
find all instances of the OPD, the subclass hierarchies of ¢ = ~venicle and
d = ~CombustionEngine including the particulars of the subclass hierarchies
must be examined for OPIs of the form (x, »hasCombustionEngine, vy),
where it must not simultaneously hold that x = c and y = 4, otherwise the
OPD itself would also be included. The superclass hierarchies of s and
o are *.'s and 0. The sets of particulars of *'s and ..o are SOP(.'s) and
SOP(-.0). Be >P € SOP(.."D).

Object Property Instantiation Rules: The Object Property Instantia-
tion Rules (OPIR) can consequently be derived as follows, where (Qoros =
Oor~t.  For Particular-Particular Relationships (PPR) and for the Class-
Particular Relationships (CPR) and their inverses, we get:
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(>P1,»0P,>P2); ("D, {QOPOE, C) F (>P2,»0POE,>P1)
(*c,»op,>p); (D, QOPOE,~C) F (>p,»O0POE, ~C)

— ppR: (~c,Qop,*D) E
E

— cpr: (~c,{op, D)

4 Application

In this chapter we show how our methodology can be applied in such a
way as to reduce the complexity in ontology modeling, while fulfilling the
requirements of Multi-Level Modeling (MLM).

Class-Particular Relations: The class ~Lamborghini Miura in Figure 1
is a subclass of the class ~sportscar, which itself is a subclass and in-
stance of the class ~passengervenicle. The short Object Property Defini-
tion (OPD) for OisDesignerOf iS(AnatPerson, OisDesignerOf, ~Car). The re-
lationship (>NPS-Marcello Gandini, »isDesignerOf LM, “Lamborghini Miura)
indicates that >Nps-Marcello Gandini is the designer of the car model ~Lam-
borghini_Miura rather than each particular Lamborghini Miura. This fulfills
one of the essential requirements ([12], page 2 and 3) of multi-level mod-
eling. Generally speaking, relationships between particulars and classes
are permitted. The general instantiation principle here is illustrated by
the following examples:

(>Yo-Yo_Ma, »ExpertOf, "Violin); (“Violin, »Expert, >Yo-Yo Ma)

— (>NPS-Albert Einstein, »isCreatorOf, “Special Theory of Relativity)

Powertype Subsumption: As one of the obstacles to having simpler con-
ceptual models, we have identified the fact, that without a further dif-
ferentiation of data properties instantiation it is not possible to merge
pairs Of classes such as (Phone, Phone Model), (Bird, Bird Species), ("Car,
~car Model), etc., where the second class is the powertype of the first class,
e.g., “Car_Model = Powertype (“Car). The reason for having class pairs such
as (*car, ~Car model) is that both classes in Figure 2 have different kind
of properties. The class ~car has data properties such as .LicenseplateNbr,
.seats etc. while ~car Model has properties such as .vearofbesign, .produced
(number of produced cars) etc. Particulars pertaining to both classes ~car
and ~car Model are instantiated on the Particulars Layer (PL).

With our methodology it is now possible to subsume powertype classes
below their base classes. Compared to Figure 2, the OntoGraph in Figure
3 shows that the ~Car_Model class and the ~car class have been merged
into the ~car class. At the same time the particular >Lamborghini Miura has
been transformed into the class ~Lamborghini Miura and the connecting ob-
ject property has been changed from » iof t0 » subModel0f Where »subMode10f
C »subclassof. This transformation was easily achieved by changing the
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prefix > into ~ for all triples (s, p, o) € kG where s = >Lamborghini Miura
Or o = >Lamborghini_Miura. Consequently, the instance >Lamborghini Miura
moves from the particulars layer to the universals layer. In addition, the
two object property definition (*car, {)car Model, ~Car Model) and the ob-
ject property instance (>Toms Lambo, »Car Model, >Lamborghini Miura P400)
for Qcar Model are no longer needed.

~Car_Model

YearOfDesign :Date
.produced :Integer
.~ Particulars 3

A
(Car_Model

¢subModelOf

YearOfDesign 1966 .ModelName :String .produced 150.000
.produced 763 .Manuf_Date :Date YearOfDesign 2015
.ModelName Lamborghini Miura ."Particulars 2 .ModelName Tesla Model X

»Car_Model

X»subModelOf

>Lamborghini_Miura_P400

.produced 474 »iof
.ModelName Lamborghini Miura P400

\>CarModel

.ModelName Lamborghini Miura P400
.Manuf_Date 1980-04-15

>Bobs_Tesla

.Manuf_Date 2022-06-19
.ModelName Tesla Model X

Fig.2: Car Model with Materialization Pattern

The data property .mModel Name was modeled as a Propagation Data Prop-
erty (PDP). Due to the Value Assignment Propagation (VAP), the triple
(*Lamborghini Miura, .Model Name, Lamborghini Miura) it is propagated to
all particulars of that car model, in this case to "Lamborghini Miura. In the
subModel ~Lamborghini Miura p400 the value for .Model Name is overwritten
with Lamborghini Miura p400. Please note that this transformation from
the model in Figure 3 to the model in Figure 2 can be reverted. Mixing
the two class hierarchies results in the original powertype classes shifting
downwards and the car’s base classes moving upwards in the car hierar-
chy. Please also note that the data property vearofpesign is modelled as an
MDP in Figure 3 and as a PDP in Figure 1. The latter is an attribute of
the object property instantiation »isbesignerof 1M and therefore contains
more information, namely who designed the car and not only when it was
designed. The example in Figure 3 is also proof that the possibility ex-
ists of an extension with regard to non-uniform sub-hierarchies according
to Neumayr et al. [12], page 2. This modeling of ~car avoids fragmenta-
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tion and redundancy since every piece of information concerning domain
objects are now described locally to ~car objects.

Ultimately, as called for in [7] the modeler is released as far as possi-
ble from deciding when to model instances as classes or as particulars.
In comparison, by taking our approach, there is not necessity to explic-
itly declare a subclass as a class. For example, the instance character
of ~Tesla Model x is revealed by assigning values to the data properties.
The class character as the second facet arises because ~Tesla Model x was
modeled as »subModelof ~car.

.Manuf_Date :Date
~YearOfDesign :Date
.~ produced :Integer

.ModelName :String
.~subModels  :Integer

$subModelOf

.~subModels 3
.~Particulars 2
»subModelOf »subModelOf

~Tesla_Model_X

~produced 150.000 “~Lamborghini_Miura
.’\serZr(L)ch[?esign 2015 : .ModelName  Lamborghini Miura
: .~produced 763
.ModelName Tesla Model X ~YearOfesign 1966
.MaxNbrOfSeats 7
A
»iof »subModelOf
T T “~Lamborghini_Miura_P400
.Manuf_Date 2022-06-19 -~ produced oo an
.ModelName Lamborghini Miura P400
»iof

.Manuf_Date 1969-04-15

[]

Fig. 3: Car Model with Powertype Subsumption

If ~car Model is the PowerType (PT) of ~car then we can write pr(~car) =
~car_Model. The question then arises, is there also a ~car Model powertype,
for example, ~car Model Model = PT(“Car Model) = PT(PT(*Car))? We think
not, because what attributes can pr(~car Mode1) have? Of course, subsets
could be formed from models of cars, but that could then be done us-
ing object properties such as Qcategoryos, {subordinateot, (classifiedBy,
Qcroupot, Qorderof, QFamilyof, {classifiedBy Or something similar at choice
being subsets of {subciassor. The example shows that, compared to other
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instantiation methods such as deep or dual deep instantiation, we do not
need to annotate additional properties of the data properties such as po-
tency, mutability or durability. By using the method of Value Assignment
Propagation (VAP) method for Propagation Data Properties (PDP) and
by banning the application of VAP for Meta Data Properties (MDP) in
all cases, we arrive at the targeted instantiation behavior.

What influence can the new methodologies have on the modeling style?
First, it is noticeable that in conventional modeling there are fewer classes
and more particulars. When subsuming the powertypes, the powertypes
then become regular classes and become subsumed under their corre-
sponding base types. It is also noticeable that the powertypes are univer-
sals by nature. So, the question is legitimate, why are they not modeled
as classes from the outset. We have already argued that this is due to
the lack of differentiation for the data properties found in traditional
modeling. Since the VAP method now provides this, one modeling rec-
ommendation could be to model powertypes as classes and to subsume
them under their base types from the start. This automatically creates
the advantage of savings possibilities for object property instances.

5 Evaluation

We at first discuss the requirements for Multi-Level Modeling (MLM)
that can be satisfied or which are no longer relevant. The reduction in
the complexity of the modeling largely results from the applied naming
conventions and the possibility of merging classes and saving object prop-
erty instances by means of Powertype Subsumption (PS). Applying Value
Assignment Propagation (VAP) shows that it is possible to manage with
just two abstraction layers, namely My = Particulars Layer (PL) and M;
= Universals Layer (UL). The consequence of the instantiation method
based on PS and VAP is that we can conclude that no powertypes of types
or types of types of types exist.

Satisfying MLM Requirements: Many of the requirements posited for
MLM in [8], [9] and [12] then turn out to be irrelevant or can be satisfied
by our approach as follows: In the universals layer (UL) with an object
property Qssr € srg, it is possible to form arbitrary instantiation chains,
since each relationship (u1, {¢ssr, u2) between universals corresponds to
an »iof relationship (ui, »iof, uw2). The principles of the organization of
universals and particulars within the two layers UL and particulars layer
(PL) are clearly defined by the property instantiation patterns. This also
applies to the relationship between instances of the UL and PL. Frag-
mentation and redundancy are avoided by allowing base classes and their
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powertype classes to be merged into the base class. Since the classifica-
tion and assignment of objects to one of the levels is only controlled by
means of naming conventions, the query methodology does not change.
Therefore, the requirement stipulated in [12], page 3, i.e. the capacity to
navigate between different levels of abstraction with queries, is fulfilled.
Parsimony: Compared to conventional modeling, the use of naming con-
ventions and special instantiation methods in some cases actually saves
a considerable number of triples. Taking the version containing the saved
triples, a modeler can revert to traditional modeling at any time. The use
of prefixes in the names of ontological concepts enables direct conclusions
to be drawn about the nature of the concept, while facilitating parsimony
through naming conventions. When defining property definitions, rather
than have two triples, each applying the object properties »hasbomain and
»hasRange, we only need one triple in each case. Using the powertype sub-
sumption method, powertype classes can be subsumed under their base
classes. As a result, at least two object property instances can be saved for
each pair of connected particulars. Due to the instantiation mechanisms
we introduced, it is only necessary to differentiate between the universal
layer (UL) and the particular layer (PL). Unlike numerous other MLM
approaches, this also removes most of the restrictions on how elements
can be connected between layers. This reduces or even eliminates the risk
of making layer mistakes during modeling. Compared to the modeling in
[2], page 26, we regard our approach to be more flexible as it allows the
merger of the base class Mobilephone and its powertype MobilePhoneModel
into one class, while preserving the intended semantics at the same time.
We solve the problem by defining 1aunchpate as a Meta Data Property
(MDP) of the class mobilephone. Another argument for not distinguishing
more than one level of abstraction for classes is provided by the defini-
tion of metaclasses: In object-oriented programming, a metaclass is a class
whose instances are classes. As a result, every class would be a metaclass
in any case and every class including ciass would also be an instance of
a class. In contrast to MOF, where c1ass appears on both levels 2 and
3, we only have the two layers My = Particulars Layer (PL), and M; =
Universals Layers (UL), while c1ass only appears on level Mj.

Singletons: Classes and particulars can also be connected by relators and

thus connect instances between the universals layer and the particulars
layers. The following example corresponds to modelling Singleton Prop-
erties (SP) as described in [14]. The relator »ispesigneror ru in Figure 1
is an instantiation of the object property (ispesignerof and attributes the
knowledge graph with the characteristics of a Labeled Property Graph:
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— (»isDesignerOf LM, .YearOfDesign, 1966) and

— (>NPS-Marcello Gandini, »isDesignerOf LM, “Lamborghini Miura).

Metadata: We distinguish betweeen domain-specific metadata (DMD)
and administrative metadata (AMD). DMD form part of the application
domain modeling, whereas AMD encompass information relating to the
modelers, versions of the model, as well as technical and statistical infor-
mation. Both types of meta data are modelled using Meta Data Properties
(MDP). As a convention, we agree that AMD attributes are defined in
~~resource, wWhile DMD attributes are defined in other universals. This
is similar to the Dublin Core Metadata Initiative. In our approach, the
mapping to the appropriate area can be easily altered by shifting the data
property definitions (DPD) from ~*resource to a universal or vice versa.
In the example AnnotationAssertion( a:addedBy a:Dog "Seth MacFarlane" )
from OWL2 ? the attribute addedsy can be regarded as a typical AMD
attribute and we would place its definition in ~*resource.

Deep Instantiation: Compared to [3] we do not have to add and main-
tain a property such as potency to each data property. Our methodology
dictates which instantiation rule is to be applied by using the ~ sym-
bol in Meta Data Property Names or withholding it from Propagation
Data Property Names. In our approach, as with deep instantiation, uni-
versals can exhibit both instance and type character simultaneously. In
[4], page 9, the base classes Book and car are modeled as subclasses of pro-
ductCategory. We would merge the ProductCategory with the product class
and avoid a forced division into classification levels. The modelling in [5],
page 2, could be simplified as follows: The powertype Birdspecies can be
subsumed under its base type Bird by converting the data properties in
Birdspecies from PDPs to MDPs and moving them into the base class
Bird. GoldenEagle and EmperorPinguin become direct subclasses of Bird. So,
instead of having two parallel class hierarchies for Bird and Birdspecies, we
have just one for ird. This also resolves the deficiency in their modeling
whereby the characteristics of all other species would have to be modeled
redundantly as in Birdspecies. We believe that our modeling methodol-
ogy is in line with this and not only complements the authors’ approach,
but also extends it to streamline Multi-Level Modeling (MLM). Our ap-
proach makes it possible to solve the unresolved problem from [7], i.e.
the inability to state that all polar bears have white fur. Using the VAP
method we simply model (*polar Bear, .ColorNameFur, white). We there-
fore do not require two different inheritance mechanisms for properties

% https://www.w3.org/TR/2012/REC-owl2-syntax-20121211/#Metamodeling
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such as TypeInheritedProperty and.BroaderInheritedProperty, rather only
the distinction of whether or not the value assignment is propagated.

6 Conclusion

Ontology engineering follows strict rules. We regard the triple represen-
tation of a knowledge graph as the form of representing knowledge which
is common to at least all the approaches discussed in this paper. Triples
can be transformed into the syntax of any modeling paradigm such as
RDF/RDFS/OWL etc. The key outcome is that we have shown that,
by applying a differentiated instantiation methodology, it is possible to
remodel ontologies in a way that at the same time complexity can be
reduced and transparency enhanced. The introduced naming conventions
combined with instantiation rules are a minor necessary prerequisite to
enable the advantages of our modeling approach to be utilized. To achieve
the same goal, other approaches to multi-level modeling (MLM) require
extra added information that cannot be stored in the same compact man-
ner. Our approach recognizes classes as instance of other classes in general.
Compared to other approaches our meta modeling approach only needs
particulars and universals. For the modeler, the key decision regarding
the right ontology design is narrowed to choosing whether a data prop-
erty should be defined as a propagation data property (PDP) or as a meta
data property (MDP).

Future Work: We will continue to work out how our presented instan-
tiation methods can be used to systematize the partitioning of classes in
such a way that considerable savings potential can be applied for stor-
ing ontologies. In addition, we will examine how the application of our
methodology affects the simplification of ontology design patterns.
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