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Abstract

Subject domains are often conceptualized with entities stratified into a rigibwebstructure:

a level of classes and avéd of individuals which instantiate these classes. Meaitel modeling
extends the conventional twevel classification scheme by admitting classes that are also
instances of other classes, a feature which can be used beneficially in a number of.domains
Despite the advances in mtkivel modeling in the last decade, a number of requirements
arising from representation needs in subject domaitis multiple levels of classificatiohave

not yet been addressed in current modeling approadhethis work, we investigate the
requirements for mulievel modeling and propose an expressive nieltel conceptual
modeling language dubbed ML2. We follow here a systematic approach based on a strict
separation of concernBirst, we capture and formalizie conceptualization underlying multi

level modeling phenomenaalled MLT*, building on the multi-level theory called MLT.
Secondwe employ MLT* as bedrock for the definition ofiL2, a textualmodeling language

that addresseshe elicited requirementsor multi-level modeling.The proposed language
supported bya featuredEclipsebasedworkbenchwhich verifies adherence of the ML2 model

to theMLT* rules. The capabilities oML2 are demonstratedy usingit to accomplishthree

distinctmodeling tasksmodelinga multilevel challenge proposed in the context of the MULTI

2017 workshopmodel i ng the concepts frommoddiigthes under |

Unified Foundation OntologyFO).



Resumo

Dominios de interesssdo muitas vezes conceituados centidades estratificadas em uma
estrutura rigida de dois niveis: um nidel classes e um nivel de individuos que instanciam
essas classes. A modelagem muitiel estende® esquema convencional de classificacdo em
dois niveis ao admitir classes que s@mliém instancias de outras classes, uma caracteristica
que pode ser empregadseneficamenteem diversos dominios. Apesar dos avangos em
modelagem mukhivel naultima década, uma série de requisitos decorrentes da necessidade de
representacdo de dominide interesse com multiplos niveis de classificacdo ainda ndo foram
abordadogpelas técnicaatuais Neste trabalho, nds investigamos os requisitos para modelagem
multi-nivel e propomos um linguagem expressiva de modelagem conceituatniveilti
chamada ML2 N6s seguimos aqui uma abordagem sistemética baseada em uma separacéo
estrita de interessePrimeiramenteem uma teoria l6gica denominada MLT¢apturamos e
formalizamos a conceituagdo subjacente a modelagemfedémenos que envolvam
classificacdo em vis niveis Esta teoria € uma extenséa téoria multinivel chamada MLT

Em seguidagmpregamos MLT* como alicerce na definicdo de ML2, uma linguagem textual de
modelagem que atende aos requisitos elicitados para modelagernivalltiA linguagem
proposta é apoiada pam workbenchbaseado em Eclipse que verifica a aderéncia de modelos
ML2 as regras de MLT*. A efetividade de ML2 é demonstrada através de sua aptieaacao
realizacdode trés tarefadistintasde modelagem: a modelagem de um desafio miusl
proposto no contexto do workshop MULTI 2017; a modelagem dos conaatooria

stbjacente a ML2, MLT*e a modelagem da Unified Foundation Ontology (UFO).
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Chapter 1. Introduction

In this chapter, we present an overview of this wle. introduce multievel modeling briefly
and motivate the work by highlighting targetessues in the research fie{8ection1.1). We
thendefine our objectivegSection 1.2), approach $ection 1.3), and describe the structure of
this dissertatior{Section1.4).

1.1 Context and Motivation

A class (or type) is a ubiquitous notion in modern conceptual modeling approaches and is used
in a conceptual modeab establish invariant features of the entities in a dorohimterest

Often, sibject domains are conceptualized with entiigatifiedinto a rigid two-level structure

a level of classes and a level of individuals which instantiate these classes. In many subject
domains, however, classes themselves may also be subjategmrization, resulting in classes

of classes (or metaclasses). For instance, consider the domain of biological tasqivayie

1982; Brasileircet al,, 2016b; Carvalho and Almeida, 2016) this domain, a giveonrganism

is classified intotaxa (such as, e.gAnimal Mammal Carnivoran Lion), each of which is
classified by abiological taxonomic ranke.g., Kingdom Class, Order Species Thus, to
represent the knowledge underlying this domain, one needs to represent entities at different (but
nonetheless related) classification leveter exampleCecil (the lion killed in the Hwange
National Park in Zimbabwe in 2015) is an instancd.ioh, which is an instance ddpecies
Speciesin its turn, is an instance dfaxonomic RankOther examples of multiple classification
levels come om domains such as software developm@onzalezPerez and Henderson
Sellers, 2006and product typefNeumayr, Griin and Schrefl, 2009)

An example of an early approach aiming at representing domains with these
characteristics ithe powertype patter(Cardelli, 1988; Odell, 1994)n this patternjnstances
ofatype (these al | ed fApowertypeo) a-lewel typep(the saalledi z at i ons
fi b a s e tltyispfaurd yegularly in many catalogues of modeling best practices, in which it
appears as an ingredient of other patterns (see, for instéfaeler, 1996). Given its
importarce in practice, it was also incorporated itive Unified Modeling Language (UML)

(OMG, 2011)thus allowingmnod el er s t o specify a powertype in
s e tDéspite the usefulness of this pattern, instantiation of powertypes is represented as a
regular association between a potype and the basetype, and is not given a specialized

semanticgCarvalho, Almeida and Guizzardi, 201&urther, modelbased on the pattefail to
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capture fully the dual type/instance nature of domain elements. For example, instances of
powertypes (unlike objects) cannot haveuesl assigned to their attributes.

In the last decades, several approaches for the representation dewalithodels have
been worked out, including those mostly focused on Aritl modeling from a modealriven
engineering perspective (e.¢l.araet al, 2013; Frank, 2014)and those that propose modeling
languages for models with multiple levels of classification (€de Lara and Guerra, 2010;
Atkinson and Gerbig, 2012)These approachesnbody conceptual notions that are key to the
representation of muitevel models, such as the existence of entities that are simultaneously
types and instances (classes and objects), the iterated application of instantiation across an
arbitrary number b(meta)levels, the possibility of defining and assigning values to attributes at
the various type levels, etc.

Despite these advances,number of requirements arising from representation needs in
subject domains have not yet been addressed in curremingdpproached-or examplejn
the aforementioned bliogy domainwe could be interested in the representationditeoverer
relation betweennstances ofSpeciesand instances dPersonin order to identify the person
who discovered a determined sp=c Many approaches cannot fully accommodate the
representation olomainrelations between elements of different classification le{@ésvalho
and Almeida,2016) which is the case here sin&peciesclassify types of individuals and
Personclassify individuals Other approachesnpose rigid constraints on the organization of
elements into levels thabbstruct the representationf genuine multlevel ph@omena
(Almeida, Fonseca and Carvalho, 201iRHis makes it impossible to represent some general
typessuchasi Thi ngo and i Tegupreninodel widniemtshwhase iestancesnspa
across different classification level€ases such as theseggest that a novel approach is

required to addrasa broad set of requirements for miétrel models.

1.2 Objectives

To tacklethe aforementioned issudgke goal of this work is to defiren expressive conceptual
modeling languagdor multi-level domains dubbedJulti-Level Modeling Language (ML2)
The langiageuses as basis a wétlunded multlevel theory dubbed MLT* and designed to
support a comprehensive set of representation requirenkeais.this goal, wean list a series
of specific objectives that guide the progress of this work:
O1. Definition of requiremerg for a multilevel languagethat focuses on the
representation needisr conceptual modeling;
02. Development of a languagedependenteferenceheory to serve ag semantic

foundation for multlevel models;

13



03. Specification of amulti-level modelng languagethat reflects the reference
theory and addresses identified requirements

0O4. Implementation of modeling environment for the proposed languageder to
support its practical applicatipn

O5. Application of the language to selected subject domains
1.3 Approach

We follow here a systematic approach based on a strict separation of concerns: first, the
conceptualization underlyingnulti-level phenomena is captured by a reference theory; second,
a modeling language that reflects the conceptualization regptoy the reference theory is
devised, while addressing technological and pragmatic concEniss separation of concerns
follows the view presented b§uizzardi(2005) In this view, a referencetheory shouldbe
primarily shaped by the phenomena of interesfiecting in the best way possible a certa
vision of the world Informing the design of a language with such a reference theory contributes
to what is called the fidomain adequacyo of the
capture a certain domain of inquii@uizzardi, 2005)

In order to drive the development of a suitable solutiorcémturingmulti-levd domains,
we investigaterelatedworks on conceptual modeling (e,g(Odell, 1994; de Lara and Guerra,
2010; Atkinson and Gerbig, 20)2and ontology engineering (e.gMasolo et al, 2003;
Foxvog, 2005; Guizzardi, 2005and define a set of requirements for mulével conceptual
modeling addresig specific objectiveDl).

Further, we develop a theory in firstder logics dubbed MLT*, which satisfies the
aforementioned requiremeni@ddressing?2). Both requirementéBrasileiroet al, 2016b)and
theory(Carvalho and Almeida, 2016gre are improvements on the originahtributions tahe
Multi-Level Theory (MLT). We advance the original wakby adding requirements that
account for more general subject domains and executing the necessary modifications on the
theory. These modificationsnake it possble for ML2 to handle models with very generic
concepts,tisuyd amsd AENHhi argpervasige domelogydevelapment h
(Masoloet al, 2003; Foxvog, 2005; Guizzardi, 2008)ke MLT, MLT* is formalized through
a lightweight formal technique, AlloyJackson, 2006)that allows tedg (validation) and
simulation of thdormalization of aheory.

Moreover, we employ MLT* as the theoretical foundation for developing the Meltel
Modeling Language, ML2ML2 incorporates the definitions from MLT* on itsonstructs,
allowing the specification of MLT* based modeladdressingD3). Semanticallymotivated
syntactic rules for ML2 are provided, reflecting the rules of MLWe opt for a textual

language(and a corresponding UML profile for visualizatiodditionally, an Eclipsébased

14



workbench is implemented through the Xfeixamework (addressin@4) in order to provide a
proper environment for model development. The implementation of the ML2 Editor provides
useful productivity tools, such as text highlightingitaacompletion, and model validatipn
which verifies the constraints of the language ruling out model that present inconsistences
according to MLT* The importance ofmodel validationis highlighted byBrasileiro et al.
(2016a) who found evidencethatinconsistent multlevel models in the Semantic Web could
be preventedy usingsuchmechanims

We present ML 2 6 s itta pmadélthreeidistince ncdptyal domding g
(addressing5). First,we modela multilevel challenge proposed in the contekthe MULTI
2017 workshof The challenge consists in a domain on product configurations, and, since it
was developed independently, prevents ahe selection of a domain for illustration of the
technique Second, weuse ML2 tomodelML 2 6 s  u ntlesary, IMLT*.nThis example
serves tsshowhow ML2 is capable of dealing wituite general notions including those very
concepts underlying the languadénally, wemodela fragment of the Unified Foundational
Ontology (UFO)(Guizzardi, 2005) Through this last case, we show that Mé&nh support a
hierarchical approach for ontologpased multievel conceptual model€arvalhoet al, 2015)

with models at varyindevels of generality and domain specificity

1.4 Structure

This dissertation is structured as follows: Chagteontains a brief introduction to the subject
of multi-level modeling andidentifies requirements for a multevel modeling language;
Chapter3 presents the multevel theory MLT*, which serves as basis the interpretation of
multi-level modelsChapter4 proposeshe ML2 multi-level modeling languagandcompares it
to others approaches presanthe literature Chapters demonstrates the capabilities of ML2 by
employing it on the specification tiiree distinct conceptualizatigrfgally, Chapter6 presents

the concluding remarks of this work

! Seehttps://eclipse.org/Xtext/
2 Seehttps://www.wiinf.uni-duisburgessen.de/MULTI2017/
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Chapter 2. Multi -Level Modeling

Since early seventies, models revolutionized computer science by framing saoffwaretion

in useful abstractions, improving comprehension, documentation and communigien,

1976) In this context, conceptual modeling emerged as modeling communities perceived the
importance of capturing reaforld information underlying a subject domain. In addition t
promoting the representation of reabrld domains, conceptual modeling has a focus on the
formality of the representation meafMylopoulos, 1992)elying ontheoreticalsystems, such

as logicsfor supporting it.

Most modern conceptual modeling langeagse the notion of typéor class)to capture
invariant aspects ofubject domainsin such languages, types are entities that classify other
entities, namely instances, grouping them according to common features theyMizawe.
modeling languagemaintain a cleacut division of the entities they describe into the categories
of types and instance$his is a problem for domains in whi¢he classification otypesis
required,leading to types whose instances are also typederaking the dichoimy between
instances and classifieré-or example, as discussed byarvalho and Almeida (2016)
considering the software delopment domaifGonzalezPerez and Henderséellers, 2006as
discussed ir{Carvalho and Almeida, 2016project maagers often need to plan according to
the types of tasks to be executed during the developroénsoftware projecs (e.g.
Airequirements specificationo, Acodingo) . They
giving rise to types of types of tasket | t hi s case, Airequirements spe
could be considered agy@ereampl eas ofpnebttdasiadh nioc afl m
typeso. Final ly, d theyineed to wackahe exaidun ofdnelivideidl taghksme n t
(e.g. specifing the requirements of the system X). Thus, to describe the conceptualization
underlying the software development domain, oredto represent entities of different (but
nonetheless related) classification levaelsch as tasks (specific individual ocairces), types
of tasls, and types of types of tasks, leading to the development oflewgdtimodels.

In the literature, two dominarkinds of approachesppearas solutions for modeling
multi-level domains. The earlie&ind consists ofthe powertypébased approachd€ardelli,

1988; Odell, 1994)which use relatios) other than instaiation, to represent types that classify
othertypes.More recently, clabjedbased approaches followir{@tkinson and Kihne, 2003)
emerged in revisiting the boundary between types and instances, proposingtitre of
clabject as a type that could bensideredinstance of other types and peas instancdike
traits. We present theskinds of approaches in Sectiod 1l and Sectior?.2 respectively.In
Section2.3, we presenthte MLT Multi-Level Theorythat is capable ofharmonizng the two

kinds ofapproachesshowingthatthere is no inconsistendy their combination
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The analysis of these different approachkmg withthe domains theare required to

representead to the identification of a list of requirements for a rreltel language, presented

in Section 2.4. Finally, in Section 2.5, we show how a number of existingnulti-level

approaches respond to the proposed list of requirements

2.1 Powerypes

An early approachfor dealing withdomains that spam across different classification levels is

the powertype This approachwas intended as a form of dealing with these domains in

traditonal twolevel languages, i.e., languages that have a dichotomy of classes and instances.

Following (Carvalho and Almeida, 2016)ve take in consideration two main definitions of
powertype present in the literatu(€ardelli, 1988)and(Odell, 1994)

Cardelli (1988) focus on a formal definition gbowertype in analogy to theonceptof

power sefrom set theory(Bagaria, 2017)Consi der i ng a <setPoweifAi8a t he pc

set that contains all possible subset&4d |,
a t y p(@aso kndwm abasetypgi s

including ATO

t he

i tself

one

i ncl udiAnalpgofish the powestypd of

whose i nstanc,es ar e e

In contrast tqCardelli, 1988)Odell (1994)proposes an informal definition of powertype

focusing on its practical applicatioin modeling languages. Odelhims at providing

representation of powertypes in objectented modeling languagesibg the most referenced

P

notion of powertype in software engineering. His definition is simplestn Car del | i 6s and

thata powertype is a type whose instances are specialigati@nothe type Take forexample

Figure 1, which shows a paradigmatic application of the powertype pattieeninstances of

Tree Species are specific types of Tree, such as Sugar Maple and Agittbys Tree Species

is a powertypeof Tree, a base typdhe labeled generalization set (refertedas a subtype

partiton i denti fi es
version of UML(OMG, 2011)gi v e s

modeling languages.

whi ch

support

specializations of #@ATree
to Odell 6s proposal
Tree Species

classifier

T
ree instance
%Tme Species
I I
Sugar Maple Apricot

Figure 1 - lllustrating the notation proposed by Odell to asso@atgertypesvith subtypes partitions
(adapted fronfOdell, 1994)

The powertype pattern cannot accommaedstenarios in which we are required to capture

types,

properties of
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Mapl eo and AApricoto cannot assign values to pt
These scenast require powertypb ased approaches to maintain ins
capture the instance facetf ASugar Mapled and HAApricoto, t he

two elements to represent a single domain concept.

2.2 Clabjects and Deeplnstantiation

As previously discussed in Secti@nl, the usage of powertypes allows the representation of
types that classify types (or classeBiis conceptwas originallyemployed in languages that
obeya rigid twolevel classification scheme (with a level of types and a level of instances), such
as UML. Unlike those that have proposed the powertype patfakinson andKihne (2000)
propose a concept that acknowledges the duality of types in-lewéti domains from the
beginning,using the notion o€labject A clabject is an entity that is bothtype ¢r class) and
aninstance(object) As a type, a clabjectefines propertiesfor its instancesAs an instance, it
definesvaluesof the propertie®f the type(s)it instantiatesClabjects areften organized ito
levelswhere the entities at level Maninstantiateentities at the level immediately above,.M
Atkinson andKihne refer to this organization of clabjects intmljacentlevels as thestrict
metamodeling principle

Figure2 present an example of the usage of clabjects in a modeling tool Mladee
(Atkinson and Gerbig, 2012) n t hi s exampl e, AmyMonitoro is an
E19130, which is in t ufrNonnist carlnaddiidrgdeide.tisage hat i n ¢
of adjacent levels, Atkinson amlihne (2000)also propose the usagefiiotencies as indexes
representing how many times an entity can be instantiRwdncy is a natal numberthatis

decreasedby oneat each instantiation of a clabject, with the potency zero representing entities

that cannot be instantiated. Figure 2, i MoMode®Iro has potency 2, S i
instantiated i nto particul ar monitor benodel s (
instantiated into particular monitors (e.g., A n
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o0

Monitor Model®

SCreen s EE‘1

serial number

o1

Dell E1913":Monitor Mode

SCreen s ze':'= 19°

serial number

o2

myMonitor”:Dell E1913

serial number=1234

Figure 27 lllustrating theusage of clabject intormodeling tool calledMelanee(Atkinson and Gerbig,
2012)

Atkinson and Kiihne alsobservedhat, in multilevel domains, the features of a type may not
only describe characteristics of its direct instances, but also have consequeroéiies on
more than onéevel below(Atkinson and Kuhne, 2001; Atkinson and Kihne, 2008prder to
accommodate this trait of mulitvel domains, they proposkeep instantiatiorin contrast to
what they callshallow instantiation, which is theinterpretationof general objeebriented
approaches whetgpes defie propertieghat only impactheir direct instances.

By also allowing the definition of potencigs attributes and associations, Melanee
(Atkinson and Gerbig, 2012incorporates supportor deep instantiation. IrFigure 2, the
attribute fscr e saqitcan onlybedinsthntiaded gbhe assignechyalud at the

level immediately bellowsuch asf o r ADel | E19130. When the
omitted, itisthe samedfhe containing cl ass, therefore
decl ared at AMonitor Model 0, potency 1 when

instanti at e dNotice thdt they pdtencyi of am attdibute or an association willrneve
be greater tan thepotency of the class, as it cannot be further instantiated thecelass
potency reaches 0.

The notions of clabject and deeystantiation, here presented for Melaigd&inson and
Gerbig, 2012)also drive the implementation of other approaches in #iavél modeling, such
as MetaDepth(Neumayret al, 2014)and DeepJavaKuehne and Schreiber, 200Despite
sharing main conceptdhe particularities of each of these approaches are presanBegttion
2.5
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2.3 MLT: The Multi -Level Theory

The third key approach for mulievel modeling we present here is the Mikivel Theory
(MLT), proposed byCarvalho and Almeidg2016) MLT is a system of axioms in firsirder
logics that aims at providing a foundation for midtvel domains relyingsolely on the
instantiation relation as a relation that may occur between two entities of subject domain. B
using this relation, MLT is able to differentiattypes and individuals as entities that,
respectively, may or may not have instanddsre, the definitionof type accommodates
whatever entity that have others as instances, be it individuals or alsoltypé&ure 3, only
nJohno, ABobo and fAAnaodo ar e Aicddtevistiadot MUT s, whil e
that through the development of these very basitceptsit is able to harmonize powertype
based andlabjectbased approache®bserve that the maion employed irFigure3 andFigure

4, largely inspired in UML is intended for purpose of example illustrationly and d@s not

suggest a syntax for MLT models

instance of
_ < -TE
r Adult John
I r -
I I
instance of | instance of !
»»s | PersonType (& --------- I- Man << --------- - ob
I
[}
| instance of
L4 Woman [KK----------- Ana

Figure 37 Types and individuals in MLT

MLT defines what it callstructural relations relationsderived from theinstantiation relation
usedfor capturinginteractions betweedomainentities. Table 1 presents the most important
structural relationef MLT. Specializationhasa similar semantics to what usually employed
in conceptual modelingwhere a typet specializesa typet &f ewery instance oft also
instantiats t . ' his definition of specialization is nauitable for certain domain descriptions
sinceit considersevery type aspecializationof itself. The proper specializatiorrelation is
definedwith a more distinchotion d specialization where a tygeproper specializatioma type
tift s pec andtlandz @&edifferént entitiesThrough thepowertypeandcategorization
relations MLT incorporates the notions of powertype Ghardelli (1988) and Odell (1994)
respectivelyThe categorizatiorrelation is further refined intoomplete categorizatigmlisjoint
categorizatbn andpartitions consideringvhetherthe instances of the basetype are classified by

at least oneat most one, or exactly one instance of the categorizer type, respectively.
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Table 17 MLT structural elations

Structural Relation Semantics

specializeg( 6), t 0 typeedidal i zes a type to iff eve

A
A typrop@&r specializes a type to
i

properSpecializgst 6, t 0 nstance of tO6 instantiates to.

isPowertypeQft 6, t 0) |A t yipe poéwert ype odpecalizatioopte i ® i hd$

categorizeét 6, t 0) A typat eéedori zes a typepropets piefcfi ad v ez

A t yempleteloc at egor i z ets6 ac atyepgeo rtioz d sf

completerCatof to instantiates at l east one i

A tygiesjtdintly categorizes a type

dISJOIntchatof to instantiates at most one in

partitions(tolA t ympaetionsd t yp ecompbetely dnd disjoidtly categorizeso .

Moreover, MLT devises a patterri model entitiesn order to account for the notiaf levels,
or type ordersThe pattern consists of definingreoregeneral type for each type ordehich in

turn has as instances all possible entities at the order b@lewcan build this patterfrom

bottomup: the type Al ndividual 6 has as instances al
cannot be instantiatel e . g . , AiJohno, t he |I;ithe typefi EieQedetl o , t he
Typed has as instances al/l gvasals ( bl . t ypPBer svdro
ALi ono,; ftChoeg ot)y-PeddrSeTypdd has as instances al
instances are firstrder typeg e . g . , @& peonAs @acoise¢quencef this definition,

every type within a type order speciakibebasic typg e . g . , Al nddrvdiedru aTlydp,e of, F i

i SecOmMdlier df yhat ®rder and instantiat¢he basic typeof the order above, what
characterizes the existence of powertype relations bethasin typef adjacent orders (see
Figure 4). This pattern ofbasic typesan be extended as required, serv@isgfoundation for
definition of types in orders, similar to the usage of potencies to clarify the déwhbject.
Returringt o t he example of AMonitor Model 0, ADel | E
i s an i nstance of filndi vidual @Oy dé&irDe Tly p eEd 9 A& 0
specialization of Al ndividual 0,-Oradredr fATDepleld EInAd:
speci al i z aridoenr oTfy pfeRdi.r st

In addition to the relations and model patterns proposed in the theory that harmonize the
powertype and clabjeetpproaches, MLT also goes beyastthllow instantiatiorby proposing
the notion ofregularity featuresDifferently from deep instantiation, which allows any number
of repetitions of an attribute in an instantiation chain, regularities admit features that have
impact over one more instantiation leviel.other words, a feature may regeléghe assignments

of features of types at the level below. Considering the example Figure 4, the attribute

AfinstancesScreenSi zeo of tmMobvale®PdomeaMoldet oe ern
fiMobil ePhoneo. When assigned, the attribute fni
AfscreenSizeo for al | I nst a,nctaes attribdtes Al Phot
iinstancesMi nStorageCapacityo temngs tiieirangetoh nc e s Ma
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ist orageCapacityo for mobile phones, which is
Al Phoneb5o. Regularity features are applicable t
| - isPowertypeOf _ - | _ _ JsPowertypeQf
2ndOT 1.* o iof 1.9 1st0T 1.* - iof 1.+ Individual
R Rl
Tl MabilePhoneM odel it ) MobilePhone
launchDate | _parttions = imei
N=Ze
instancesMinStorageCapacity storageCapacity
instancesMaxS torageCapacity |
. N
B [ IPhones iof MyMobila
launchDate = "21 Sept, 2012 < imei = "12345"

instancesMinStorageCapacity = ™16 gb” | storageCapacity = "16 gb”

instancesMaxStorageCapacity = "32gb” |

Figure 47 lllustrating the notin ofregularity featuregCarvalho and Almeida, 2016)

2.4 Requirements for Multi-Level Conceptual Modeling

Languages

We establish here key requirements for naulti-level conceptual modeling language,
substantiating these requirements with sources from the literature oAeweltmodeling and
justifying them based on intended usage scenarios (i.e., representation needs). The set of
requirenentsdiscussed here serves later as the basis for a comparison of our approach with
existing multilevel modeling approachedVe separate this set as followSection 2.4.1
presents the requirements related todhpacity of capturing the entities from the conceptual
domain;Section2.4.2presents the requirements related to ningdeatures of entities from the

conceptual domain in a mulével context.

2.4.1 From a Two-Level to a Multi-Level Scheme

First of all, given the nature of a mulével scheme, an essential requirement for a Aeugl
modeling language ithe ability to epresent entities of multiple (related) classification levels
capturing chains of instantiation between the involved entities (requirdRigntTo comply
with this requirement, the language must admit ent#ies simultaneouslyypes (class) and
instance (object)(Atkinson and Kihne, 2000shown inFigure3wh e r e  AfAWaunl 6t 0a n d
AfiWomand are both classified by fAPersomhisyped anc
means that a multevel language differs from the traditional thavel scheme, in which
classification (instantiation) relations can only be estaldisgtetween classes and individuals.
The size of these chains of instantiation in a conceptual model may vary according to the
nature of the phenomena being captured and according to the model purposes. Becauae of this,

generatpurpose multlevel modelinganguageshall allow the representation of an arbitrary
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number of classification level&R?2) (including the tweevel scheme as a special case). The

ability to deal with an arbitrary number of levels is pointed out by authors syEnaak, 2014)

and (Atkinson and Gerbig, 2012as a key a requirement for mtlével modeling approaches.

Several examples of three and four level models are available in the liteegunell as in

structured data pmsitories such as Wikidata (in which there are more than 17,000 classes

involved in multilevel taxonomie¢Brasileiroet al, 2016a).

Further,there isempirical evidence to support the claim that representations capturing

chains of instantiation can benefit greatly fremnciplesto guide the organization of entities

into levels.It was found that, without proper suppprulti-level taxonomies are built in an

unsound way(Brasileiroet al, 2016a) for example, due to the inadequate us@sfantiation

(and its combination with subtypingAn example of such is presented Rkigure 5, where
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tTon Berterslesed mo de la nil i

ent i
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Figure 57 Example of inconsistent model found on Wikidé@aasleiro et al, 2016a)

In fact, over 87% of the classes in muétvel taxonomies in Wikidata were involved in

errors that could have been prevented with guidance from the editing/modeling environment

(Brasileiro et al, 2016a) Based on this evidence, we consider thamnultilevel modeling

languageshall define guiding principles for the organization of entities il@eels(R3). These

principles should guide the modeler on the adequate use of classification (instantiation)

relations.The strict metamodeling principléAtkinson andKiihne, 2000) which prescribes the

arrangement of elements into leyatsan example of solution that fulfills this requirement

While these principles are intended to guide the modeler in producing sound models, they

should not obstruct the represdita of genuine multievel phenomena. The strict

metamodeling principle, for example, excludes from the domain of enquiry abstract notions
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such as a wuniversal ATypeodo or, an even more ab

their instances may beelated in chains of instantiation, conflicting with the stratification

imposed by the guiding principle. Given that these general notions are ubiquitous in

comprehensive conceptualizations (see e.g., the core of the Semantic Web with the notion of

ifRexewr or (WSTh2D08,2@14)(foundatioml) ontologies sub as UFQ(Guizzardi,

2005) Cyc (Foxvog, 2005) DOLCE and BFO(Masolo et al, 2003) with their notions of

AENti tyo or (Mylopoulosgtoal, 1990¢wWiotsh t he notions of AP

conclude thaan expressive multevel modeling language shouddpport therepresentation of

types that defy a strictly stratified classification schR4) ( wi t h t he gener al no

or Aclassod and t he uni vapaaigmaticegediabcases).f Aent ity
Finally, an important characteristic of domasganning multiple levels of classification

is that there are domain rules that apply to the instantiation of types of different levels, leading

to the necessity of representing O0structur al r
different lewe | s . For exampl e, al |l instances of iDog
specialize the base type fADogbo. I n order to ref

relation with the fADogo type. F utent dne shouldi n t hi s
represent whether an instance of ADogo may i nst
B r e eTHegowertype patterfCardelli, 1988; Odell, 19943 an example of solution based on

thh s noti on, where the identification of the re
the basetype ( M2aardude thus thahneexpeessiveamuitevel modeling

language should be abl® represent rules that govern the instantiatiof related types at

different level{R5) (supporting thgpowertype patteras a special case, given its importance in

several application domaitfkara, Guerra and Cuadrado, 2014)

2.4.2 Relations andAttributes in a Multi -Level Scheme

Types can be regarded as entities that captammon features of other entities that are
considered their instances. These features are often captured using the nattitsutdsand
relationships(Chen, 1976)In a two level scheme, features are only defined at type level and
given values at object level. In a mtlkvel scheme, however, features may be defined at a
(higher) level and assigned values at another (lower) level. For example, consider a domain in
which each #ACell phone Model 6 (as a type of fi C
instance of MdicCelld phant ype such as Al Phoneb50) i ¢
its designer ( Aurultilevel snoddiidgdamguagé shquld )thaspport the
representation of features (attributes and relationships) of types as well as the assighmen
values to their instances (regardless of whether they are themselves types or (Rfcts)

Further, a recurrent phenomenon in domains dealing with multiple classification levels is

that features of types in one classification level may constraiarésain lower levels. For
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example, considering that every cellphone has a screen, we may define screen size as a feature

that characterizes cellphones. Consider further that specific cellphone models prescribe a

particular screen size. In this scenarid, @ at ure of a cell phone model,
constrains features of individual cell phones,
il Phonebo. i J o hn éreh stréeh, aespeding thk asgeenasizeddefined for

il Phonebd amseanfi€el |l phoneModel 0. Toabe abl e

appropriate multilevel modeling language shouidclude support to describe rules relating
features of entities in different levgR7). The deep instantiatior{Atkinson and Kiihne, 2008)
is an example of mechanism to capture a specific sort of relations between attributes of entities
in different levels.

Finally, in various domas there are relations that may occur between entities of

different classification level§Neumayret al, 2014) For example, consider the llfmwving

domain rul es: (i) each ACell phoneo has an owr
classified as instance of a fACell phone Model 0,
a nNPersono. I n this domai n, stberaated sicudapeously A Per s
with instances of fACell phone Model 6 (which are
(which are individual s, in this case, ainstanc:¢

multi-level modeling language shouldlow the representation of domain relations between

entities of various classification levgR8).

2.5 Related Work

We discuss here a number of midtvel representation techniques reported in the literature,
focusing on their satisfaction of the requiremetgfinedin Section2.4. In addition to various
multi-level techniques (including DeepTelos, DeepJava, Melane€bjdcts, MetaDepth,
Kernel ), we a | suppord fors theu mpowertypeMdatées), given its practical
importance.

In the UML 2.4.1 specificatiofOMG, 2011)a <cl ass plays the role
whenever it is connected to a generalization set composed by the generalizations that occur
between a base classifier and the instances of the powertype. Given that generalization sets only
exist when specializatior the base type are modeled, the UML cannot capture simple multi
level models in which instances of a powertype are omitfexl discussed in(Carvalho,

Almeida and Guizzardi, 2016) t hi s rul es out si mptaegomiogle!l s s uc
ADogo, when speci Hanee, we coasaer the WML ¢o oaynpartially esatisfy

R1. In UML, chains of instantiation of arbitrary size can be captured by cascading the
powertype pattern iteratively (again requiring the use of explicit specializations in

generalization sets), thus paHly satisfying R2. Further, the UML specification does not
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provide principles to guide the organization of entities into (classification) feWéis only rule
in UML concerning the consistency of ibestanti at
an instance of itself. Due to this incompleteness, it fails to satisfy R3. This very same constraint
rul es out some orderless types, such as the ty
only partially meets requirement R4. We consider that theé 1 on o f Apowertypebo
corresponds to MLTO6s notion of cat eginceall zat i on,
instances of the powertype must be members of an identified generalizatiorhgst we
consider that R5 is only partially met )WL *. Given that instances of powertypes cannot have
values assigned to their features, UML fails to satisfy R6, and thus, R7 and R8.

DeepTelos is a knowledge representation language that approacheeweuhinodeling
with the application of t he Jeusfeldbamd Nedmayi, mo s t g e
2016) The authors revisit the axiomatization of Te{darkeet al, 1995)and add the notion of

MG to Telods for mal principles for instantiat
definit i on. The notion of MG can be seen as the
exampl e, to capture that iTree Speciesod is a
DeepTel os it would be stated that ATrMde®ei s t
Speci eso. Considering the MGI construct all ow

classification levels and that DeepTelos allows the representation of chains of MGI to represent
as many levels as necessary, we consider that DeepTelosRiemtd R2. DeepTelos builds up
on Telos, whose architecture defines the notionssinfple classand w-class which are
analogous to the notions of ordered and orderless types we have defined here. Nevertheless,
stratification rules for simple classes (cwaming specialization and crofsvel relations) are
not axiomatized. Thus, we consider that it partially meets R3 and that it meets R4 with the
notion of w-class Considering that DeepTelos provides only the concept of MGI to constrain
the instantiationof types in different levels, not elaborating on the nuances of the relations
between higheorder types and base types, we consider that it partially meets requiremént R5
supports the attribution of values to features of types, meeting R6. Howsvaccount for
attributes does not include any support to explain the relationship between attributes of entities
in different classification levels, not meeting requirement R7. Finally, DeepTelos admits
relations between types in different levels, thusetimg requirement R8.

DeepJava is an extended version of Java that supports-leweltimechanisms for
programming languagg&uehne and Schreiber, 2007he language allows the specification
of potencies for Java classes and fields along with instantiation for classes. In DeepJava the

potency of an element denotes the maximunthdepits instantiation chain, or how many times

% Note that, since our focus is on ontologicah s t ant i ati on, we ar e n o-layedahghage architeciuge. her e OMGH
* The UML extension proposed iCarvalho, Almeida and Guizzardi, 2016)eets R5 by providing
constructs to repr elevdmlatons.l | of the MLTOds cross
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type can be instantiated. Through this mechanism, DeepJava is able to define entities at an
arbitrary number of classification levels, defining the level on which each entity sits, thus
satisfying requiremdn R1, R2 and R3. As the language only accounts for defined potencies
with direct instantiation, it does not account for entities that defy the stratficatilevels, not
meeting requiremeriR4. Applying potencies in tandem with specializations, DeepJava allows
representing that all instaes of a (higheorder) type specialize another tyggonsidering that
such mechanism maps Odell 6s notion of powertyp:¢
elaborating on further nuances of the relations between hagtler types and base types, we
consider that it partially meets requirement R5. As a programing language, DeepJava supports
references between any objects in memory, and both feature specification and assignment at any
classification level (except at the highest one, since a pureclEssdoes not have features to
which values can be assigned). However, the only mechanism available for relating features
across levels is potency, which is limited to define how deep a feature is present in an
instantiation chain. Therefore, DeepJava meaequirementdR6 and R8, but only partially
meetsR7.

Melanee (Atkinson and Gerbig, 2012)s a tool that supports muliével modeling
founded on the notions afabjectandpotency It is based on the idea of assigning:tabjects
and fields (attributes and slots) potency which defines how deep the instantiation chain
produced by thatlabject or field can become. When alabjectis instantiated from another
clabject the potencies of the createlhbjectand of itsfields are given by theriginal clabject
and fields potencies decremented by one. Objects have potency equal to zero indicating they
cannot be instantiatadif the potency of dield becomes zero then a value can be assigned to
thatfield. This mechanism allows Melané® represententities in multiple classification levels
organizing and capturinthe instantiation chains allowing an arbitrary numbeleotls, thus,
meeting requirements R1, R2 and R3. Melanee also defines the notstar gfotencyas a
means to support thepresentation of types having instances of different potencies. While this
allows for the representation of some types that defy stratification, star potency does not allow
self-instantiation, which is required for the abstract types we have dealt wigthTherefore, we
consider that it partially meets Rih Melanee,instantiations are the only relations that may
cross level boundaries amd constructsare providedo capture rules concerning instantiation
atdifferent levels (such as the crdssel rdations of MLT). Therefore, we consider thatloes
not satisfy requiements R5nor R8°. Melanee supports the attribution of values to features of
types, thus, meeting R6. Finally, it meets R7 vdtltombination of the notions of attribute
durability andmutability (Clark, GonzalePerez and Hendersesellers, 2014)

5 In Melanee and other potency basegrapches; zero potency is also used indistinctively to represent
abstract classes.

6 The inclusion of MLT crosgevel relations for Melanee to satisfy R5 is currently being investigated (in
cooperation with Atkinson).
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In (Neumayr, Grun and Schrefl, 200®)e authors propose a mtlivel modeling
approach founded on the notion aofrobject. M-objects encapsulate different levels of
abstraction that relate to a siaglomain concepfand an mobject canconcretizeanother m
object. Theconcretize relationshipcomprises classification, generalization and aggregation
relationships between the levels of arohject(Neumayr, Griin and Schrefl, 2009Ye observe
that this is a semantic overload between three relationships of quite different ontological nature
which can affect the understandability and usability of the appro&@ihce the robjects
approach allows the representation of entities in an arbitrary number of levels relating them
through chains ofoncretize relationshig we consider it meets regaments R1 and R2. Given
that the approach adopts a stratified schema in wdocleretize relationshpmay only relate
types in adjacent levels, we consider that it meets R3 and does not meet R4. Further, since the
concretize relationshgpare the only stctural relationships that cross level boundaries, the
approach fails to meet R5. It provides support to represent features of types (meeting R6), but it
does not include support to explain the relationship between attributes of entities in different
classification levels (not meeting R7). Finally, (Neumayret al, 2014) the authorobserve
that the approactvasunable to capture certaines@rios in whichthere are domain relations
betweenmm-objectsat different instantiation level3.o address this limitation, the approach was
extended with the concept of Duakep Instantiation, which allows the representation of
relations between rabjeds at different instantiation levetkirough the assignment of a potency
to each association end, thereby satisfying R8.

MetaDepth is a textual multevel modeling language founded on the same notions of
clabject potency, durability and star potency udegl Melanee. Differently from Melanee,
MetaDepth supports the representation of domain relationships as references, such that each
reference has its own potency (a solution close to the one adopted iD&rmlnstantiation
(Neumayret al, 2014), allowing the representation of domain relations betweabjectsat
different instantiation levelsTherefore, MetaDepth meets the all the requaris Melanee
does, and also succeeds on meeting requirement R8.

Kernel (Clark, GonzalePerez and Hendersaellers, 2014)was proposed as a
foundation formdetb ased | anguage engineerfiondpj edt eandl |
such, it can instantiate other ficl assesodo iteraf
R6, and R8, since it is rather unconstrained in order to support the definition of various multi
level modeling mechanisms. Given its foas an agnostic basis, it does not aim at directly
supporting organization principles, structural rules nor deep instantiation mechanisms (therefore
it does not aim at supporting R3, R5 and R7). Nonetheless, this focus of Kernel allows it to
descrbe othes approaches, such as potebaged and powertygesed approaches.

The Open integrated framework for Mdltevel Modeling (OMLM)(Igamberdiewet al,

2016) is a multi-level approach focused on a strict separation of concerns betivesn
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dimensions: the ontological dimension, concerned with the subject domain; the linguistic
dimension, concernedith thelinguistic elements involved in the representation of the domain;
and the realization dimension, which focus on mapping models to a implementation target of
choice. By making use of Flota(Yang et al, 2005) an F-Logic dialect, OMLM suppos a
clabjectbased repremtation of multilevel domainswith theadvantage of allowing the user to
extend the languadey adding constructs and syntactic rules. Originally, OMLM supsoibet
representation of entities in multiple (unbound and related) classification leved$yingtR1,
R2 andR3. OMLM, however,in its ontological dimension, does not spport types that defy
the organization of entities into levels and does not saRgfysolely allowing instantiation
relations betweendjacent levelsThe language also fails to satidRp as there are no others
relations besides instantiation for guiding the clasaion of entities.Attributes in OMLM are
consideredsinglepotencyelements, i.e., elements that can be instantiated only once in the
ontological dimension. This treatment of attributes satigiés but fails to satisfyR7 since
there is no mechanism for supporting the representation of related features at different levels. In
a previous versionf OMLM called MiF (Igamberdiev, Grossmann and Stumptr&€x14) the
same authorlaim that their languageoes not support cro$svel domain relations, not
satisfyingR8, even thougltan ptentially be extendeith that sense.

Finally, Selwayet al. (2017)propose on their work the SLICER conceptual freuok,
which also accounts for muliével models. SLICERprovides to the user a set of lexslare
relations that enable muliével modeling, such as specializations, instantiations and powertype
(Asubset by s p e clm BLIGER, tnot comydinstantaoh aharactenssthe
transition betweerilevel, but alsospecializationwhen properties are added ts@per type.
Some rules for levels are provided using these relat®bkCER is able to addre$tl and R2
through the definition of entities in anluund number of classification levels, g consider
it to partially addresdk3 sincethe rulesfor organizationinto levelsare rathedoose (despite
being well defined)Despite that, the rules imposed specialization and instantiatipnevent
some general Typey pasdsidThi mgo Af r o mbeoarsenfgelfr epr es e
instantiation)R4. SLICER is able to addred$®5 through theSubseby-Specificationrelation,
which has the same semant i (QdellolP94)and éintluddéss not i o
variations based on complet@da disjoint constraints. At last, the language supports both
shallowanddeep instantiationand does not impose constraints over domain relations between
entities of different levels (addressiR®, R7 andR8).

Table2 summarize our evaluation of the various related approacussnst the proposed

requirements
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Table 27 Requirements comparison among midtvel modeling languages

Requirements UML |DeepTeloy DeepJavg Melanee| M-objects| MetaDepth| Kernel | OMLM | SLICER
R17 represents entities of .
multiple classification levels Partially|  Yes Yes Yes Yes Yes Yes Yes Yes
R2i ‘?‘.rb'”.afy number of Partially|  Yes Yes Yes Yes Yes Yes Yes Yes
classification levels
R3i defines guiding
principles for organization No Partially Yes Yes Yes Yes No Yes | Partially
of models
R41 types that defy a
stratified classification Partially|  Yes No Partially No Partially Yes No No
scheme

R571 represent rules to
govern instantiation of Partially | Partially | Partially No No No No No Yes
related types

R61 represents featuresd

feature assignments No Yes Yes Yes Yes Yes Yes Yes Yes
R7.' .fe"'?“es. features of No No Partially | Yes No Yes No No Yes
entities in different levels

R8 - domain relations

between entities in various No Yes Yes No Yes Yes Yes No Yes

levels

None of theapproaches analyzed fully addresses the identified requirements forawelti
conceptual modelingsuggestinghat a novel language is requiréd.Chapter4, we present a
modeling language called ML2 to address the identified demands of -few#i conceptual
modeling. The theoretical basis of ML2 is built upon MIaB it show a good adherence to the
aforementioned requirements failing only to support types tefyorganization into strictly

stratified schemes.
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Chapter 3. Theoretical Basis for Multi-Level
Conceptual Modeling

In order to provide a theoretical foundation for midtiel conceptual modeling;arvalho and
Almeida(2016)have proposed formal axiomatic theory called ML Tounded on the notion of
instantiation.MLT has been useduccessfully tcanalyze and improve the UML support for
modeling the powertype pattef@arvalho, Almeida and Guizzardi, 201&) uncover problems
in multi-level taxonomies on the WeBrasileiroet al, 2016a) to found an OWL vocabulary
that supports the representation of mldtiel vocabularies in the Semantic W@rasileiro et
al., 2016b) andto provide conceptual foundations for dealing with types at different levels of
classification both in cordCarvalho and Almeida, 2015\nd in foundational ontologies
(Carvalhoet al, 2015) As discussed in Chapter 2, MLT is unable to deal wiffes that defy
strictly stratified schemedhis has motivated the developmentapfextendedversion of MLT,
dubbed MLT* (Almeida, Fonseca and Carvalho, 2Q1This chapter pesents this theory

largely based ofAlmeida, Fonseca and Carvalho, 2017)
3.1 Basic Notions

The notions oftype and individual are central for our mulievel modeling theoryTypesare
predicative entities that can possibly be applied to a multitude of entities (including types
themselves)Particular entities, which are not types, are considardividuals Each type is
characterized by amtension, whichs used to judge whether the type applies to an entity (e.qg.,
whether somethipis a Person, a Dog, or a Chait)is also callecprinciple of applicationin
(Guizzardi, 2005)If the intension of a typeappliesto an entitye then it is said tha¢ is an
instance of tThus, theinstance ofelation (orinstantiationrelation) maps a type to the entities
that fall under the type. The set of instances of a type is calleéxtieasionof the type
(Hendersortellers, 2012)

MLT* is formalized in firstorder logic, quantifying over all possible individuals and
types. The theory is built up from the instantiation relation, which imdtly represented by a
binary predicate ioft) that holds if an entitg is instance of an entitty(denoting a type). For
example t he proposition iof(John, Person) denotes
APersono.

Using the iof predicateve can define the ground notionioflividual (D1). An entity is

an individual iff it does not possibly play the role of type in instantiation relations. Conversely,
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an entity is a type iff it plays the role of type in instantiation relatiae., if there is some entity
which instantiates itl¥2). DefinitionsD1 and D2 create a dichotomy with all elements in the
domain of quantification being considered either types or individuals.

lwET AEOEAOMIETc (D1)

loOUB mOETdE (D2

We assume that the theory is only concerned with types withrivally false intensions, i.e.,
the theory is only concerned with types that have possible instances in the scope of the
conceptualization being consideretherefore, we judge thalypes do not depend on the
existence of instances whenever they exist, but in some possible farldxample, e type
fi Di n ois stilua type everf it hasno current instances, and thgotg A UNni corno i
long it has possible instances within some fictional conceptualizattas.view of valid types
is shard with others works on conceptual modeling, sucf@Gszzardi, 2005)

We assume that all types are ultimately founded on individdel} (not unlike wel
founded setheory, in which sets are ultimately founded or urelements which are themselves
not sets).Thus the transitive closure of the instantiation relation (iof'), always leads us from a
type toone or more individuals

loOUBDK mpwET AEOEABAMER (A1)
Note that the definitions so far allow us to satiRfl; as we place no restrictions on the kinds of

entities that may instantiate a type. Thus, the theory would admit a model such as the one

S V ¢

illustrated inFigure6. Thefgur e depicts a chain of instanti at

instantiating APersonTypeByGender o, and fAJohno

instantiates fiwWwomano. We use a notation ins
we use dshed arrows to represent relations that hold between the elements, with labels to
denote the relation that applies (in this cam#ance of This notation is used in all further
diagrams in thi€hapter It is important to highlight here that our foassot on the syntax of a
multi-level modeling languageet and we use these diagrams to illustrate the concepts
intuitively. Our solution for syntax of a multevel modeling language will be presented in later
chapters of this worki~urther, no constrains placed on the size of instantiation chains, and

thus, the theory would admit a model such as the one illustratgdure7 (satisfyingR2).

instance of instance of
PersonTypeByGender (€ - - - -1 - Man <z ----- John

T Bob

instance of
Woman < —————— Ana

Figure 6T An i nstantiation chain, where fiMano and
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instance of instance of instance of
TaxonomicRank o - - —i— Species  [<& - -1 - Lion Ko - - - - Cecil
1 I
I
: I instance of
| L- Dog e Lassie
I
I inst f T
] instance o . |
instance of
L- Breed << - - - - Colie Ko - - — == - - 4

Figure 71 A four-level instantiation chain with representing a biological domain.

We define some basic structural relations, starting with the ordinary specialization between
types In our theory, structural relations are relations that govern the instantiations among the
instances of the relatén the case of specialization,tgpet specializesanother type if all
possible instances ofire also instances bf &ccording tothis definition every typspecializes
itself. Since this may be undesired in some contexts, we defin@rdper specialization
relationinwhicht pr oper Bfpe cip& lc iarAtdisidifeecdt framd O .

ol OPAAEAMEVAOBDA OUBA IQEIGE CEIdA (D3)

1ol DOT PAO3 DAREPAIOBRAAE AEUAD o (DY

We consider two types equal iff the sets of all their possible instareethe sanle This

definition of equality only applies to elements which are individuals hence the &bgu:

conditions on the lefhand side of the implication:
o OUBA OUBAOC 60 o P lwETd® P Eldh (D5)
Building up on the specialization definition, we can now address the notion of powertype. Here
we employ theseminal notion proposed KZardelli, 1988) According toCardell; the same
way specializations are intuitively analogous to subsptsyertypescan be intuitively
understood as powersets. The powerset of a set A is the set whose elemalitpassble
subsets of A including t he aetypq then PenerfA) isthed A it s
type whose elements adl t he subtypes of AGardelli,i 1888) Ford i ng A

example, inFigure8fi Per s o n hy powedtypeo § i Per s o n gpecializatian®f every

APersono (e.g.iAdMamdey e Womhansono itself) instar
how deep it i s i n a speci alisi atsa tann imstancér ofer ar c hy
iPersonTypeo

" See(Carvalho and Almeida, 2016pr a refinement of identity and specialization concerning modal
distinctions.
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| Is powertype of |
PersonType
A instance of
|
I instance of
L= L o -T2 -=-== il
L l
I
: Woman Man Adult
I
; A /N
I
: : ' 4 4 i John
| \ | instance of <onn
------ v === - AdultMan [<------1
1 I
I
: : instance of Bob Ana
P R
: instance of T
Figure 81 PersonType and its instances
Foll owing Cardell i 6s de fliisnpoweitypengfa typed2 ifidal f i ne t h

instances of threspecializations of tand all possiblspecializations of tareinstances of t1.
In this caset2 is said the base type tif.
1o EOOT x A0y BAQUBA 1o ETos P OPAAEAE UAS

Given the definition of powertype, it is possible to conclude that each type has at most one
powertype (theoremT1) and that eackypeis powertype qfat most, one other type (theorem
T2). These theorems amroved in(Carvalho and Almeida, 2016yhich suggests a concrete
syntactic constraint for a mulievel model: only one highearrder type can be linked t base
type through thés powertype ofelation.

INMEOCOT x AOIUD AmnaEn, 1 ~ EOO0 T x A O b AT1LE

IR EOCOT x AO® Aeetd 6 ~ EOO0 T x A Orfiaeb AT2uE

3.2 Accounting for Stratification into Orders

Note that, thus far, the theory does not impose a principle of organization for the entities into
(strictly stratified) o6l evel sbé.ofdrganizatordver t o ac
use the notiomf type order. Types whose instances are individuals are daiedrder types
Types whose instances diest-order typesare calledsecondorder types Those types whose
extensions are composedsacondorder typesare calledhird-order typesandso on.

Types that follow this strictly ordered scheme are catletbredtypes To define such a
scheme formally, we define a notion of Obasic
type order. For exampl e, itfislthe dnosvdbstracadf all firsts a bas
order types, classifying all instances of fioster types, i.e., all possible individuals. We define

the constant filndividual 0 as foll ows:

100 )T AECEAORI AEOGRRA GAdE (A2
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Like Al ndividual 6, there are basic types for e
of the basic type of an ordefi> 1) specialize the basic type of the order immediately below (
1). This is formalized byp7. (Note that is only used to improve the intuition in the definition,
and is not formally a variable).
IO AACEADUDA
lOET AEOER @A ~
mo AAOEADOUDA ODPAAENAINE UA EloERD (D7)
A consequence of this definition of basic type is that the basic type of aniqidédy) is the
powertypeof the basic type at the order immediately belind)( showing tht the basic types
are formed by the cascaded application of the powertype patertmermore, this cascade of
basic types builds up frotte constanfi | n d i vThid is reflecied in the theorem8, which
is the result of applyin®6 andA2 to D7. T3 simplifies the interpretation dd7 and can be read
as fNevery basic type is either 6l ndividual 8 o
i mmedi ately bel owo.
IO AACEADUDA
® )T AEOEWOAMAOEAOUDPRAOOT x AORNI DA/ fE3)
Every ordered type that is not a basic type (e.g., a domain type) is an instance of one of the basic
higheror der types (e. g., ilst OTO, A2ndOTo) , and, i
type at the immediately lowér e v e | (respectivel y.Thisfréaméntafi dual 0o

type ordersemployedin MLT* meets requiremenR3 by defining a structure under which

ordered erities can be interpretedrigure9i | l ustrates this pattern. Si
individual s, it i s instance of fi lissta@dsoof and pr
iPersonTypeByGender o are specializations of i F
APersonTypeByGendero is instance of fA2ndOTO0 anc

is powertype of

is powertype of

_________ > e
. wis 2ndOT instance of 1stOT instance of Individual
4 ~_ _ instance of 4
PersonTypeByGender Person
' instance of
:— —————————— Man
I
I
I
----------- Woman

Figure 97 lllustratinga basic pattern of MLT and its intralevel structural relations.

Note that, the ellipsis in the leftand side of the figure indicates that the theory admits an

unbound number of higherder basic types. Nevertheless, we have been careful not to
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necessitate the existence afck types in the theory. This means that the theory has finite
models, and thus can be subject to analysis using a finite model checker/finder such as Alloy
(Jackson, 2006which we have employed for verification of all theorems discussed here.

Having defined the structure of basic types we can define ordered type as a type that
specializes one of the basic typBs8). Conversely, we can definedderless typeas inD9.

ol OAAOAB B BLAA OE ADUTDM A E Ao E UB8D
Jol OAAOI ACOOUBR T OAAOAA OWY A

We can account now for a strictly stratified scheme. In this case, it would suffice to add an
axiom stating that all types are ordered types, which would rule out types whose instances
belong to different orders. The stratified scheme is thus a restratftittie more general theory
we have, which admitsrderless types

Moreover, we can see that the theory can be further constrained to account for-the two
level scheme as a particular case. For alevel theory it would suffice to add to the strictly
strdified scheme an axiom stating that there is a unique basic type (which would be

Al ndi vidual 0) .
3.3 Beyond Strictly Stratified Types

While a strictly stratified approach imposes a useful principle of organization for entities in
multi-level models, it rules dutypes whose instances transcend this strict structure, i.e., types

that have instances belonging to different levels or strata. For example, consider the type whose

instances are all types admitted ( defsygneed) . Thi
i ts instances are types at various different
fiAni mal Speci eso, f2ndOTo, fiiTaxonomic Ranko, et C

In order to capture the strictly stratified scheme while still guaranteeing the generality of
theteor vy, ML T* di stingui sheA8) tamdkesi OrndAd). | fieGrsdTeyrpec
I nstances of AOrderedTyped are those types tha
AOrderl essTypeo are t o sot belong poea singlehademhis i nst anc
c

onstitutes a dichotomy, and together, ioOrder e
A Ty pAbY which classifiesa | | possible types. lduahki ¢ turn
together form the universal notion of AEnNtityo

and individuals).
100 / OAAOAR4WOIPAAAOABDEDHAD (A3)
1006 | OAAOQI AOGI WBAR O1 RGOBHIWBA (A4)
100 4UPRIgOUBDRe EidD (A5
100 %l OEOWEIFD (A6)
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Regardingo orderless types, their instances can be arranged in a multitude of ordering patterns:
orderless types may <classify entities of any ol
ordered and orderless types); or classify only entities of certaid er s (e. g. AOrder e
which does not classify orderless types or individudibe support for orderless types in MLT*

allows it to meet requiremeR4. The classification scheme formed by MLT* is presented in

FigurelO.

instance of

is powertype of /1 {disjoint, incomplete}

instance of

instance of

7z
4

1stOT is powertype of Individual

instance of instance of

Figure 107 MLT* classification scheme.

A number of interesting observations can be made about tHeypof MLT*. First of all,
MLT?*, differently from MLT, is able to account for the types used in its definition. All entities
admitted are instances of ndealpossibly indjviduals Al udi ng
possible types are instances of ATyped and ul't
i nstances are ent pawertgpe pfi E Mt Tiytpyedd. iAsl It heulse niehnet s ¢
are instances bobhcliWwdideg | essiypesl,y) AOrderedTy |
types at different orders).

The instantiation relation has the following logical properties as a consequence of the
definitions and axioms of the the8ryvhenever instantiation involves solelgdered types, it is
irreflexive, antissymetricand antitransitive leading to a strict stratification of types. When

instantiation involves any orderless types, none of these properties can be asserted, as there are

situations in which it iseflexive(e.g , A Typeo i s symmettictceacg. of AEmtsietl ¥ ¢
instance of -VeBa) psewell agransitive iec & . AOrderedTypeodo i
ATyped which is instance of HAENntityo and AOrde

an oderless type is never an instance of an ordered type. These characteristics of instantiation
can be used to rule out models that violate the theory.

8 See https://github.com/nemafes/mitontology for the formalizatio of MLT* in Alloy,

including assertions that have been verified corresponding to the theorems and properties we discuss here.
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Table3 summarizs the rules that concern which types of entities may be related through
thestructural relationpresented so falong with the logical properties of these relations.

Table 37 Summary of constraints on MLT* relations.

Rel ati on Domain Range Constraint Properties
Orderless| Orderless Reflexive,
specializes(t,t") Ordered | Orderless antissymetric,

Ordered | Ordered | if t andt' are ordered types, thg  transitive

Orderless| Orderless| must be at the same type order| Irreflexive,
properSpecializes(t,t') Ordered | Orderless antissymetric,
Ordered | Ordered transitive

t cannot be a firsbrder type ift

Orderless| Orderless , Irreflexive,
. , andt' are ordered typesmust be ; )
isPowertypeOf(t,t") at a twoe order immediatel antissymetric,
Ordered | Ordered P antitransitive

above the order df 6

The notion of AOrder | ess Ty-ipdegendénsentities éofming not o
MLT*, but also for general notions iapecific subject domains. Consider, for example, the
domain of soci al entities in which a fiSoci al E
soci al nor mative act. I nstances of ASoci al Ent
sucha ARio de Janeiroo and dnd&sgpérityppsSansSbat edu
iRi o de Janeiroodo and fAEsp2rito Santod are instze
orders (types and individualass3hownirRiguréld Then i nst a
example also highlights that MLT* allows entities to have multiple instantiation relations.

ARi oDeJaneiroo and A Esamicreist odfantidd® ciaaleEnkattly o
Moreover, multiple specializations are also allowed in MLT*. In this sense, MLT* differs from

a number of approaches in literature which limit these structural relations to a single class (see

(Lara, Guerra and Cuadrado, 20114)

: instance of
SocialEntity 1stOT Individual
N\
: | _instance of A
i
i instance of State
N

. L
instance of | 7| EgpiritoSanto

RioDeJaneiro

Figure 117 Example of orderless type in domain model
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The same mechanism that allows us to mbdela fidesel-i nst anti ating types su
and ATypeo, would permit a model er toypesntr oduce
that are not selinstantiated (the soalled Russellian property, due to Rusddivine and

Deutsch, 201§) This type is paradoxical since it is both an instance and not an instance of

itself. Note that this possibility does not threaten the overall consistency of the theory. This is
because we do not assunme MLT* that there are types corresponding to any expressible

unifying condition (i.e., we do not assume that given an arbitrary logical condition Y, we can

define the type with extension [x | Y(x)]). Types here, instead, are explicitly recognized entities
describing intentionally identified properties shared by their instances. Lacking the ability to

prove or introduce the existence of types in this sense, we are under no threat of such paradoxes
(Menzel, 2011)

3.4 Structural Relations for Multi -Level Modeling

So far, the onlycrosslevel structural relationsve have considered is Carc
relation. Anotler definition of powertypethat has had great influence in the literature was
proposed by(Odell, 1994) In order to satisfyR5, and account for the variations of the
powertype pattern in the literature, MLT* defines the categorization -teest relation based
on Odell 6s notion powertype.
As defined inD10, a type t; categorizesa typet, iff all instances oft; are proper
specializations of,. Note that, differently from this powertype ofelation (due to Cardelli},

is not an intance oft;, and further not all possible specializationg,gdire instances df. For

instance, AEmpl oyeeTypeod ( wit hcategoszéesameresso mdva n a
but is not thepowertypeo f APersono, since 't hresroen darteh ad p eacriea |
instances of AEmMployeeTypeo (AChil do and AAdult

ol AAOCACIO®E®MAO
Eio 1T AEOEORAIE © POl PAO3IPAREAI(BIOA O

MLT* (borrowing from MLT) also defines some variations of the categorization relation. A
typet; completely categorizestypet, iff every instance of, is instance of at least one instance
of t; (D11). Moreover, a typé, disjointly categorizes typet; iff every instance of; is instance
of at most one instance tf(D12). Further t; partitions t iff every instance of; is instance of
exactly one instance of (D13).

o AT 1T D1 AGAT UsBWOACT OEUAO

AAOCACIO®EUAEIGE o mo EICHA ~ Elos (D11

o AEOET ET Ol WABACT OEUAO

AOCACiv®EUADM EioMm " Eios "EiE "EIda ©°0 o (D12

b
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In order to illustrate the usage of these relatioRigure 12 shows some exampls.
fiPer sonTyp eddtifioBdirrckcarsd®nod i n

of

fiPer sono i s

categorizesi Per sono,

iResearcher o (

or

to AMano
ei ther a fAMano or
and thus there ar
any other

possi bloastrdinhist ance

a n tancd Wo man o ,

a

i Wo mano

e persons

usually represented in UML through a generalization etvever thesemantics differs from

the variations of categorization presented here ((Saevalho and Almeida, 201&)r a detailed

comparisoi
_ _ ______ ispowertypeof _ ____ _ >
PersonType |z _ _ ______ instanceof
o partitons | > Person
! categorizes
o >
v A A
! {disjoint, complete}
v :
PersonTypeByGender < Ts_ta_nge_o: _ A - Lulsiar_u:_e of
: ] Woman .
: : Ana
EmployeeType - - - - - - - - :
1 instance of
- Man il At I
A < .
I [}
1 R
L--=-=-- instance of _ ______ ~| Manager ob
I
I T
I I
L | Researcher o J'
instance of

Figure 121 Example of categorization and partitions relations.

Finally, MLT and MLT* also account for another kind dftra-level structural relation in

addition tothe specialization relationfhe subordination relatioallows the specification of

hierarchies of specialization between instances of two tyyyese preciselyt; is subordinated

to t, iff every instance of; proper specializes some instance,0fSince subordination implies

proper specializations between the instances of the involved types at one order lower,

subordination can onlywolves orderless types higherorder types of equal order.

o EO3 OAT GREP AGA S 1 AE OEOORIICH ©

mO EIGED " DOT PAO3DAMEAI EDLA O

In order to illustrate this relation, take for instance the biological domain example presented

ear |l i

secondor der

er ,

iBreed?o

wi t h
types

cl assi

t he
t hat
fies

types
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i Speci é&igueld. Asshown in(Carvalho and Almeida, 20163ubordination is key to
the representation diie relations between the various biological taxonomy ranks.

: o= > : >
2ndOT is powertype of 1stOT is powertype of Individual

<
4 instance of instance of
instance of
< mmm e - Mmoo . T

TaxonomicRank ! [ ‘ !

i bordinated t
Species  |<< s subordinated o Breed Dog Q—\
N A : instance of

!  nstanceof  _ » ______ Colie (<& ----

Lassie

Figure13iSubor dination example between fASpeci eso

Rules concerning the types of entities that may be related through the variations of
categorizationand subordination in addition to thHegical properties of these relations are
summarized imable4.

Table 47 Summaryof constraints on MLT* categorizaticand subordinatiorelations.

Rel ati on (| Domain Range Constraint Properties
Orderless| Orderless| t andt' cannot be firsbrder types | |rreflexive,
isSubordinatedTo(t,t') Ordered | Orderless| it { andt' are ordered types, they| antissymetric,
Ordered | Ordered | must be at the same type order transitive
categorizes(t,t') Orderless| Orderless ) Irreflexive,
o _ | _Ordered | Orderless| t cannot be afirsorder type antissymetric,
disjointlyCategorizes(.t) | Ordered | Ordered | it { andt' are ordered typesmust | _hontransitive
completelyCategorizes(t,t| Orderless| Orderless| be at a type order immediately Irr_eflexwe,_
5 antissymetric,
partitions(t,t’) Ordered | Ordered above the order df 0 amitrgnsitive

3.5 Conclusion

In this chapter, we have presented MLT* as the theoretical basis for the development of our
multi-level modeling language. This theoretical basis builds upon @arvalho and Almeida,
2016)to allow a more general interpretation of the instantiation relation among entities of a
conceptual domainSuch generalization of the original thgoallows the discussion of
conceptual entities that go beyond strictly stratified schemesidesthe definition of the
notion oforderless type, MLT also differfrom MLT by providinga general definition of basic
types anda weltfounded definition otype In addition, all the theorems and axioms of MLT
are also adapted and expanded for the formalization of MLT*.

MLT* shows that there is no dilemma in supporting orderless typesritbination with
stratified schemes. This presents an opportuinitythe extensionof other approacheghich
focus on the organization of entities into levels, such as Melgkikmson and Gdyig, 2012)
and MetaDeptl{de Lara and Guerra, 201®or example, Melanee and MetaDepth could work
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out a mechanism to allow some kind of selective stratification, leyamat is currently
supported with the soalled star potency, in order to fully enable the representation of orderless
types.

Further, MLT* also shows that powertybased and clabjetiased approaches cae
harmonizé. By giving support to both mechanis, the approach leaves to the user the choice
of representing the basetype according to what is most suitable for the subject daimam.
support to variations of the powertype is also an extension opportunity for languages such as
Deeptelos(Jeusfeld and Neumayr, 201&ince the relevance of these variations presents
representation benefits in many domains.

Regarding the requirements for coneggtmodeling,Table5 summarizes the strategy for
employing MLT* to fulfill requirements R1 to R5. Requirements R6 to R8 will be addressed
later in the Chaptet with the treatment of features.

Table 57 Sumnary of multilevel modeling requirements and fulfillment strategies.

Requirement Strategy
R17 represergentities of multiple classification levels Definition of aninstance ofelation applicable to any kind of ent
(either types or individuals).
R27 represergarbitrary number of classification levels Unrestricted application of thiastance ofrelation among entitie

allowing instantiation chains of any size

R31 definesprinciples for organization of modadisto levels | Definition of a conceptual layer for interpreting ordered entities

R47 admitstypes that defy a stratified classition scheme | Unrestricted application of thiestance ofrelation associated to
conceptual layer for interpreting orderless entities.

R57

accounts forules to govern instantiation of related typ| Definition of a set of structural cro$svel relations based on maj
strategies in the literature for modeling niétvel domains.
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Chapter 4. ML2: The Multi -Level Modeling
Language

Having defined a theory for mulievel modeling, in this chapter in employ MLT* on the
development of a muHevel languageThe Multi-Level Modeling LanguagéML?2) is a textual

language that reflects the concepts and rules of Mlii*addition, the rule that constitute

MLT* (definitions and theorems) guide the languadgsemanticallynotivated syntactic

constraints Since it is based on a formal theory, the languagestcacts have a clear semantics,

which improves model qualitywith a focus on expressvi t y and model readahb
syntax is largely inspired in major OO programming languagess chapter is divided ithe

following sections:sections4.1 to 4.3 presentshe ML2 languageconsideringits abstract and

concrete syntaxesection0 presentsa list of syntacticqules forthe language that are reflect

rules and theorems from the MLT* theoryhroughout the chapter, we discuss how the

requirements are satisfied by the language.

4.1 Modeling Multi -Level Entities

4.1.1 Core Constructs

Thelinguistic constructs of ML2 aim at reflectirthe conceptual backbone of MLTelivering

to the usefanguage features that represent types of entities and relations defined by the theory

As shown in Figure 14, the portion of the | anguageds met
regarding entities (individuals and types) reflects the basic scheme of . Misidle from minor

terminological differences (witkClassreplacingTypefor consistency with EMF terminology,

and EntityDeclaration replacing Entity), there are corresponding constructs for all concepts

presented earlier ifrigure 10. In the metamodel, only the classes in gray can be instantiated

through language constructs.
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EntityDeclaration
name : String

instantiatedClasses

0.5 JA
categorize%CIf%% (J% Class
powertf?eOf 0‘.15 0..* superClasses

0..* subordinators

categorizationType éé
0..1

OrderlessClass || OrderedClass

<<enumeration>>
CategorizationType
CATEGORIZER 2\
COMPLETE_CATEGORIZER ! !
DISJOINT CATEGORIzER | | HighOrderClass | | FirstOrderClass || Individual

PARTITIONER order : int

Figure 14 - Entities and classes in ML2

AiHIi ghOrder Classd captures ordered ciorde®s es repil
attribute. Rather than requiring explicit references to sbasic typeor relying on the size of
instantiation chains for i nf eintetivecdeclaation of he ent i
strictly stratified types thatronglyresemblegpotencybased approaches
Besides providingsupport for entity in ordered structurédd|.2 alsopr ovi des MLT* 0s
structural relations as language construcad by doing so, the languages able tomeet
requirementsR1 to R5discussed irChapter2. ML2 differs from many modeling languages
(such adMelanee(Atkinson and Gerbig, 2012nd MetaDeptl{de Lara and Guerra, 2020y
allowing declaration of multiple instantiatipnproper) specialization and subordination
relations Theinstantiationrelationcan be declared for any entity, while the rest of the structural
relations are alwaysleclaredbetween classes. In the case of categorizationsdditional
enumeration identifies the type of relatibeldtowards the categorized cla§she | anguageds
semanticallymotivated syntactic constraintiirectly reflect thosgresentedearlierin Table 3
andTable4. These constrain@re verified on the model through a validation mechanism that is
part of ML26s editor ,(ata topic that will be disc
Many of the relations in ML* can be inferredrom other relationsFor this reason, ML2

is ready to deal with a minimal usage of structural relatiotméch improves the readability of

models by keepinghe declarationsas simple as possible For i nstance, i f an i
instantiatesboth firstor d e r cl asses fiMano and iPer sono, onl
needs to be declared As l ong as AiMano hol ds a speciald@

instantiation from fAJohno to APeowaocnm™e iiManofe
Neverthelessb ot h i nstanti ations can be decl ared with
what is even encouraged if the modeler wants to help a human reader to interpret the

instantiations of HfAJohno wizatiombiararchyr ipMrainadr. kn o wl €
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ML2 uses a textual syntax largely inspired in traditional OO languages, and applies a

collection of keywords aiming at enhancing the readability of its models. The statements for

entity declaration follow a common pattern, yanrg the available structural relations for each

type of entity.Figure1l5shows dragmento f ML 26s syntax for -lgeentity de
syntax.The declarab n o f an orderless ¢l ass, for i nNstance
cl asso, followed by the entityés nantelgn. and it s
Throughout the text, we present t heresenynt ax i n
respectively optional statements, repeatable statements and alternatives. Terms in bold
represent terminal symbols and terms in italics represent-@fesgnces (i.e., identifiers that
refer to another model element).

Entity := Class | Indivi dual

Class := (FirstOrderClass | HighOrderClass | OrderlessClass)

({ (Feature | FeatureAssignment)*  })?

FirstOrderClass := class NAME MLTRelations*

HighOrderClass :=  order NUMBERIlass NAMEMLTRelations* ;

OrderlessClass := orderless class NAMEMLTRelations* ;

Individual := individual NAME Instantiation ( { (Feature | FeatureAssignment)* 1)?

MLTRelations := Instantiation | Specialization | Subordination | Powertyping |

Categorization

Instantiation := . Class (, Class)*

Specialization := specializes  Class (, Class)*

Subordination := subordinatedTo Class (, Class)*

Powertyping :=  isPowertypeOf Class

Categorization := CategorizationType Class

CategorizationType := categorizes | completeCategorizes | disjointCategorizes | partitions

Figure 157 Entity declaration syntax
Figure 16 revisits the examples fror@hapter3 using ML2. Note that, a namespace

mechanism is supported with modyladich are fragments of models that contain ML2 model
elements Individualsare the only entities that require some insitdion declarationpossibly
instantiating multiple types (e.g., AEvaodo i nst
AiBobo instamhdi&hés doPer sono
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module example. model {

orderless class SocialEntity
order 2 class PersonPowertype
order 2 class PersonTypeByAge specializes

order 2 class EmployeeType specializes

isPowertypeOf

Person;
PersonPowertype partitions

PersonPowertype categorizes

Person;

Person;

class Person : PersonPowertype ;

class Manager : EmployeeType specializes  Person;
class Researcher EmployeeType specializes  Person;
class Child PersonTypeByAge specializes  Person;
class Adult PersonTypeByAge specializes  Person;
individual Eva : Person, Manager, Adult ;

individual Bob : Person, Child ;

class State : SocialEntity ;

individual EspiritoSanto . State , SocialEntity
individual RioDeJaneiro : State , SocialEntity ;

Figure 161 Examples of entity declarations in ML2

4.1.2 Generalization Sets

Considering the capability ochiggregating specializatiordefined from a common criteripn

ML2 borrows from UML(OMG, 2011)the concept ofjeneralization sef s e e

fragmentin Figure 17). A generalization selinks a super class (callegenera) to a set of

t he

met amo d ¢

specializations of it (thepecific. Generalization set can bempletein cases where instances

of the general class must indtiate at least one of the specifics classes, dippint, in cases

where instances of the general class instartiate atmostone of the specifics classets

addition, a generalization set may complement representation of categorization relations when

the specific classes of the set are instances of a single categorizer of the general class.

GeneralizationSet general Class
name : String 1
isDisjoint : boolean = false categorizer
isComplete : boolean = false 0..1
specifics
1.7

Figure 171 Generalization sets in ML2.

The syntax for declaration of generalization set in ML2 is showrigure18.

46



GeneralizationSet = disjoint ? complete ? genset NAME?
general Class
(categorizer  Class)?

specifics  Class (, Class)*;

Figure 181 Generalization setyntax

In order to illustrate the fullyof applicationthis language construcgigure 19 shows an
expanded version of the example previously sedtigare16. In this case, we add instanads
iPersonTypeByAgeodo to include alll possible inst
relation from fiPersonTypeByAgeo towards HAPerso
must instantiate an instance of the former, the compsteconstiat of the generalization set
states the every instance of APersond instant.i
two related but not equivalent rules and the generalization set nitaklesr that a person
iPersonod must iensiiRertd anley ppenByiMgsetdtandcec | ar ed t he

module.

order 2 class PersonTypeByAge specializes  PersonPowertype partitions Person;

class Person : PersonPowertype ;

class Child : PersonTypeByAge specializes  Person;
class Teenager : PersonTypeByAge specializes  Person;
class Adult : PersonTypeByAge specializes  Person;

class Elder : PersonTypeByAge specializes  Person;

disjoint complete genset person_by age
general Person
categorizer  PersonTypeByAge
specifics  Child, Teenager, Adult, Elder;

Figure 191 Examples ofjeneralization seh ML2

The combination of disjointness and completeness constraints from generalization sets and
categorization relations was the subject of investigatib@arvalho, Almeida and Guizzardi
(2016) who analyzed this combination in an MLT extension for the UML lang({@déG,

2011) The set of possible combination$ these constraints is summarizedTiable 6 having

the following interpretation:

1 Enumerated: in the enumerated combination, the generalizatiortsetains all
possible instances of the categorizer type. It only occurs in cases where the
categorizer partitions the general class of a disjoint and conggegralization
set;

T Not Enumerated:i n t he Anot enumer atedo combinat.i
of the categorizer is not included in the generalization set. It occurs in cases

where the generalization getnot complete, or the categorizer does not didjoint
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categorizes the general class, allowing overlapping between instances of the
categorizethat are present in the generalization set with those that are not

1 Invalid: invalid combinations occur whehe constraints from the generalization
set are conflicting with those from the categorization. It occurs when the
generalization set allows overlapping between instances of a disjoint
categorization, and when the instantiation of a-complete categorizan (i.e.,
simple or disjointategorization) is enforcduy a complete generalization set;

9 Silent: finally, silent combinationare valid but do noallow the inference o&n
enuneratedor fAnot esetwhnstanaes ef the categorizer.

Table 6 Analyzing the combination of categorization and generalization sets (adapteCiorlho,
Almeida and Guizzardi, 2016)

o Generalization Set Constraints
Categorization — pp——
Relation isjoin verlapping
Complete Incomplete Complete Incomplete
Partitons Enunerated Not Enumerated Invalid Invalid
Disjoint Categorization Invalid Silent Invalid Invalid
Complete Categorizatiol Not Enumerated Not Enumerated Silent Not Enumerated
Categorization Invalid Not Enumerated Invalid Silent

4.2 Features and Assignments

Classes, in conceptual modeling, are classifiers applicable to entities that share a common set of
features.Alternatively, entities are instances of the classes that aggreégatiaturesthat
describe themSince(Chen, 1976)it is common to represefgatures of entities ia conceptual
model throughattributes and relationships The attributes and relationships capture the
characteristics of entities in general terms without applying concrete values to each instance.
This allows for entities that share a certain charagtite(e.g. weight or hght) to have different
concrete values for it (e.g. 0 Jdmoghnera, medeling hs 70 k¢
solutions thatdopttwo-level schemes allow the specification of attributes and relationships at
the typelevel leaving the assignment of values of features for the specification of instances
when necessary. However, muéivel conceptual domains require the capacity of representing
both instances and classifiers together, which leads to the necessity of repydsathtiieatures
and values for any classified entity in the model.

This is supported iML2 with the mechanisms in the metamodel fragment shown in
Figure20. Note tha FeatureAssignment is defined for Entities in general (including classes and
individuals), while Features can be specified for any class (regardless of @uheg. any

instances may contain assignments for instantiated features, ML2 satisfies regLiRt6men
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Typically, features are mutable elements and their assignmentchange in time. However,
temporal aspects are not explicitly dealt with in ML2 modéterefore, these models must
interpreted as the representation of the stétaffairs of a domain in a particular point in time
(capturing,
ML2 distinguishes features into references and attributes (not unlike Ecore andf@WL,
example).References can relate instances of amg tlasses(from its containing classes
towards the reference typdjesidesheing able to subset refemms from specialized classes as
well as being opposite to some reference of inverse diredfensubsetting mechanism allows

featuresof a specialized clas® refine inherited features by determiningmore specific types

FirstOrderClass Class EntityDeclaration
— —> —>
tgp{ 0..* |assignments
0.*
Feature
name : String 0.
lowerBound : int = 1 FeatureAssignment
<<enumeration>> | | ,pperBound : int = 1
PrimitiveType A
String Reference p ReferenceAssignment
AR reference
Boolean
0. 0.1
\JrimitiveType subsetOf oppositeTo
0.1 Attribute AttributeAssignment
1
attribute
0.*
subsetOf .
DataType N Literal
L ¥p 0..1 type 0.
0. assignments assignments

Figure 201 Features and assignments in ML2

t h wbworlda

Asnapshoto

Vi ew

and narrower cardinalitiesOppodte references is a mechanism for dealing wsimple

associations in ML2Associations with features and associations with an arity higher than two

can be modeled through reification, using the ontologically-feeihded notion of relators as

discussed irf{Guarino and Guizzardi, 2015; atho and Almeida, 2016)l'he same approach

lends itself to considering higbrder types for relators when necessary, as shoW@drvalho

and Almeida,
An attribute differently from a referencecan only have aatatypeas its type, be it a
primitive type or a user defined datgype. Data typesare first-order classes that have as

instances particular values, for example the dgte $tring, which has as instances any well

2015)

formed sequence of characters. The set of primitive typkH 2 (String, NumbeandBoolean

covers

specification(ECMA, 2013) Figure 21 presents the syntax for feature declaration in ML2.

a

mi ni mal S

et of
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Literals areemployed to represent assignments of attributegdan primitive types, being a

number, a string or a declaration of Atrueodo or
Feature := Reference | Attribute
Reference ;= ref NAME Multiplicity? Class Subsets? IsOpposite?
Attribute := att NAME Multiplicity? Datatype Subsets?
Multiplicity := [ CARD.. CARD]
Subsets := subsets Feature (, Feature )*
IsOpposite := isOppositeTo  Reference
DataType := datatype NAME MLTRelations* ( { (Feature | FeatureAssignment)* H?
FeatureAssignment := ReferenceAssignment | AttributeAssignment
ReferenceAssignment:=  ref Feature = Entity | { Entity (, Entity )* }
AttributeAssignment := att ? Feature = Literal | { Literal (, Literal )* }
Literal  := STRING | NUMBER | BOOLEAN | Entity

Figure 2171 Feature declaration syntax

Figure22 presents an example of usage of features in an ML2 model. This model expands the
one presented ifrigure 16 and includesthe referenceis designedby, a case of references
between entities of diffent classification levelsatisfying requiremeri8) presented earlier in
Chapter2. Note that ML2 does not require exhaustive featuregassint (see instances of

fi P e r dnoordér Yo allow for partial (incomplete) modeleverthelesswherever there isa

feature assignment cardinality constraintsas well as featuréype must be respectedand

corresponding syntactic constraints are feegsFor examplef Evaod i s an instance
and, t hus, has the feature fdi sOffspringOfo, w h
hand, ABobo has an assignment for the feature i
and type cons&ri nt s of the feature (i.e., ii sOf fsprin

fiJonydo and AEvaod) .
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order 2 class CellphoneModel categorizes Cellphone {
ref isDesignedBy : Person

b

class Cellphone {
ref owner : Person
screenSize : Number
color : Color

h

class IPhone5 : CellphoneModel specializes  Cellphone {
ref isDesignedBy = Jony

class Person : PersonPowertype {
ref isOffspringOf : [2.. 2] Person isOppositeTo isParentOf
ref is Parent Of : [0.. *] Person isOppositeTo isOffspringOf
age : Number
alias : [0.. *] String

name: String subset s alias

datatype Color { red:Number green:Number blue:Number };

individual Black : Color { red=0 green=0 blue=0 }

individual JonysIPhone : IPhone5{
ref owner = Jony
screenSize =4
colo r = Black

h

individual Jony : Person, Adult {
ref isParentOf=Bob

alias={ "Jonathan" , "BigJ" , "Jony"}
name = "Jonathan”

individual Eva : Person, Manager, Adult { ref isParentOf=Bob };
individual Bob : Person, Child{ ref isOffspringOf={Jony,Eva} };

Figure 221 Examples of features in ML2

4.3 Regularity Features

In a multi-level conceptualization, a particular phenomenon arises in classesassity other

classes: related features. To illustrate tleisus further develofhe example presented kigure

22. In the cellphone domai n, AscradfB@&i Epbomnesd,a
since it refers to a physical characteristic lo¢ individual. Due to the nature of cellphone
manufacturing, iisu s u a | that all instances of a cellpho
same value of i s cr e e MBS domdn characteristic allows the addition of an

fii nstancesScr eenSGCelelophdraMadel of or whliec df repres

fiscreenSizedo for every insttandenisf caspgar tiisculea

51



AinstancesScreenSimeroe apree crieslealtye,d ifnesattaurrceess, o f

val ues noSfi zfesdc rdecet bBeminedt hpcesScreenSi zeo featu

particular cellphone model. For exampfe] Phone506 i s an instance of fi

ifinstancesScreenSizeo of 40, therefdre filPhonebt
The original proposal of MLT defines this special kind of feataiéedregularity feature

(see(Guizzardiet al, 2015; Carvalho and Almeida, 20)16By definition, a regularity feature

(also valid for MLT*) has the characteristic of constraining features at erl@vel.Figure23

presents @ additional fragment o f ML 2 6 s coathirdng ahe enechanisms of the

language for handling thisnd of feature A feature is considered a regularity featuteenever

a regularity type is defined and the regulated feature is identfiedgularity feature may only

exist in highorder or orderless types, since it constrains another type feature at a lower level.

Moreover, this highorder or orderless type must categorize the type containing the regulated

feature in order to ensutbat every instance of the former inherits the regulated feature of the

later. This mechanism of regularity features present in ML2 magtsagt requiremenR7.

<<enumeration>>

RegularityFeatureType regulatedFeata{ r?
DETERMINE_VALUE Feature
DETERMINE_MIN_VALUE

DETERMINE_MAX_VALUE
DETERMINE_ALLOWED_VALUES
DETERMINE_TYPE 0..1
DETERMINE_ALLOWED_TYPES regularityType

Figure 23 - Metamodeling of regularity features

ML2 foresees six types of regularit features. In the case above, values of
finstancesScreenSizdetermines the exact valuefisicreenSizé However, a regularity feature

can also determine maximum or minimum values for a number feature (e.g., to model the
maximum storage capacity of alpélone model) and tdetermine the set of allowed values for

a feature (e.g., to model that a phone model has either 16 or 32GB of internal storage capacity).
Additionally, a regularity feature can further constrain the type of assignment for a feature, by

either determining its type(s) or determining a set of allowed typgsare24 presents the ML2

synt ax for decl aring regul arity features, i n
specification of the regularity type is optional in order to support the declardti@mywaarity

features whose relation to the regulated feature isqwared byany ofthe foreseen types.

Feature := Reference | Attribute | RegularityReference | RegularityAttribute
RegularityReference = regularity Reference RegularityType? Feature
RegularityAttribute = regularity Attribute RegularityType?  Feature
RegularityType := determinesValue | determinesMinValue | determinesMaxValue

| determines Allowed Values | determinesType | determines Allowed Types

Figure 241 Regularity features syntax
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In  Figure 25 we present an example in which the regularity reference

ficompatibleProcessorModed f A Cel | phone Mod el dinsthiedPeocessdrn e s

he

for instances of ACel | phon ddmpatiBléProcessorModeg? h o ne 50

instances of Al Phone50 can only have processor.

fiJonysl Phoneo, wi t h f PNoe ¢hats ik ther iGsthntiated regutartyl | e d
featureadds enough information about the domain, specifying values on the affected entities

becomes unnecessary. For example, there isegol toa s si gn t he val ue

AfJonysl Phoneosthmewacaewsseofaldl Plhnmne50 have

present, they musespect the assignment of the associated regularity fed@hisas part of the

syrtactic constraints of the language, and are thus verified by the editor.

fii nst anc es BstanemsSacenSze ®J\Wheh ssignments of regulated featusas

order 2 class CellphoneModel categorizes Cellphone {
regularity instancesScreenSize  : Number determinesValue screenSize
regularity ref compatibleProcessorModel : ProcessorModel

determinesType installedProcessor

b

class Cellphone {
screenSize : Number
ref installedProcessor . Processor

h

class IPhone5 : CellphoneModel specializes  Cellphone {
instancesScreenSize = 4

ref compatibleProcessorModel = A6

order 2 class ProcessorModel categorizes Processor ;
class Processor ;

class A6 : ProcessorModel specializes  Processor ;

individual Processor0 1 : AG;
individual JonysIPhone : IPhone5 {
screenSize = 4

ref installedProcessor = Processor 01

Figure 251 An example of regularity features

Table7 summarizes how ML2 deals with themainingrequirements for a multevel modeling

languageMoreover,Figure26 presents the complete metamodel of the ML2 language.
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Table 71 Sumnary of multilevel modeling requirements and fulfillment strategies.

Requirement Strategy

Definition of appropriatelanguage constructso capture clas|

R61 represents features and feature assignments h :
features and entity assignments

Usage ofregularity featuresto specify features that have effe

R71 relates features of entities in different levels h o
over features of instantiating classes.

Unrestricted applicatiorusage of references according to tl

R8- domain relations between entities in various levels orders

Figure 261 Complde ML2 metamodel

4.4 Syntactic Constraints

In addition to their impact on the metamodel and grammldf, the definitionsand theorems

of MLT* inspire the specification ofsemanticallymotivated syntactic constraints These
constraints rules out a number of possible models inconsistent accordingdtethacaheory,

for example, in terms of relation cycles, symmetry or transitivity. A summary of these rules,

along withthe types of entities they apply to, is presel inTable8.
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