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INTRODUCTION TO ONTOLOGIES



WHAT IS AN ONTOLOGY?

An ontology is a formal specification of the knowledge of a
particular domain, making it amenable to machine processing

Such a specification consists of:
∙ terminology (or vocabulary) of the domain
∙ semantic relationships between terms

∙ relations of specificity or generality, equivalence, disjointness, ...

For example, in the university domain:
∙ terms: student, PhD student, professor, course, teaches,
takes, supervises

∙ relationships between terms:
∙ every PhD student is a student
∙ cannot be both student and professor
∙ every course is taught by some professor
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WHY USE ONTOLOGIES?

To standardize the terminology of an application domain
∙ meaning of terms is constrained, so less misunderstandings
∙ by adopting a common vocabulary, easy to share information

To present an intuitive and unified view of data
∙ ontology can be used to enrich the data vocabulary, making it
easier for users to formulate their queries

∙ especially useful when integrating multiple data sources

To support automated reasoning
∙ uncover errors in modelling (debugging)
∙ exploit knowledge in the ontology during query answering, to get
back a more complete set of answers to queries
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APPLICATIONS OF ONTOLOGIES: MEDICINE

General medical ontologies: SNOMED CT, GALEN
Specialized ontologies: FMA (anatomy), NCI (cancer), ...

Querying & exchanging medical records (find patients for medical trials)

Supports analysis of health data for medical research
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ZOOM ON: SNOMED CT

Large-scale comprehensive medical ontology
∙ more than 350,000 terms on all aspects of clinical healthcare:

∙ symptoms, diagnosis, medical procedures, body structures, organisms,
substances, pharmaceutical products, etc.

Widely adopted standard for healthcare terminology
∙ in use in > 80 countries (including U.S., Canada, UK)
∙ utilized in health IT (e.g. IBM Watson Health, Babylon Health)
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APPLICATIONS OF ONTOLOGIES: LIFE SCIENCES

Hundreds of ontologies at BioPortal (http://bioportal.bioontology.org/):
Gene Ontology (GO), Cell Ontology, Pathway Ontology, Plant Anatomy, ...

Help scientists share, query, & visualize experimental data
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ZOOM ON: GENE ONTOLOGY

Aim: rigorous shared vocabulary to describe the roles of genes
across different organisms
Annotations: evidence-based statements relating specific gene
product to specific ontology terms

Biological
process

Cellular
components

Molecular
function

pigmentation

signal transduction

synapse

Very successful endeavour:
∙ > 100K published scientific articles with keyword “Gene Ontology”
∙ > 700K experimentally-supported annotations
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APPLICATIONS OF OMQA: ENTREPRISE INFORMATION SYSTEMS

Companies and organizations have lots of data
∙ need easy and flexible access to support decision-making
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ZOOM ON: STATOIL USECASE

Goal: aid geologists in gathering information for analysis

Difficulties:
∙ relevant data stored across > 3000 database tables

∙ geologist question = complex query (thousands of terms, 50-200 joins)
∙ must ask IT staff, may take several days to get answer

Solution:
∙ ontology provides familiar vocabulary for query formulation
∙ mappings link database tables to ontology terms
∙ use reasoning to automatically transform ontology query into
executable database query
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ONTOLOGY LANGUAGES

Which languages can we use to specify an ontology?

Natural language?
∙ imprecise, ambiguous, not machine-interpretable

Formal logic? (long studied in math, CS, philosophy)
∙ first-order logic (FOL)

∙ expressive, well understood, BUT reasoning undecidable
∙ ‘nice’ fragments of FOL (description logics, existential rules)

∙ expressivity vs computational complexity tradeoff

Standardized languages for the Web (OWL, RDFS)
∙ closely related and based upon logic
∙ geared to broader public, offer various formats
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DESCRIPTION LOGICS



DESCRIPTION LOGICS

Description logics (DLs) are:
∙ family of knowledge representation languages
∙ popular means for specifying ontologies
∙ range from fairly simple to highly expressive

Formally: correspond to decidable fragments of first-order logic
∙ inherit well-defined semantics
∙ convenient variable-free syntax
∙ modelling via unary and binary relations

Computational properties well understood (decidability, complexity)

Many implemented reasoners and tools available for use
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BASIC BUILDING BLOCKS

Concept names
∙ correspond to sets of entities
∙ unary predicates in logic

Parent Scientist FrenchPastry CapitalCity Whale

Role names
∙ relate two entities (binary relation)
∙ binary predicates in logic

childOf teaches ingredientOf locatedIn hasHabitat

Individual names
∙ denote particular entities (constants in logic)

kim csc415 univBordeaux tramStopPeixotto panda35
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CONSTRUCTORS TO BUILD COMPLEX DESCRIPTIONS

Combine concepts/classes and roles/properties using constructors
to build complex descriptions

Example: courses taught by Meghyn which are attended by at least
two students not from computer science and only by Master’s or Phd
students

Course ⊓ ∃taughtBy.{meghyn}⊓ ≥ 2attendedBy.(¬CompSciStudent)

∀attendedBy.(MasterStudent ⊔ PhDStudent)

Next slides: introduce some of the most common constructors
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CONJUNCTION

Notation: C ⊓ D (C,D potentially complex concepts)

Meaning: class of entities that belong to both C and D

Female scientist
Female ⊓ Scientist

Spicy vegetarian dish

Spicy ⊓ VegetarianDish
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DISJUNCTION

Notation: C ⊔ D

Meaning: class of entities that belong to either C or D (possibly both)

Cat or dog
Cat ⊔ Dog

Cake or cookie or muffin

Cake ⊔ (Cookie ⊔ Muffin)
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NEGATION

Notation: ¬C

Meaning: class of entities that are not in C

Anything/anyone who is not a parent

¬ Parent

Person who is not a parent

Person ⊓ (¬ Parent)
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EXISTENTIAL RESTRICTIONS

Notation: ∃r.C (r possibly complex role, C possibly complex concept)

Meaning: class of entities that are related by r to an entity in C

Those who teach a doctoral course offered by a French university

∃teaches.(DoctoralCourse ⊓∃ offeredBy.FrenchUniv)

Those who teach (something)

∃teaches.⊤

Here ⊤ designates the set of all things
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UNIVERSAL RESTRICTIONS

Notation: ∀r.C (r possibly complex role, C possibly complex concept)

Meaning: class of entities that are only related by r to entities from C

Those who teach only doctoral courses

∀teaches.DoctoralCourse

Question: Do they necessarily teach something?
NO: those who don’t teach trivially belong to the class
If we only want to include those who teach, need to specify this:

(∀teaches.DoctoralCourse) ⊓ (∃teaches.⊤)
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NUMBER RESTRICTIONS

Notation: ≥ kr.C, ≤ kr.C (r role, C concept, k non-negative integer)

Meaning: class of entities that are connected via r to at least / at
most k elements of C
Those having at least 3 adult children

≥ 3hasChild.Adult

Things that have at most 5 ingredients

≤5 hasIngredient.⊤
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NOMINALS

Notation: {a} (a an individual name)

Meaning: class consisting solely of a

Canada, USA, or Mexico

{canada} ⊔ {usa} ⊔ {mexico}

Courses taught by Meghyn

Course ⊓ ∃taughtBy.{meghyn}
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EXPRESSING KNOWLEDGE

So far we’ve seen how to describe classes and binary relationships

We can now use them to express different kinds of knowledge

Common to distinguish between two kinds of knowledge:
∙ general domain knowledge TBox (ontology)

∙ finite set of axioms (details on next slides)

∙ factual knowledge about particular individuals ABox (data)
∙ finite set of assertions C(a), r(a, b) (C concept, r role, a, b inds)

DL knowledge base (KB) = TBox (ontology) + ABox (data)
Note: usage varies, word ”ontology” is sometimes used for whole KB
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AXIOMS ABOUT CONCEPTS

Suppose C,D are (possibly complex) concepts

(General) concept inclusion: C ⊑ D

∙ every member of C is also a member of D (all Cs are Ds)

Concept equivalence: C ≡ D

∙ C and D describe precisely the same sets

∙ abbreviation for C ⊑ D and D ⊑ C
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EXAMPLES OF CONCEPT AXIOMS

Professors and lecturers are disjoint classes of faculty

Prof ⊑ Faculty Lect ⊑ Faculty Prof ⊑ ¬Lect

Every course is either an undergrad or grad course

Course ≡ UCourse ⊔ GCourse

The relation takesCourse connects students to courses

∃takesCourse.⊤ ⊑ Student ∃takesCourse−.⊤ ⊑ Course

Note: speak of domain (1st position) / range (2nd position) of roles
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MORE EXAMPLES OF CONCEPT AXIOMS

Every student takes at least 2 and at most 5 courses

Student ⊑ ≥ 2takesCourse.⊤⊓ ≤ 5takesCourse.⊤

Every grad student is supervised by some faculty member

GStudent ⊑ ∃supervisedBy.Faculty

Students who only take grad-level courses are grad students

Student ⊓ ∀takesCourse.GCourse ⊑ GStudent
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AXIOMS ABOUT ROLES

Axioms giving relationship between r and s
∙ r is contained in s (every pair in r also belongs to s)

r ⊑ s (role inclusion)

∙ r and s are disjoint (no pairs in common)

r ⊑ ¬s

∙ r corresponds to the inverse of s

r ≡ s−
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EXAMPLES OF ROLE AXIOMS

ParentOf and ChildOf are the inverses of one another

parentOf ≡ childOf−

The relation parentOf is included in ancestorOf

parentOf ⊑ ancestorOf

The friendOf and enemyOf relations are disjoint

friendOf ⊑ ¬enemyOf
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MORE AXIOMS ABOUT ROLES / PROPERTIES

Can also state that r is:

∙ transitive: if r(x, y) and r(y, z), then r(x, z)

∙ functional: if r(x, y) and r(x, z), then y = z

∙ symmetric: if r(x, y), then r(y, x)

∙ reflexive: r(x, x) (for any x)

∙ also: inverse functional, asymmetric, irreflexive
For example:

funct(hasBirthplace) trans(locatedIn)
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DEFINING A PARTICULAR DL

Lots of DLs: differ on which constructors and axioms allowed

For example, the prototypical expressive DL ALC is defined by:

∙ concept constructors: ⊥,⊤,¬,⊔,⊓, ∃r.C, ∀r.C

∙ no role constructors
∙ only concept inclusions as axioms

The lightweight DL EL is a fragment of ALC:

∙ concept constructors restricted to: ⊤,⊓, ∃r.C

The highly expressive DL SHIQ is defined by:

∙ all ALC concept constructors, plus: ≥ n r.C,≤ n r.C

∙ inverse roles (r−)
∙ concept inclusions, role inclusions, and transitivity axioms

27
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SEMANTICS: THE MEANING OF THINGS

Syntax tells us what are legal expressions in a language

So far we have introduced
∙ the syntax of DL concepts, roles, axioms, assertions

However, we need semantics to give the symbols meaning:
∙ do two concept expressions designate the same set?

∙ does a given axiom logically follow from a set of axioms?

∙ does our knowledge base contain contradictory information?

DL semantics: based upon interpretations (like first-order logic, FOL)

28



SEMANTICS: THE MEANING OF THINGS

Syntax tells us what are legal expressions in a language

So far we have introduced
∙ the syntax of DL concepts, roles, axioms, assertions

However, we need semantics to give the symbols meaning:
∙ do two concept expressions designate the same set?

∙ does a given axiom logically follow from a set of axioms?

∙ does our knowledge base contain contradictory information?

DL semantics: based upon interpretations (like first-order logic, FOL)

28



INTERPRETATIONS

Interpretation I takes the form of a pair (∆I , ·I)

∙ ∆I is a non-empty set
∙ (called the interpretation domain or universe)

∙ ·I is a function which maps
∙ individual name a 7→ an element of the universe aI ∈ ∆I

∙ concept name A 7→ unary relation AI ⊆ ∆I

∙ role name r 7→ binary relation rI ⊆ ∆I ×∆I

Each interpretation describes a particular state-of-affairs
Can think of interpretations as possible worlds
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EXAMPLE INTERPRETATION

Interpretation I = (∆I , ·I) where
∆I = {e1, e2, . . . , e15} ProfessorI = {e8, . . . , e15}

StudentI = {e1, . . . , e7} AthleteI = {e6, e7, e8}
MusicianI = {e4, e5, e6, e8, e10, e13} mariaI = e10

supervisesI = {(e5, e2), (e8, e7), (e10, e4), (e10, e6), peterI = e6
(e9, e3), (e9, e4), (e12, e15)}

�I = PersonI

MaleI FemaleI

TeacherI

ParentI

mariaI

peterI
e1<latexit sha1_base64="qUh62nzvvDUALrNRLk/Sh6lyFaA=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspDcZMju7zMwKIeQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7gkRwbVz328msrK6tb2Q3c1vbO7t7+f1CXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASDy4nfuEeleSzvzDBBP6I9yUPOqLHSLXa8Tr7oltwpyDLx5qRYyX5+FK7ej6qd/Fe7G7M0QmmYoFq3PDcx/ogqw5nAca6dakwoG9AetiyVNELtj6anjsmxVbokjJUtachU/T0xopHWwyiwnRE1fb3oTcT/vFZqwgt/xGWSGpRstihMBTExmfxNulwhM2JoCWWK21sJ61NFmbHp5GwI3uLLy6ReLnmnpfKNTeMMZsjCIRzBCXhwDhW4hirUgEEPHuAJnh3hPDovzuusNePMZw7gD5y3H91ikG4=</latexit>

e2<latexit sha1_base64="XZLlptW02Ly7VvnC44pveP108VY=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7glhwbVz328msrK6tb2Q3c1vbO7t7+f1CXUeJYlhjkYhUM6AaBZdYM9wIbMYKaRgIbATDy4nfuEeleSTvzChGP6R9yXucUWOlW+yUO/miW3KnIMvEm5NiJfv5Ubh6P6p28l/tbsSSEKVhgmrd8tzY+ClVhjOB41w70RhTNqR9bFkqaYjaT6enjsmxVbqkFylb0pCp+nsipaHWozCwnSE1A73oTcT/vFZiehd+ymWcGJRstqiXCGIiMvmbdLlCZsTIEsoUt7cSNqCKMmPTydkQvMWXl0m9XPJOS+Ubm8YZzJCFQziCE/DgHCpwDVWoAYM+PMATPDvCeXRenNdZa8aZzxzAHzhvP97mkG8=</latexit>

e3
<latexit sha1_base64="aV1dvuS6H2G3EizRcqxn/gN39rA=">AAAB6nicbVDJSgNBEK2JW4xbjEcvTYLgKcwkgh4DevAY0SyQDKGnU5M06Vno7hHCkE/w4kERr+Jf+AeevPk3dpaDJj4oeLxXRVU9LxZcadv+tjJr6xubW9nt3M7u3v5B/rDQVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzR5dRv3aNUPArv9DhGN6CDkPucUW2kW+xVe/mSXbZnIKvEWZBSLfv5Ubh6L9Z7+a9uP2JJgKFmgirVcexYuymVmjOBk1w3URhTNqID7Bga0gCVm85OnZATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rZm4r/eZ1E+xduysM40Riy+SI/EURHZPo36XOJTIuxIZRJbm4lbEglZdqkkzMhOMsvr5JmpexUy5Ubk8YZzJGFYyjCKThwDjW4hjo0gMEAHuAJni1hPVov1uu8NWMtZo7gD6y3H+BqkHA=</latexit>

e4<latexit sha1_base64="IloledBPiGk0KtE3aa6zq9rimRI=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbA3oM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRRhTmycAxFOAUXzqEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPh7pBx</latexit>

e5
<latexit sha1_base64="cC5GhoS/bSTdCk9w7xn2I3ctWMM=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbFT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7QfjcpBy</latexit>

e6
<latexit sha1_base64="GljVjQlGOTze3Ig8w32EqxLHd5E=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbRT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7Qfk9pBz</latexit>

e7
<latexit sha1_base64="OFQ8Ylb1DFi6nVpbOwotgNc4gok=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbhXgM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRxDnNk4RiKcAouVKEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPmepB0</latexit>

e8
<latexit sha1_base64="DMxuN6uMJSFb66QwPCLuVQ2cUTk=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBXMM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOqh6KRNxolHQ+aIg4baO7Onfdp9JpJqPDSFUMnOrTYdEEqpNOjkTgrv88ippVsruWblyY9I4hzmycAxFOAUXLqAG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPn/pB1</latexit>

e9
<latexit sha1_base64="TQOzFe9UiWnQiUECiIghkPtDPOQ=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBfUW0IPHiOYByRJmJ73JkNnZZWZWCEs+wYsHRbyKf+EfePLm3zh5HDSxoKGo6qa7y485U9pxvq3Myura+kZ2M7e1vbO7l98vNFSUSIp1GvFItnyikDOBdc00x1YskYQ+x6Y/vJz4zXuUikXiTo9i9ELSFyxglGgj3WL3opsvOWVnCnuZuHNSqmY/PwpX78VaN//V6UU0CVFoyolSbdeJtZcSqRnlOM51EoUxoUPSx7ahgoSovHR66tg+MkrPDiJpSmh7qv6eSEmo1Cj0TWdI9EAtehPxP6+d6ODcS5mIE42CzhYFCbd1ZE/+tntMItV8ZAihkplbbTogklBt0smZENzFl5dJo1J2T8qVG5PGKcyQhUMowjG4cAZVuIYa1IFCHx7gCZ4tbj1aL9brrDVjzWcO4A+stx/pgpB2</latexit>

e10
<latexit sha1_base64="cYPNH1G5yFGTIwttB8TenoRAI6M=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+N+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfETyRtA==</latexit>

e11<latexit sha1_base64="FjDtsTai95YwouXfa4BX+rtx3J0=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+P+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfEsGRtQ==</latexit>

e12<latexit sha1_base64="22d5/xbtc54AJKKQ2Lfxe1v4lmM=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17KZ+edzNFb2SN4W7TPw5KVYynx/5q7dCtZv7avckTSIUhnKidcv3YtNJiTKMchxn24nGmNAh6WPLUkEi1J10eu3YPbZKzw2lsiWMO1V/T6Qk0noUBbYzImagF72J+J/XSkx40UmZiBODgs4WhQl3jXQnr7s9ppAaPrKEUMXsrS4dEEWosQFlbQj+4svLpF4u+ael8o1N4wxmyMARFOAEfDiHClxDFWpA4Q4e4AmeHek8Oi/O66x1xZnPHMIfOO8/FEaRtg==</latexit>

e13
<latexit sha1_base64="uoOOMedzdjeG23fGSYoT7aj8VqQ=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7CbCHoM6MFjBPOAZAmzk9lkzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywupz6rXuqNJPi1oxj6kd4IFjICDZWatJe6lUnvXzJLbszoFXiLUiplv38KFy9Feu9/Fe3L0kSUWEIx1p3PDc2foqVYYTTSa6baBpjMsID2rFU4IhqP51dO0EnVumjUCpbwqCZ+nsixZHW4yiwnRE2Q73sTcX/vE5iwgs/ZSJODBVkvihMODISTV9HfaYoMXxsCSaK2VsRGWKFibEB5WwI3vLLq6RZKXvVcuXGpnEGc2ThGIpwCh6cQw2uoQ4NIHAHD/AEz450Hp0X53XemnEWM0fwB877DxXLkbc=</latexit>

e14<latexit sha1_base64="3MZqK67bGNvihXf6prdR107Q+So=">AAAB7XicbVDLSgNBEJyNrxhfMR69DAmCp7AbA3oM6MFjBPOAZAmzk95kzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJotCgkkvVDogGzgQ0DDMc2rECEgUcWsHocuq37kFpJsWtGcfgR2QgWMgoMVZqQi/1qpNevuSW3RnwKvEWpFTLfn4Urt6K9V7+q9uXNIlAGMqJ1h3PjY2fEmUY5TDJdRMNMaEjMoCOpYJEoP10du0En1ilj0OpbAmDZ+rviZREWo+jwHZGxAz1sjcV//M6iQkv/JSJODEg6HxRmHBsJJ6+jvtMATV8bAmhitlbMR0SRaixAeVsCN7yy6ukWSl7Z+XKjU2jiubIomNURKfIQ+eohq5RHTUQRXfoAT2hZ0c6j86L8zpvzTiLmSP0B877DxdQkbg=</latexit>

e15
<latexit sha1_base64="dHq4Sh6K4Edw54sHrbVWxXCtmmc=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7AbFT0G9OAxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEY/6Ff6BJ2/+jZPHQRMLGoqqbrq7gpgzbVz328msrK6tb2Q3c1vbO7t7+f1CQ8tEEVonkkvVCrCmnAlaN8xw2ooVxVHAaTMYXk785j1Vmklxa0Yx9SPcFyxkBBsrNWg39c7G3XzJLbtToGXizUmpmv38KFy9FWvd/FenJ0kSUWEIx1q3PTc2foqVYYTTca6TaBpjMsR92rZU4IhqP51eO0ZHVumhUCpbwqCp+nsixZHWoyiwnRE2A73oTcT/vHZiwgs/ZSJODBVktihMODISTV5HPaYoMXxkCSaK2VsRGWCFibEB5WwI3uLLy6RRKXsn5cqNTeMUZsjCIRThGDw4hypcQw3qQOAOHuAJnh3pPDovzuusNePMZw7gD5z3HxjVkbk=</latexit>

�I
<latexit sha1_base64="8lbdnIWZH702dvD9mJ2fkSc5MNc=">AAAB/nicbVDLSsNAFJ3UV42vqLhyM1gEVyWpC92IRV3oroJ9QBPLZDpph04mYWYilBDwV0RwoYhb/8C9G/FvnLRdaOuBgcM593LPHD9mVCrb/jYKc/MLi0vFZXNldW19w9rcasgoEZjUccQi0fKRJIxyUldUMdKKBUGhz0jTH5znfvOOCEkjfqOGMfFC1OM0oBgpLXWsHfeCMIVuUzdEqo8RS6+yDHaskl22R4CzxJmQ0umHeRI/fpm1jvXpdiOchIQrzJCUbceOlZcioShmJDPdRJIY4QHqkbamHIVEeukofgb3tdKFQST04wqO1N8bKQqlHIa+nsxDymkvF//z2okKjr2U8jhRhOPxoSBhUEUw7wJ2qSBYsaEmCAuqs0LcRwJhpRszdQnO9JdnSaNSdg7LlWu7VD0DYxTBLtgDB8ABR6AKLkEN1AEGKXgAz+DFuDeejFfjbTxaMCY72+APjPcfrWuY8Q==</latexit>

ProfessorI
<latexit sha1_base64="oX8TkZGisFU0CoheUIhsD6MHbf0=">AAACAHicbVC7SgNBFJ31GeNr1cJCkcEgWIXdWGgZtNEuAfOAZA2zk9lkyOzMMjMrhGUbwS+xsVDELvgZdn6DP+FskkITD1w4nHMv997jR4wq7Thf1sLi0vLKam4tv76xubVt7+zWlYglJjUsmJBNHynCKCc1TTUjzUgSFPqMNPzBVeY37olUVPBbPYyIF6IepwHFSBupY+9XpAiIUkLeJe0Q6T5GLLlJ045dcIrOGHCeuFNSKB+Oqt+PR6NKx/5sdwWOQ8I1ZkiplutE2kuQ1BQzkubbsSIRwgPUIy1DOQqJ8pLxAyk8MUoXBkKa4hqO1d8TCQqVGoa+6cxuVLNeJv7ntWIdXHgJ5VGsCceTRUHMoBYwSwN2qSRYs6EhCEtqboW4jyTC2mSWNyG4sy/Pk3qp6J4VS1WTxiWYIAcOwDE4BS44B2VwDSqgBjBIwRN4Aa/Wg/VsvVnvk9YFazqzB/7A+vgBrDGazA==</latexit>

ProfessorI
<latexit sha1_base64="IsCesicTRRSYecb3fe4F4+sDJN8=">AAACCXicbVDLSgMxFM34rPU16lKRYBFclZm60GXRje5asA9oa8mkd9rQzGRIMmIZZqkbf8WNC6W49Q/c+Q3+hOljoa0HAodz7iH3Hi/iTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6pELClUqOBC1j2igLMQKpppDvVIAgk8DjWvfznya3cgFRPhjR5E0ApIN2Q+o0QbqW3jpoZ7k0tKUviglJDpbdIMiO5RwpPrNG3bOSfvjIHniTslueLBsPz9cDgste3PZkfQOIBQU06UarhOpFsJkZpRDmm2GSuICO2TLjQMDUkAqpWML0nxsVE62BfSvFDjsfo7kZBAqUHgmcnRjmrWG4n/eY1Y++ethIVRrCGkk4/8mGMt8KgW3GESqOYDQwiVzOyKaY9IQrUpL2tKcGdPnifVQt49zRfKpo0LNEEG7aMjdIJcdIaK6AqVUAVR9Iie0St6s56sF2tovU9GF6xpZg/9gfXxA2YYnxw=</latexit>

StudentI
<latexit sha1_base64="OuJKMyV78vN+sO9kGmggjdt1zJs=">AAACB3icbVC7SgNBFJ2Nr7i+Vi0FGQyCVdiNhTZi0Ea7iOYBSQyzk0kyZPbBzF0xLNvZ+B12NhaK2FrZ24h/42ySQhMPDBzOvefOvccNBVdg299GZmZ2bn4hu2guLa+srlnrGxUVRJKyMg1EIGsuUUxwn5WBg2C1UDLiuYJV3f5pWq/eMKl44F/BIGRNj3R93uGUgJZa1nYD2K32xZcQtZkPyXXc8Aj0KBHxeZK0rJydt4fA08QZk9zxh3kUPnyZpZb12WgHNPL0KCqIUnXHDqEZEwmcCpaYjUixkNA+6bK6pj7xmGrGwzsSvKuVNu4EUj8f8FD97YiJp9TAc3VnuqOarKXif7V6BJ3DZsz9MALm09FHnUhgCHAaCm5zySiIgSaESq53xbRHJKGgozN1CM7kydOkUsg7+/nChZ0rnqARsmgL7aA95KADVERnqITKiKI79Iie0YtxbzwZr8bbqDVjjD2b6A+M9x8mxZ3C</latexit>

MusicianI
<latexit sha1_base64="OnnGiXEjqTnLiwd/CGuVyP5Zd2A=">AAACCHicbVA7T8MwGHTKq4RXgJEBiwqJqUrKAAuiggUGpCLRh9SGynGd1qrjRLaDqKKMLPwNRhYGEGJlYWdB/BuctgO0nGTpdPed/H3nRYxKZdvfRm5mdm5+Ib9oLi2vrK5Z6xs1GcYCkyoOWSgaHpKEUU6qiipGGpEgKPAYqXv908yv3xAhaciv1CAiboC6nPoUI6WltrXdUuRW55KLWFJMEU+vk1aAVA8jlpynadsq2EV7CDhNnDEpHH+YR9HDl1lpW5+tTojjgHCFGZKy6diRchMkFMWMpGYrliRCuI+6pKkpRwGRbjI8JIW7WulAPxT6cQWH6u9EggIpB4GnJ7Md5aSXif95zVj5h25CeRQrwvHoIz9mUIUwawV2qCBYsYEmCAuqd4W4hwTCSndn6hKcyZOnSa1UdPaLpUu7UD4BI+TBFtgBe8ABB6AMzkAFVAEGd+ARPIMX4954Ml6Nt9FozhhnNsEfGO8/0zueHg==</latexit>

AthleteI
<latexit sha1_base64="tWaT7oB4/3r3Q7m2TkhZmVsohNI=">AAACB3icbVC7SgNBFJ2Nr7i+opaCLAbBKuzGQhsxaqNdBPOAJIbZyU0yZPbBzF0xLNvZ+B12NhaK2FrZ24h/4+RRaOKBgcM59zD3HjcUXKFtfxupmdm5+YX0orm0vLK6llnfKKsgkgxKLBCBrLpUgeA+lJCjgGoogXqugIrbOxv4lRuQigf+FfZDaHi04/M2ZxS11Mxs1xFudS4+wa4AhOQ6rnsUu4yK+CJJmpmsnbOHsKaJMybZ4w/zKHz4MovNzGe9FbDIAx+ZoErVHDvERkwlciYgMeuRgpCyHu1ATVOfeqAa8fCOxNrVSstqB1I/H62h+jsRU0+pvufqycGOatIbiP95tQjbh42Y+2GE4LPRR+1IWBhYg1KsFpfAUPQ1oUxyvavFulRShro6U5fgTJ48Tcr5nLOfy1/a2cIpGSFNtsgO2SMOOSAFck6KpEQYuSOP5Jm8GPfGk/FqvI1GU8Y4s0n+wHj/AfPUnaI=</latexit>

represents supervises
<latexit sha1_base64="fvfMDxBeh7sL9dekpGi8NHlV+0E=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUrKAGMFC2OR6ENqo8pxb1qrdmLZTqUq6sLCr7AwgBAr/8DG3+C2GaDlSJaOzjnX9j2h5Ewbz/t2CmvrG5tbxe3Szu7e/oF7eNTUSaooNGjCE9UOiQbOYmgYZji0pQIiQg6tcHQ781tjUJol8YOZSAgEGcQsYpQYK/XcUwU2ryE2GndByGGmUwlqzDToac8texVvDrxK/JyUUY56z/3q9hOaCnsd5UTrju9JE2REGUY5TEvdVIMkdEQG0LE0JgJ0kM23mOJzq/RxlCh7YoPn6u+JjAitJyK0SUHMUC97M/E/r5Oa6DrIWCxTAzFdPBSlHJsEzyrBfaaAGj6xhFDF7F8xHRJFqLHFlWwJ/vLKq6RZrfiXlep9tVy7yesoohN0hi6Qj65QDd2hOmogih7RM3pFb86T8+K8Ox+LaMHJZ47RHzifPwCWmYc=</latexit>
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EXAMPLE INTERPRETATION

Interpretation I = (∆I , ·I) where
∆I = {e1, e2, . . . , e15} ProfessorI = {e8, . . . , e15}

StudentI = {e1, . . . , e7} AthleteI = {e6, e7, e8}
MusicianI = {e4, e5, e6, e8, e10, e13} mariaI = e10

supervisesI = {(e5, e2), (e8, e7), (e10, e4), (e10, e6), peterI = e6
(e9, e3), (e9, e4), (e12, e15)}

�I = PersonI

MaleI FemaleI

TeacherI

ParentI

mariaI

peterI
e1<latexit sha1_base64="qUh62nzvvDUALrNRLk/Sh6lyFaA=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspDcZMju7zMwKIeQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7gkRwbVz328msrK6tb2Q3c1vbO7t7+f1CXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASDy4nfuEeleSzvzDBBP6I9yUPOqLHSLXa8Tr7oltwpyDLx5qRYyX5+FK7ej6qd/Fe7G7M0QmmYoFq3PDcx/ogqw5nAca6dakwoG9AetiyVNELtj6anjsmxVbokjJUtachU/T0xopHWwyiwnRE1fb3oTcT/vFZqwgt/xGWSGpRstihMBTExmfxNulwhM2JoCWWK21sJ61NFmbHp5GwI3uLLy6ReLnmnpfKNTeMMZsjCIRzBCXhwDhW4hirUgEEPHuAJnh3hPDovzuusNePMZw7gD5y3H91ikG4=</latexit>

e2<latexit sha1_base64="XZLlptW02Ly7VvnC44pveP108VY=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7glhwbVz328msrK6tb2Q3c1vbO7t7+f1CXUeJYlhjkYhUM6AaBZdYM9wIbMYKaRgIbATDy4nfuEeleSTvzChGP6R9yXucUWOlW+yUO/miW3KnIMvEm5NiJfv5Ubh6P6p28l/tbsSSEKVhgmrd8tzY+ClVhjOB41w70RhTNqR9bFkqaYjaT6enjsmxVbqkFylb0pCp+nsipaHWozCwnSE1A73oTcT/vFZiehd+ymWcGJRstqiXCGIiMvmbdLlCZsTIEsoUt7cSNqCKMmPTydkQvMWXl0m9XPJOS+Ubm8YZzJCFQziCE/DgHCpwDVWoAYM+PMATPDvCeXRenNdZa8aZzxzAHzhvP97mkG8=</latexit>

e3
<latexit sha1_base64="aV1dvuS6H2G3EizRcqxn/gN39rA=">AAAB6nicbVDJSgNBEK2JW4xbjEcvTYLgKcwkgh4DevAY0SyQDKGnU5M06Vno7hHCkE/w4kERr+Jf+AeevPk3dpaDJj4oeLxXRVU9LxZcadv+tjJr6xubW9nt3M7u3v5B/rDQVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzR5dRv3aNUPArv9DhGN6CDkPucUW2kW+xVe/mSXbZnIKvEWZBSLfv5Ubh6L9Z7+a9uP2JJgKFmgirVcexYuymVmjOBk1w3URhTNqID7Bga0gCVm85OnZATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rZm4r/eZ1E+xduysM40Riy+SI/EURHZPo36XOJTIuxIZRJbm4lbEglZdqkkzMhOMsvr5JmpexUy5Ubk8YZzJGFYyjCKThwDjW4hjo0gMEAHuAJni1hPVov1uu8NWMtZo7gD6y3H+BqkHA=</latexit>

e4<latexit sha1_base64="IloledBPiGk0KtE3aa6zq9rimRI=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbA3oM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRRhTmycAxFOAUXzqEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPh7pBx</latexit>

e5
<latexit sha1_base64="cC5GhoS/bSTdCk9w7xn2I3ctWMM=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbFT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7QfjcpBy</latexit>

e6
<latexit sha1_base64="GljVjQlGOTze3Ig8w32EqxLHd5E=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbRT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7Qfk9pBz</latexit>

e7
<latexit sha1_base64="OFQ8Ylb1DFi6nVpbOwotgNc4gok=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbhXgM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRxDnNk4RiKcAouVKEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPmepB0</latexit>

e8
<latexit sha1_base64="DMxuN6uMJSFb66QwPCLuVQ2cUTk=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBXMM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOqh6KRNxolHQ+aIg4baO7Onfdp9JpJqPDSFUMnOrTYdEEqpNOjkTgrv88ippVsruWblyY9I4hzmycAxFOAUXLqAG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPn/pB1</latexit>

e9
<latexit sha1_base64="TQOzFe9UiWnQiUECiIghkPtDPOQ=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBfUW0IPHiOYByRJmJ73JkNnZZWZWCEs+wYsHRbyKf+EfePLm3zh5HDSxoKGo6qa7y485U9pxvq3Myura+kZ2M7e1vbO7l98vNFSUSIp1GvFItnyikDOBdc00x1YskYQ+x6Y/vJz4zXuUikXiTo9i9ELSFyxglGgj3WL3opsvOWVnCnuZuHNSqmY/PwpX78VaN//V6UU0CVFoyolSbdeJtZcSqRnlOM51EoUxoUPSx7ahgoSovHR66tg+MkrPDiJpSmh7qv6eSEmo1Cj0TWdI9EAtehPxP6+d6ODcS5mIE42CzhYFCbd1ZE/+tntMItV8ZAihkplbbTogklBt0smZENzFl5dJo1J2T8qVG5PGKcyQhUMowjG4cAZVuIYa1IFCHx7gCZ4tbj1aL9brrDVjzWcO4A+stx/pgpB2</latexit>

e10
<latexit sha1_base64="cYPNH1G5yFGTIwttB8TenoRAI6M=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+N+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfETyRtA==</latexit>

e11<latexit sha1_base64="FjDtsTai95YwouXfa4BX+rtx3J0=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+P+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfEsGRtQ==</latexit>

e12<latexit sha1_base64="22d5/xbtc54AJKKQ2Lfxe1v4lmM=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17KZ+edzNFb2SN4W7TPw5KVYynx/5q7dCtZv7avckTSIUhnKidcv3YtNJiTKMchxn24nGmNAh6WPLUkEi1J10eu3YPbZKzw2lsiWMO1V/T6Qk0noUBbYzImagF72J+J/XSkx40UmZiBODgs4WhQl3jXQnr7s9ppAaPrKEUMXsrS4dEEWosQFlbQj+4svLpF4u+ael8o1N4wxmyMARFOAEfDiHClxDFWpA4Q4e4AmeHek8Oi/O66x1xZnPHMIfOO8/FEaRtg==</latexit>

e13
<latexit sha1_base64="uoOOMedzdjeG23fGSYoT7aj8VqQ=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7CbCHoM6MFjBPOAZAmzk9lkzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywupz6rXuqNJPi1oxj6kd4IFjICDZWatJe6lUnvXzJLbszoFXiLUiplv38KFy9Feu9/Fe3L0kSUWEIx1p3PDc2foqVYYTTSa6baBpjMsID2rFU4IhqP51dO0EnVumjUCpbwqCZ+nsixZHW4yiwnRE2Q73sTcX/vE5iwgs/ZSJODBVkvihMODISTV9HfaYoMXxsCSaK2VsRGWKFibEB5WwI3vLLq6RZKXvVcuXGpnEGc2ThGIpwCh6cQw2uoQ4NIHAHD/AEz450Hp0X53XemnEWM0fwB877DxXLkbc=</latexit>

e14<latexit sha1_base64="3MZqK67bGNvihXf6prdR107Q+So=">AAAB7XicbVDLSgNBEJyNrxhfMR69DAmCp7AbA3oM6MFjBPOAZAmzk95kzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJotCgkkvVDogGzgQ0DDMc2rECEgUcWsHocuq37kFpJsWtGcfgR2QgWMgoMVZqQi/1qpNevuSW3RnwKvEWpFTLfn4Urt6K9V7+q9uXNIlAGMqJ1h3PjY2fEmUY5TDJdRMNMaEjMoCOpYJEoP10du0En1ilj0OpbAmDZ+rviZREWo+jwHZGxAz1sjcV//M6iQkv/JSJODEg6HxRmHBsJJ6+jvtMATV8bAmhitlbMR0SRaixAeVsCN7yy6ukWSl7Z+XKjU2jiubIomNURKfIQ+eohq5RHTUQRXfoAT2hZ0c6j86L8zpvzTiLmSP0B877DxdQkbg=</latexit>

e15
<latexit sha1_base64="dHq4Sh6K4Edw54sHrbVWxXCtmmc=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7AbFT0G9OAxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEY/6Ff6BJ2/+jZPHQRMLGoqqbrq7gpgzbVz328msrK6tb2Q3c1vbO7t7+f1CQ8tEEVonkkvVCrCmnAlaN8xw2ooVxVHAaTMYXk785j1Vmklxa0Yx9SPcFyxkBBsrNWg39c7G3XzJLbtToGXizUmpmv38KFy9FWvd/FenJ0kSUWEIx1q3PTc2foqVYYTTca6TaBpjMsR92rZU4IhqP51eO0ZHVumhUCpbwqCp+nsixZHWoyiwnRE2A73oTcT/vHZiwgs/ZSJODBVktihMODISTV5HPaYoMXxkCSaK2VsRGWCFibEB5WwI3uLLy6RRKXsn5cqNTeMUZsjCIRThGDw4hypcQw3qQOAOHuAJnh3pPDovzuusNePMZw7gD5z3HxjVkbk=</latexit>

�I
<latexit sha1_base64="8lbdnIWZH702dvD9mJ2fkSc5MNc=">AAAB/nicbVDLSsNAFJ3UV42vqLhyM1gEVyWpC92IRV3oroJ9QBPLZDpph04mYWYilBDwV0RwoYhb/8C9G/FvnLRdaOuBgcM593LPHD9mVCrb/jYKc/MLi0vFZXNldW19w9rcasgoEZjUccQi0fKRJIxyUldUMdKKBUGhz0jTH5znfvOOCEkjfqOGMfFC1OM0oBgpLXWsHfeCMIVuUzdEqo8RS6+yDHaskl22R4CzxJmQ0umHeRI/fpm1jvXpdiOchIQrzJCUbceOlZcioShmJDPdRJIY4QHqkbamHIVEeukofgb3tdKFQST04wqO1N8bKQqlHIa+nsxDymkvF//z2okKjr2U8jhRhOPxoSBhUEUw7wJ2qSBYsaEmCAuqs0LcRwJhpRszdQnO9JdnSaNSdg7LlWu7VD0DYxTBLtgDB8ABR6AKLkEN1AEGKXgAz+DFuDeejFfjbTxaMCY72+APjPcfrWuY8Q==</latexit>

ProfessorI
<latexit sha1_base64="oX8TkZGisFU0CoheUIhsD6MHbf0=">AAACAHicbVC7SgNBFJ31GeNr1cJCkcEgWIXdWGgZtNEuAfOAZA2zk9lkyOzMMjMrhGUbwS+xsVDELvgZdn6DP+FskkITD1w4nHMv997jR4wq7Thf1sLi0vLKam4tv76xubVt7+zWlYglJjUsmJBNHynCKCc1TTUjzUgSFPqMNPzBVeY37olUVPBbPYyIF6IepwHFSBupY+9XpAiIUkLeJe0Q6T5GLLlJ045dcIrOGHCeuFNSKB+Oqt+PR6NKx/5sdwWOQ8I1ZkiplutE2kuQ1BQzkubbsSIRwgPUIy1DOQqJ8pLxAyk8MUoXBkKa4hqO1d8TCQqVGoa+6cxuVLNeJv7ntWIdXHgJ5VGsCceTRUHMoBYwSwN2qSRYs6EhCEtqboW4jyTC2mSWNyG4sy/Pk3qp6J4VS1WTxiWYIAcOwDE4BS44B2VwDSqgBjBIwRN4Aa/Wg/VsvVnvk9YFazqzB/7A+vgBrDGazA==</latexit>

ProfessorI
<latexit sha1_base64="IsCesicTRRSYecb3fe4F4+sDJN8=">AAACCXicbVDLSgMxFM34rPU16lKRYBFclZm60GXRje5asA9oa8mkd9rQzGRIMmIZZqkbf8WNC6W49Q/c+Q3+hOljoa0HAodz7iH3Hi/iTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6pELClUqOBC1j2igLMQKpppDvVIAgk8DjWvfznya3cgFRPhjR5E0ApIN2Q+o0QbqW3jpoZ7k0tKUviglJDpbdIMiO5RwpPrNG3bOSfvjIHniTslueLBsPz9cDgste3PZkfQOIBQU06UarhOpFsJkZpRDmm2GSuICO2TLjQMDUkAqpWML0nxsVE62BfSvFDjsfo7kZBAqUHgmcnRjmrWG4n/eY1Y++ethIVRrCGkk4/8mGMt8KgW3GESqOYDQwiVzOyKaY9IQrUpL2tKcGdPnifVQt49zRfKpo0LNEEG7aMjdIJcdIaK6AqVUAVR9Iie0St6s56sF2tovU9GF6xpZg/9gfXxA2YYnxw=</latexit>

StudentI
<latexit sha1_base64="OuJKMyV78vN+sO9kGmggjdt1zJs=">AAACB3icbVC7SgNBFJ2Nr7i+Vi0FGQyCVdiNhTZi0Ea7iOYBSQyzk0kyZPbBzF0xLNvZ+B12NhaK2FrZ24h/42ySQhMPDBzOvefOvccNBVdg299GZmZ2bn4hu2guLa+srlnrGxUVRJKyMg1EIGsuUUxwn5WBg2C1UDLiuYJV3f5pWq/eMKl44F/BIGRNj3R93uGUgJZa1nYD2K32xZcQtZkPyXXc8Aj0KBHxeZK0rJydt4fA08QZk9zxh3kUPnyZpZb12WgHNPL0KCqIUnXHDqEZEwmcCpaYjUixkNA+6bK6pj7xmGrGwzsSvKuVNu4EUj8f8FD97YiJp9TAc3VnuqOarKXif7V6BJ3DZsz9MALm09FHnUhgCHAaCm5zySiIgSaESq53xbRHJKGgozN1CM7kydOkUsg7+/nChZ0rnqARsmgL7aA95KADVERnqITKiKI79Iie0YtxbzwZr8bbqDVjjD2b6A+M9x8mxZ3C</latexit>

MusicianI
<latexit sha1_base64="OnnGiXEjqTnLiwd/CGuVyP5Zd2A=">AAACCHicbVA7T8MwGHTKq4RXgJEBiwqJqUrKAAuiggUGpCLRh9SGynGd1qrjRLaDqKKMLPwNRhYGEGJlYWdB/BuctgO0nGTpdPed/H3nRYxKZdvfRm5mdm5+Ib9oLi2vrK5Z6xs1GcYCkyoOWSgaHpKEUU6qiipGGpEgKPAYqXv908yv3xAhaciv1CAiboC6nPoUI6WltrXdUuRW55KLWFJMEU+vk1aAVA8jlpynadsq2EV7CDhNnDEpHH+YR9HDl1lpW5+tTojjgHCFGZKy6diRchMkFMWMpGYrliRCuI+6pKkpRwGRbjI8JIW7WulAPxT6cQWH6u9EggIpB4GnJ7Md5aSXif95zVj5h25CeRQrwvHoIz9mUIUwawV2qCBYsYEmCAuqd4W4hwTCSndn6hKcyZOnSa1UdPaLpUu7UD4BI+TBFtgBe8ABB6AMzkAFVAEGd+ARPIMX4954Ml6Nt9FozhhnNsEfGO8/0zueHg==</latexit>

AthleteI
<latexit sha1_base64="tWaT7oB4/3r3Q7m2TkhZmVsohNI=">AAACB3icbVC7SgNBFJ2Nr7i+opaCLAbBKuzGQhsxaqNdBPOAJIbZyU0yZPbBzF0xLNvZ+B12NhaK2FrZ24h/4+RRaOKBgcM59zD3HjcUXKFtfxupmdm5+YX0orm0vLK6llnfKKsgkgxKLBCBrLpUgeA+lJCjgGoogXqugIrbOxv4lRuQigf+FfZDaHi04/M2ZxS11Mxs1xFudS4+wa4AhOQ6rnsUu4yK+CJJmpmsnbOHsKaJMybZ4w/zKHz4MovNzGe9FbDIAx+ZoErVHDvERkwlciYgMeuRgpCyHu1ATVOfeqAa8fCOxNrVSstqB1I/H62h+jsRU0+pvufqycGOatIbiP95tQjbh42Y+2GE4LPRR+1IWBhYg1KsFpfAUPQ1oUxyvavFulRShro6U5fgTJ48Tcr5nLOfy1/a2cIpGSFNtsgO2SMOOSAFck6KpEQYuSOP5Jm8GPfGk/FqvI1GU8Y4s0n+wHj/AfPUnaI=</latexit>

represents supervises
<latexit sha1_base64="fvfMDxBeh7sL9dekpGi8NHlV+0E=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUrKAGMFC2OR6ENqo8pxb1qrdmLZTqUq6sLCr7AwgBAr/8DG3+C2GaDlSJaOzjnX9j2h5Ewbz/t2CmvrG5tbxe3Szu7e/oF7eNTUSaooNGjCE9UOiQbOYmgYZji0pQIiQg6tcHQ781tjUJol8YOZSAgEGcQsYpQYK/XcUwU2ryE2GndByGGmUwlqzDToac8texVvDrxK/JyUUY56z/3q9hOaCnsd5UTrju9JE2REGUY5TEvdVIMkdEQG0LE0JgJ0kM23mOJzq/RxlCh7YoPn6u+JjAitJyK0SUHMUC97M/E/r5Oa6DrIWCxTAzFdPBSlHJsEzyrBfaaAGj6xhFDF7F8xHRJFqLHFlWwJ/vLKq6RZrfiXlep9tVy7yesoohN0hi6Qj65QDd2hOmogih7RM3pFb86T8+K8Ox+LaMHJZ47RHzifPwCWmYc=</latexit>
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SEMANTICS OF CONSTRUCTORS

We next extend the function ·I to complex concepts and roles, to
formalize the meaning of the constructors

∙ ⊤I = ∆I and ⊥I = ∅

∙ (C ⊓ D)I = CI ∩ DI

∙ (C ⊔ D)I = CI ∪ DI

∙ (¬C)I = ∆I \ CI

∙ (∃r.C)I = {u | exists v such that (u, v) ∈ rI and v ∈ CI}

∙ (∀r.C)I = {u | for every v such that (u, v) ∈ rI we have v ∈ CI}

∙ (≥ n r.C)I = {u | at least n v such that (u, v) ∈ rI and v ∈ CI}

∙ {a}I = {aI}

∙ r− = {(u, v) | (v,u) ∈ rI}
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∙ (≥ n r.C)I = {u | at least n v such that (u, v) ∈ rI and v ∈ CI}

∙ {a}I = {aI}

∙ r− = {(u, v) | (v,u) ∈ rI}
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EXAMPLE: SEMANTICS OF CONSTRUCTORS

Reconsider the interpretation I :�I = PersonI

MaleI FemaleI

TeacherI

ParentI

mariaI

peterI
e1<latexit sha1_base64="qUh62nzvvDUALrNRLk/Sh6lyFaA=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspDcZMju7zMwKIeQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7gkRwbVz328msrK6tb2Q3c1vbO7t7+f1CXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASDy4nfuEeleSzvzDBBP6I9yUPOqLHSLXa8Tr7oltwpyDLx5qRYyX5+FK7ej6qd/Fe7G7M0QmmYoFq3PDcx/ogqw5nAca6dakwoG9AetiyVNELtj6anjsmxVbokjJUtachU/T0xopHWwyiwnRE1fb3oTcT/vFZqwgt/xGWSGpRstihMBTExmfxNulwhM2JoCWWK21sJ61NFmbHp5GwI3uLLy6ReLnmnpfKNTeMMZsjCIRzBCXhwDhW4hirUgEEPHuAJnh3hPDovzuusNePMZw7gD5y3H91ikG4=</latexit>

e2<latexit sha1_base64="XZLlptW02Ly7VvnC44pveP108VY=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7glhwbVz328msrK6tb2Q3c1vbO7t7+f1CXUeJYlhjkYhUM6AaBZdYM9wIbMYKaRgIbATDy4nfuEeleSTvzChGP6R9yXucUWOlW+yUO/miW3KnIMvEm5NiJfv5Ubh6P6p28l/tbsSSEKVhgmrd8tzY+ClVhjOB41w70RhTNqR9bFkqaYjaT6enjsmxVbqkFylb0pCp+nsipaHWozCwnSE1A73oTcT/vFZiehd+ymWcGJRstqiXCGIiMvmbdLlCZsTIEsoUt7cSNqCKMmPTydkQvMWXl0m9XPJOS+Ubm8YZzJCFQziCE/DgHCpwDVWoAYM+PMATPDvCeXRenNdZa8aZzxzAHzhvP97mkG8=</latexit>

e3
<latexit sha1_base64="aV1dvuS6H2G3EizRcqxn/gN39rA=">AAAB6nicbVDJSgNBEK2JW4xbjEcvTYLgKcwkgh4DevAY0SyQDKGnU5M06Vno7hHCkE/w4kERr+Jf+AeevPk3dpaDJj4oeLxXRVU9LxZcadv+tjJr6xubW9nt3M7u3v5B/rDQVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzR5dRv3aNUPArv9DhGN6CDkPucUW2kW+xVe/mSXbZnIKvEWZBSLfv5Ubh6L9Z7+a9uP2JJgKFmgirVcexYuymVmjOBk1w3URhTNqID7Bga0gCVm85OnZATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rZm4r/eZ1E+xduysM40Riy+SI/EURHZPo36XOJTIuxIZRJbm4lbEglZdqkkzMhOMsvr5JmpexUy5Ubk8YZzJGFYyjCKThwDjW4hjo0gMEAHuAJni1hPVov1uu8NWMtZo7gD6y3H+BqkHA=</latexit>

e4<latexit sha1_base64="IloledBPiGk0KtE3aa6zq9rimRI=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbA3oM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRRhTmycAxFOAUXzqEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPh7pBx</latexit>

e5
<latexit sha1_base64="cC5GhoS/bSTdCk9w7xn2I3ctWMM=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbFT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7QfjcpBy</latexit>

e6
<latexit sha1_base64="GljVjQlGOTze3Ig8w32EqxLHd5E=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbRT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7Qfk9pBz</latexit>

e7
<latexit sha1_base64="OFQ8Ylb1DFi6nVpbOwotgNc4gok=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbhXgM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRxDnNk4RiKcAouVKEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPmepB0</latexit>

e8
<latexit sha1_base64="DMxuN6uMJSFb66QwPCLuVQ2cUTk=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBXMM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOqh6KRNxolHQ+aIg4baO7Onfdp9JpJqPDSFUMnOrTYdEEqpNOjkTgrv88ippVsruWblyY9I4hzmycAxFOAUXLqAG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPn/pB1</latexit>

e9
<latexit sha1_base64="TQOzFe9UiWnQiUECiIghkPtDPOQ=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBfUW0IPHiOYByRJmJ73JkNnZZWZWCEs+wYsHRbyKf+EfePLm3zh5HDSxoKGo6qa7y485U9pxvq3Myura+kZ2M7e1vbO7l98vNFSUSIp1GvFItnyikDOBdc00x1YskYQ+x6Y/vJz4zXuUikXiTo9i9ELSFyxglGgj3WL3opsvOWVnCnuZuHNSqmY/PwpX78VaN//V6UU0CVFoyolSbdeJtZcSqRnlOM51EoUxoUPSx7ahgoSovHR66tg+MkrPDiJpSmh7qv6eSEmo1Cj0TWdI9EAtehPxP6+d6ODcS5mIE42CzhYFCbd1ZE/+tntMItV8ZAihkplbbTogklBt0smZENzFl5dJo1J2T8qVG5PGKcyQhUMowjG4cAZVuIYa1IFCHx7gCZ4tbj1aL9brrDVjzWcO4A+stx/pgpB2</latexit>

e10
<latexit sha1_base64="cYPNH1G5yFGTIwttB8TenoRAI6M=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+N+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfETyRtA==</latexit>

e11<latexit sha1_base64="FjDtsTai95YwouXfa4BX+rtx3J0=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+P+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfEsGRtQ==</latexit>

e12<latexit sha1_base64="22d5/xbtc54AJKKQ2Lfxe1v4lmM=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17KZ+edzNFb2SN4W7TPw5KVYynx/5q7dCtZv7avckTSIUhnKidcv3YtNJiTKMchxn24nGmNAh6WPLUkEi1J10eu3YPbZKzw2lsiWMO1V/T6Qk0noUBbYzImagF72J+J/XSkx40UmZiBODgs4WhQl3jXQnr7s9ppAaPrKEUMXsrS4dEEWosQFlbQj+4svLpF4u+ael8o1N4wxmyMARFOAEfDiHClxDFWpA4Q4e4AmeHek8Oi/O66x1xZnPHMIfOO8/FEaRtg==</latexit>

e13
<latexit sha1_base64="uoOOMedzdjeG23fGSYoT7aj8VqQ=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7CbCHoM6MFjBPOAZAmzk9lkzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywupz6rXuqNJPi1oxj6kd4IFjICDZWatJe6lUnvXzJLbszoFXiLUiplv38KFy9Feu9/Fe3L0kSUWEIx1p3PDc2foqVYYTTSa6baBpjMsID2rFU4IhqP51dO0EnVumjUCpbwqCZ+nsixZHW4yiwnRE2Q73sTcX/vE5iwgs/ZSJODBVkvihMODISTV9HfaYoMXxsCSaK2VsRGWKFibEB5WwI3vLLq6RZKXvVcuXGpnEGc2ThGIpwCh6cQw2uoQ4NIHAHD/AEz450Hp0X53XemnEWM0fwB877DxXLkbc=</latexit>

e14<latexit sha1_base64="3MZqK67bGNvihXf6prdR107Q+So=">AAAB7XicbVDLSgNBEJyNrxhfMR69DAmCp7AbA3oM6MFjBPOAZAmzk95kzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJotCgkkvVDogGzgQ0DDMc2rECEgUcWsHocuq37kFpJsWtGcfgR2QgWMgoMVZqQi/1qpNevuSW3RnwKvEWpFTLfn4Urt6K9V7+q9uXNIlAGMqJ1h3PjY2fEmUY5TDJdRMNMaEjMoCOpYJEoP10du0En1ilj0OpbAmDZ+rviZREWo+jwHZGxAz1sjcV//M6iQkv/JSJODEg6HxRmHBsJJ6+jvtMATV8bAmhitlbMR0SRaixAeVsCN7yy6ukWSl7Z+XKjU2jiubIomNURKfIQ+eohq5RHTUQRXfoAT2hZ0c6j86L8zpvzTiLmSP0B877DxdQkbg=</latexit>

e15
<latexit sha1_base64="dHq4Sh6K4Edw54sHrbVWxXCtmmc=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7AbFT0G9OAxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEY/6Ff6BJ2/+jZPHQRMLGoqqbrq7gpgzbVz328msrK6tb2Q3c1vbO7t7+f1CQ8tEEVonkkvVCrCmnAlaN8xw2ooVxVHAaTMYXk785j1Vmklxa0Yx9SPcFyxkBBsrNWg39c7G3XzJLbtToGXizUmpmv38KFy9FWvd/FenJ0kSUWEIx1q3PTc2foqVYYTTca6TaBpjMsR92rZU4IhqP51eO0ZHVumhUCpbwqCp+nsixZHWoyiwnRE2A73oTcT/vHZiwgs/ZSJODBVktihMODISTV5HPaYoMXxkCSaK2VsRGWCFibEB5WwI3uLLy6RRKXsn5cqNTeMUZsjCIRThGDw4hypcQw3qQOAOHuAJnh3pPDovzuusNePMZw7gD5z3HxjVkbk=</latexit>

�I
<latexit sha1_base64="8lbdnIWZH702dvD9mJ2fkSc5MNc=">AAAB/nicbVDLSsNAFJ3UV42vqLhyM1gEVyWpC92IRV3oroJ9QBPLZDpph04mYWYilBDwV0RwoYhb/8C9G/FvnLRdaOuBgcM593LPHD9mVCrb/jYKc/MLi0vFZXNldW19w9rcasgoEZjUccQi0fKRJIxyUldUMdKKBUGhz0jTH5znfvOOCEkjfqOGMfFC1OM0oBgpLXWsHfeCMIVuUzdEqo8RS6+yDHaskl22R4CzxJmQ0umHeRI/fpm1jvXpdiOchIQrzJCUbceOlZcioShmJDPdRJIY4QHqkbamHIVEeukofgb3tdKFQST04wqO1N8bKQqlHIa+nsxDymkvF//z2okKjr2U8jhRhOPxoSBhUEUw7wJ2qSBYsaEmCAuqs0LcRwJhpRszdQnO9JdnSaNSdg7LlWu7VD0DYxTBLtgDB8ABR6AKLkEN1AEGKXgAz+DFuDeejFfjbTxaMCY72+APjPcfrWuY8Q==</latexit>

ProfessorI
<latexit sha1_base64="oX8TkZGisFU0CoheUIhsD6MHbf0=">AAACAHicbVC7SgNBFJ31GeNr1cJCkcEgWIXdWGgZtNEuAfOAZA2zk9lkyOzMMjMrhGUbwS+xsVDELvgZdn6DP+FskkITD1w4nHMv997jR4wq7Thf1sLi0vLKam4tv76xubVt7+zWlYglJjUsmJBNHynCKCc1TTUjzUgSFPqMNPzBVeY37olUVPBbPYyIF6IepwHFSBupY+9XpAiIUkLeJe0Q6T5GLLlJ045dcIrOGHCeuFNSKB+Oqt+PR6NKx/5sdwWOQ8I1ZkiplutE2kuQ1BQzkubbsSIRwgPUIy1DOQqJ8pLxAyk8MUoXBkKa4hqO1d8TCQqVGoa+6cxuVLNeJv7ntWIdXHgJ5VGsCceTRUHMoBYwSwN2qSRYs6EhCEtqboW4jyTC2mSWNyG4sy/Pk3qp6J4VS1WTxiWYIAcOwDE4BS44B2VwDSqgBjBIwRN4Aa/Wg/VsvVnvk9YFazqzB/7A+vgBrDGazA==</latexit>

ProfessorI
<latexit sha1_base64="IsCesicTRRSYecb3fe4F4+sDJN8=">AAACCXicbVDLSgMxFM34rPU16lKRYBFclZm60GXRje5asA9oa8mkd9rQzGRIMmIZZqkbf8WNC6W49Q/c+Q3+hOljoa0HAodz7iH3Hi/iTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6pELClUqOBC1j2igLMQKpppDvVIAgk8DjWvfznya3cgFRPhjR5E0ApIN2Q+o0QbqW3jpoZ7k0tKUviglJDpbdIMiO5RwpPrNG3bOSfvjIHniTslueLBsPz9cDgste3PZkfQOIBQU06UarhOpFsJkZpRDmm2GSuICO2TLjQMDUkAqpWML0nxsVE62BfSvFDjsfo7kZBAqUHgmcnRjmrWG4n/eY1Y++ethIVRrCGkk4/8mGMt8KgW3GESqOYDQwiVzOyKaY9IQrUpL2tKcGdPnifVQt49zRfKpo0LNEEG7aMjdIJcdIaK6AqVUAVR9Iie0St6s56sF2tovU9GF6xpZg/9gfXxA2YYnxw=</latexit>

StudentI
<latexit sha1_base64="OuJKMyV78vN+sO9kGmggjdt1zJs=">AAACB3icbVC7SgNBFJ2Nr7i+Vi0FGQyCVdiNhTZi0Ea7iOYBSQyzk0kyZPbBzF0xLNvZ+B12NhaK2FrZ24h/42ySQhMPDBzOvefOvccNBVdg299GZmZ2bn4hu2guLa+srlnrGxUVRJKyMg1EIGsuUUxwn5WBg2C1UDLiuYJV3f5pWq/eMKl44F/BIGRNj3R93uGUgJZa1nYD2K32xZcQtZkPyXXc8Aj0KBHxeZK0rJydt4fA08QZk9zxh3kUPnyZpZb12WgHNPL0KCqIUnXHDqEZEwmcCpaYjUixkNA+6bK6pj7xmGrGwzsSvKuVNu4EUj8f8FD97YiJp9TAc3VnuqOarKXif7V6BJ3DZsz9MALm09FHnUhgCHAaCm5zySiIgSaESq53xbRHJKGgozN1CM7kydOkUsg7+/nChZ0rnqARsmgL7aA95KADVERnqITKiKI79Iie0YtxbzwZr8bbqDVjjD2b6A+M9x8mxZ3C</latexit>

MusicianI
<latexit sha1_base64="OnnGiXEjqTnLiwd/CGuVyP5Zd2A=">AAACCHicbVA7T8MwGHTKq4RXgJEBiwqJqUrKAAuiggUGpCLRh9SGynGd1qrjRLaDqKKMLPwNRhYGEGJlYWdB/BuctgO0nGTpdPed/H3nRYxKZdvfRm5mdm5+Ib9oLi2vrK5Z6xs1GcYCkyoOWSgaHpKEUU6qiipGGpEgKPAYqXv908yv3xAhaciv1CAiboC6nPoUI6WltrXdUuRW55KLWFJMEU+vk1aAVA8jlpynadsq2EV7CDhNnDEpHH+YR9HDl1lpW5+tTojjgHCFGZKy6diRchMkFMWMpGYrliRCuI+6pKkpRwGRbjI8JIW7WulAPxT6cQWH6u9EggIpB4GnJ7Md5aSXif95zVj5h25CeRQrwvHoIz9mUIUwawV2qCBYsYEmCAuqd4W4hwTCSndn6hKcyZOnSa1UdPaLpUu7UD4BI+TBFtgBe8ABB6AMzkAFVAEGd+ARPIMX4954Ml6Nt9FozhhnNsEfGO8/0zueHg==</latexit>

AthleteI
<latexit sha1_base64="tWaT7oB4/3r3Q7m2TkhZmVsohNI=">AAACB3icbVC7SgNBFJ2Nr7i+opaCLAbBKuzGQhsxaqNdBPOAJIbZyU0yZPbBzF0xLNvZ+B12NhaK2FrZ24h/4+RRaOKBgcM59zD3HjcUXKFtfxupmdm5+YX0orm0vLK6llnfKKsgkgxKLBCBrLpUgeA+lJCjgGoogXqugIrbOxv4lRuQigf+FfZDaHi04/M2ZxS11Mxs1xFudS4+wa4AhOQ6rnsUu4yK+CJJmpmsnbOHsKaJMybZ4w/zKHz4MovNzGe9FbDIAx+ZoErVHDvERkwlciYgMeuRgpCyHu1ATVOfeqAa8fCOxNrVSstqB1I/H62h+jsRU0+pvufqycGOatIbiP95tQjbh42Y+2GE4LPRR+1IWBhYg1KsFpfAUPQ1oUxyvavFulRShro6U5fgTJ48Tcr5nLOfy1/a2cIpGSFNtsgO2SMOOSAFck6KpEQYuSOP5Jm8GPfGk/FqvI1GU8Y4s0n+wHj/AfPUnaI=</latexit>

represents supervises
<latexit sha1_base64="fvfMDxBeh7sL9dekpGi8NHlV+0E=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUrKAGMFC2OR6ENqo8pxb1qrdmLZTqUq6sLCr7AwgBAr/8DG3+C2GaDlSJaOzjnX9j2h5Ewbz/t2CmvrG5tbxe3Szu7e/oF7eNTUSaooNGjCE9UOiQbOYmgYZji0pQIiQg6tcHQ781tjUJol8YOZSAgEGcQsYpQYK/XcUwU2ryE2GndByGGmUwlqzDToac8texVvDrxK/JyUUY56z/3q9hOaCnsd5UTrju9JE2REGUY5TEvdVIMkdEQG0LE0JgJ0kM23mOJzq/RxlCh7YoPn6u+JjAitJyK0SUHMUC97M/E/r5Oa6DrIWCxTAzFdPBSlHJsEzyrBfaaAGj6xhFDF7F8xHRJFqLHFlWwJ/vLKq6RZrfiXlep9tVy7yesoohN0hi6Qj65QDd2hOmogih7RM3pFb86T8+K8Ox+LaMHJZ47RHzifPwCWmYc=</latexit>

For each of the following concepts, give the corresponding set in I :

(1) Athlete ⊔Musician (2) Athlete ⊓ ¬Musician
(3) ∃supervises.Student (4) ∃supervises−.Student
(5) ≥ 2 supervises.⊤ (6) ∀supervises.Student
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SEMANTICS OF AXIOMS & ASSERTIONS

Satisfaction of axioms:
∙ I satisfies a concept inclusion C ⊑ D if CI ⊆ DI

∙ I satisfies a concept equivalence C ≡ D if CI = DI

∙ I satisfies a role inclusion r ⊑ s if rI ⊆ sI

∙ I satisfies (trans r) is rI is a transitive relation, and so on...

Satisfaction of ABox assertions:
∙ I satisfies an assertion C(a) if aI ∈ CI

∙ I satisfies an assertion r(a,b) if (aI ,bI) ∈ rI

Important: ABoxes are interpreted under open-world assumption
∙ provide incomplete information, α ̸∈ A does not mean α is false
(might be able to infer it using axioms)

∙ differs from closed-world assumption for databases (where absent
means false)
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EXAMPLE: SATISFACTION OF AXIOMS & ASSERTIONS

Reconsider the interpretation I :�I = PersonI

MaleI FemaleI

TeacherI

ParentI

mariaI

peterI
e1<latexit sha1_base64="qUh62nzvvDUALrNRLk/Sh6lyFaA=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspDcZMju7zMwKIeQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7gkRwbVz328msrK6tb2Q3c1vbO7t7+f1CXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASDy4nfuEeleSzvzDBBP6I9yUPOqLHSLXa8Tr7oltwpyDLx5qRYyX5+FK7ej6qd/Fe7G7M0QmmYoFq3PDcx/ogqw5nAca6dakwoG9AetiyVNELtj6anjsmxVbokjJUtachU/T0xopHWwyiwnRE1fb3oTcT/vFZqwgt/xGWSGpRstihMBTExmfxNulwhM2JoCWWK21sJ61NFmbHp5GwI3uLLy6ReLnmnpfKNTeMMZsjCIRzBCXhwDhW4hirUgEEPHuAJnh3hPDovzuusNePMZw7gD5y3H91ikG4=</latexit>

e2<latexit sha1_base64="XZLlptW02Ly7VvnC44pveP108VY=">AAAB6nicbVDLSgNBEOyNrxhfMR69DAbBU9iNgh4DevAY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKv4F/6BJ2/+jZPHQRMLGoqqbrq7glhwbVz328msrK6tb2Q3c1vbO7t7+f1CXUeJYlhjkYhUM6AaBZdYM9wIbMYKaRgIbATDy4nfuEeleSTvzChGP6R9yXucUWOlW+yUO/miW3KnIMvEm5NiJfv5Ubh6P6p28l/tbsSSEKVhgmrd8tzY+ClVhjOB41w70RhTNqR9bFkqaYjaT6enjsmxVbqkFylb0pCp+nsipaHWozCwnSE1A73oTcT/vFZiehd+ymWcGJRstqiXCGIiMvmbdLlCZsTIEsoUt7cSNqCKMmPTydkQvMWXl0m9XPJOS+Ubm8YZzJCFQziCE/DgHCpwDVWoAYM+PMATPDvCeXRenNdZa8aZzxzAHzhvP97mkG8=</latexit>

e3
<latexit sha1_base64="aV1dvuS6H2G3EizRcqxn/gN39rA=">AAAB6nicbVDJSgNBEK2JW4xbjEcvTYLgKcwkgh4DevAY0SyQDKGnU5M06Vno7hHCkE/w4kERr+Jf+AeevPk3dpaDJj4oeLxXRVU9LxZcadv+tjJr6xubW9nt3M7u3v5B/rDQVFEiGTZYJCLZ9qhCwUNsaK4FtmOJNPAEtrzR5dRv3aNUPArv9DhGN6CDkPucUW2kW+xVe/mSXbZnIKvEWZBSLfv5Ubh6L9Z7+a9uP2JJgKFmgirVcexYuymVmjOBk1w3URhTNqID7Bga0gCVm85OnZATo/SJH0lToSYz9fdESgOlxoFnOgOqh2rZm4r/eZ1E+xduysM40Riy+SI/EURHZPo36XOJTIuxIZRJbm4lbEglZdqkkzMhOMsvr5JmpexUy5Ubk8YZzJGFYyjCKThwDjW4hjo0gMEAHuAJni1hPVov1uu8NWMtZo7gD6y3H+BqkHA=</latexit>

e4<latexit sha1_base64="IloledBPiGk0KtE3aa6zq9rimRI=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbA3oM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRRhTmycAxFOAUXzqEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPh7pBx</latexit>

e5
<latexit sha1_base64="cC5GhoS/bSTdCk9w7xn2I3ctWMM=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbFT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7QfjcpBy</latexit>

e6
<latexit sha1_base64="GljVjQlGOTze3Ig8w32EqxLHd5E=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbRT0G9OAxonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa/iX/gHnrz5N04eB00saCiquunu8mPOlHacbyuzsrq2vpHdzG1t7+zu5fcLDRUlkmKdRjySLZ8o5ExgXTPNsRVLJKHPsekPLyd+8x6lYpG406MYvZD0BQsYJdpIt9g96+ZLTtmZwl4m7pyUqtnPj8LVe7HWzX91ehFNQhSacqJU23Vi7aVEakY5jnOdRGFM6JD0sW2oICEqL52eOraPjNKzg0iaEtqeqr8nUhIqNQp90xkSPVCL3kT8z2snOrjwUibiRKOgs0VBwm0d2ZO/7R6TSDUfGUKoZOZWmw6IJFSbdHImBHfx5WXSqJTdk3LlxqRxCjNk4RCKcAwunEMVrqEGdaDQhwd4gmeLW4/Wi/U6a81Y85kD+APr7Qfk9pBz</latexit>

e7
<latexit sha1_base64="OFQ8Ylb1DFi6nVpbOwotgNc4gok=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbhXgM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOrjwUibiRKOg80VBwm0d2dO/7T6TSDUfG0KoZOZWmw6JJFSbdHImBHf55VXSrJTds3LlxqRxDnNk4RiKcAouVKEG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPmepB0</latexit>

e8
<latexit sha1_base64="DMxuN6uMJSFb66QwPCLuVQ2cUTk=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBXMM6MFjRPOAZAmzk95kyOzsMjMrhCWf4MWDIl7Fv/APPHnzb5w8DppY0FBUddPd5cecKe0431ZmbX1jcyu7ndvZ3ds/yB8WmipKJMUGjXgk2z5RyJnAhmaaYzuWSEKfY8sfXU791j1KxSJxp8cxeiEZCBYwSrSRbrFX7eVLTtmZwV4l7oKUatnPj8LVe7Hey391+xFNQhSacqJUx3Vi7aVEakY5TnLdRGFM6IgMsGOoICEqL52dOrFPjNK3g0iaEtqeqb8nUhIqNQ590xkSPVTL3lT8z+skOqh6KRNxolHQ+aIg4baO7Onfdp9JpJqPDSFUMnOrTYdEEqpNOjkTgrv88ippVsruWblyY9I4hzmycAxFOAUXLqAG11CHBlAYwAM8wbPFrUfrxXqdt2asxcwR/IH19gPn/pB1</latexit>

e9
<latexit sha1_base64="TQOzFe9UiWnQiUECiIghkPtDPOQ=">AAAB6nicbVDLSgNBEOyNrxhfMR69LAmCp7AbBfUW0IPHiOYByRJmJ73JkNnZZWZWCEs+wYsHRbyKf+EfePLm3zh5HDSxoKGo6qa7y485U9pxvq3Myura+kZ2M7e1vbO7l98vNFSUSIp1GvFItnyikDOBdc00x1YskYQ+x6Y/vJz4zXuUikXiTo9i9ELSFyxglGgj3WL3opsvOWVnCnuZuHNSqmY/PwpX78VaN//V6UU0CVFoyolSbdeJtZcSqRnlOM51EoUxoUPSx7ahgoSovHR66tg+MkrPDiJpSmh7qv6eSEmo1Cj0TWdI9EAtehPxP6+d6ODcS5mIE42CzhYFCbd1ZE/+tntMItV8ZAihkplbbTogklBt0smZENzFl5dJo1J2T8qVG5PGKcyQhUMowjG4cAZVuIYa1IFCHx7gCZ4tbj1aL9brrDVjzWcO4A+stx/pgpB2</latexit>

e10
<latexit sha1_base64="cYPNH1G5yFGTIwttB8TenoRAI6M=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+N+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfETyRtA==</latexit>

e11<latexit sha1_base64="FjDtsTai95YwouXfa4BX+rtx3J0=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17Ka+P+7mil7Jm8JdJv6cFCuZz4/81Vuh2s19tXuSJhEKQznRuuV7semkRBlGOY6z7URjTOiQ9LFlqSAR6k46vXbsHlul54ZS2RLGnaq/J1ISaT2KAtsZETPQi95E/M9rJSa86KRMxIlBQWeLwoS7RrqT190eU0gNH1lCqGL2VpcOiCLU2ICyNgR/8eVlUi+X/NNS+camcQYzZOAICnACPpxDBa6hCjWgcAcP8ATPjnQenRfndda64sxnDuEPnPcfEsGRtQ==</latexit>

e12<latexit sha1_base64="22d5/xbtc54AJKKQ2Lfxe1v4lmM=">AAAB7XicbVDLSgNBEOz1GeMrxqOXJUHwFHajoMeAHjxGMA9IQpid9CZjZmeWmVkhLPkHLx4U8ahf4R948ubfOHkcNLGgoajqprsriDnTxvO+nZXVtfWNzcxWdntnd28/d5Cva5koijUquVTNgGjkTGDNMMOxGSskUcCxEQwvJ37jHpVmUtyaUYydiPQFCxklxkp17KZ+edzNFb2SN4W7TPw5KVYynx/5q7dCtZv7avckTSIUhnKidcv3YtNJiTKMchxn24nGmNAh6WPLUkEi1J10eu3YPbZKzw2lsiWMO1V/T6Qk0noUBbYzImagF72J+J/XSkx40UmZiBODgs4WhQl3jXQnr7s9ppAaPrKEUMXsrS4dEEWosQFlbQj+4svLpF4u+ael8o1N4wxmyMARFOAEfDiHClxDFWpA4Q4e4AmeHek8Oi/O66x1xZnPHMIfOO8/FEaRtg==</latexit>

e13
<latexit sha1_base64="uoOOMedzdjeG23fGSYoT7aj8VqQ=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7CbCHoM6MFjBPOAZAmzk9lkzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywupz6rXuqNJPi1oxj6kd4IFjICDZWatJe6lUnvXzJLbszoFXiLUiplv38KFy9Feu9/Fe3L0kSUWEIx1p3PDc2foqVYYTTSa6baBpjMsID2rFU4IhqP51dO0EnVumjUCpbwqCZ+nsixZHW4yiwnRE2Q73sTcX/vE5iwgs/ZSJODBVkvihMODISTV9HfaYoMXxsCSaK2VsRGWKFibEB5WwI3vLLq6RZKXvVcuXGpnEGc2ThGIpwCh6cQw2uoQ4NIHAHD/AEz450Hp0X53XemnEWM0fwB877DxXLkbc=</latexit>

e14<latexit sha1_base64="3MZqK67bGNvihXf6prdR107Q+So=">AAAB7XicbVDLSgNBEJyNrxhfMR69DAmCp7AbA3oM6MFjBPOAZAmzk95kzOzMMjMrhCX/4MWDIh71K/wDT978GyePgyYWNBRV3XR3BTFn2rjut5NZW9/Y3Mpu53Z29/YP8oeFppaJotCgkkvVDogGzgQ0DDMc2rECEgUcWsHocuq37kFpJsWtGcfgR2QgWMgoMVZqQi/1qpNevuSW3RnwKvEWpFTLfn4Urt6K9V7+q9uXNIlAGMqJ1h3PjY2fEmUY5TDJdRMNMaEjMoCOpYJEoP10du0En1ilj0OpbAmDZ+rviZREWo+jwHZGxAz1sjcV//M6iQkv/JSJODEg6HxRmHBsJJ6+jvtMATV8bAmhitlbMR0SRaixAeVsCN7yy6ukWSl7Z+XKjU2jiubIomNURKfIQ+eohq5RHTUQRXfoAT2hZ0c6j86L8zpvzTiLmSP0B877DxdQkbg=</latexit>

e15
<latexit sha1_base64="dHq4Sh6K4Edw54sHrbVWxXCtmmc=">AAAB7XicbVDLSgNBEOyNrxhfMR69DAmCp7AbFT0G9OAxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEY/6Ff6BJ2/+jZPHQRMLGoqqbrq7gpgzbVz328msrK6tb2Q3c1vbO7t7+f1CQ8tEEVonkkvVCrCmnAlaN8xw2ooVxVHAaTMYXk785j1Vmklxa0Yx9SPcFyxkBBsrNWg39c7G3XzJLbtToGXizUmpmv38KFy9FWvd/FenJ0kSUWEIx1q3PTc2foqVYYTTca6TaBpjMsR92rZU4IhqP51eO0ZHVumhUCpbwqCp+nsixZHWoyiwnRE2A73oTcT/vHZiwgs/ZSJODBVktihMODISTV5HPaYoMXxkCSaK2VsRGWCFibEB5WwI3uLLy6RRKXsn5cqNTeMUZsjCIRThGDw4hypcQw3qQOAOHuAJnh3pPDovzuusNePMZw7gD5z3HxjVkbk=</latexit>

�I
<latexit sha1_base64="8lbdnIWZH702dvD9mJ2fkSc5MNc=">AAAB/nicbVDLSsNAFJ3UV42vqLhyM1gEVyWpC92IRV3oroJ9QBPLZDpph04mYWYilBDwV0RwoYhb/8C9G/FvnLRdaOuBgcM593LPHD9mVCrb/jYKc/MLi0vFZXNldW19w9rcasgoEZjUccQi0fKRJIxyUldUMdKKBUGhz0jTH5znfvOOCEkjfqOGMfFC1OM0oBgpLXWsHfeCMIVuUzdEqo8RS6+yDHaskl22R4CzxJmQ0umHeRI/fpm1jvXpdiOchIQrzJCUbceOlZcioShmJDPdRJIY4QHqkbamHIVEeukofgb3tdKFQST04wqO1N8bKQqlHIa+nsxDymkvF//z2okKjr2U8jhRhOPxoSBhUEUw7wJ2qSBYsaEmCAuqs0LcRwJhpRszdQnO9JdnSaNSdg7LlWu7VD0DYxTBLtgDB8ABR6AKLkEN1AEGKXgAz+DFuDeejFfjbTxaMCY72+APjPcfrWuY8Q==</latexit>

ProfessorI
<latexit sha1_base64="oX8TkZGisFU0CoheUIhsD6MHbf0=">AAACAHicbVC7SgNBFJ31GeNr1cJCkcEgWIXdWGgZtNEuAfOAZA2zk9lkyOzMMjMrhGUbwS+xsVDELvgZdn6DP+FskkITD1w4nHMv997jR4wq7Thf1sLi0vLKam4tv76xubVt7+zWlYglJjUsmJBNHynCKCc1TTUjzUgSFPqMNPzBVeY37olUVPBbPYyIF6IepwHFSBupY+9XpAiIUkLeJe0Q6T5GLLlJ045dcIrOGHCeuFNSKB+Oqt+PR6NKx/5sdwWOQ8I1ZkiplutE2kuQ1BQzkubbsSIRwgPUIy1DOQqJ8pLxAyk8MUoXBkKa4hqO1d8TCQqVGoa+6cxuVLNeJv7ntWIdXHgJ5VGsCceTRUHMoBYwSwN2qSRYs6EhCEtqboW4jyTC2mSWNyG4sy/Pk3qp6J4VS1WTxiWYIAcOwDE4BS44B2VwDSqgBjBIwRN4Aa/Wg/VsvVnvk9YFazqzB/7A+vgBrDGazA==</latexit>

ProfessorI
<latexit sha1_base64="IsCesicTRRSYecb3fe4F4+sDJN8=">AAACCXicbVDLSgMxFM34rPU16lKRYBFclZm60GXRje5asA9oa8mkd9rQzGRIMmIZZqkbf8WNC6W49Q/c+Q3+hOljoa0HAodz7iH3Hi/iTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6pELClUqOBC1j2igLMQKpppDvVIAgk8DjWvfznya3cgFRPhjR5E0ApIN2Q+o0QbqW3jpoZ7k0tKUviglJDpbdIMiO5RwpPrNG3bOSfvjIHniTslueLBsPz9cDgste3PZkfQOIBQU06UarhOpFsJkZpRDmm2GSuICO2TLjQMDUkAqpWML0nxsVE62BfSvFDjsfo7kZBAqUHgmcnRjmrWG4n/eY1Y++ethIVRrCGkk4/8mGMt8KgW3GESqOYDQwiVzOyKaY9IQrUpL2tKcGdPnifVQt49zRfKpo0LNEEG7aMjdIJcdIaK6AqVUAVR9Iie0St6s56sF2tovU9GF6xpZg/9gfXxA2YYnxw=</latexit>

StudentI
<latexit sha1_base64="OuJKMyV78vN+sO9kGmggjdt1zJs=">AAACB3icbVC7SgNBFJ2Nr7i+Vi0FGQyCVdiNhTZi0Ea7iOYBSQyzk0kyZPbBzF0xLNvZ+B12NhaK2FrZ24h/42ySQhMPDBzOvefOvccNBVdg299GZmZ2bn4hu2guLa+srlnrGxUVRJKyMg1EIGsuUUxwn5WBg2C1UDLiuYJV3f5pWq/eMKl44F/BIGRNj3R93uGUgJZa1nYD2K32xZcQtZkPyXXc8Aj0KBHxeZK0rJydt4fA08QZk9zxh3kUPnyZpZb12WgHNPL0KCqIUnXHDqEZEwmcCpaYjUixkNA+6bK6pj7xmGrGwzsSvKuVNu4EUj8f8FD97YiJp9TAc3VnuqOarKXif7V6BJ3DZsz9MALm09FHnUhgCHAaCm5zySiIgSaESq53xbRHJKGgozN1CM7kydOkUsg7+/nChZ0rnqARsmgL7aA95KADVERnqITKiKI79Iie0YtxbzwZr8bbqDVjjD2b6A+M9x8mxZ3C</latexit>

MusicianI
<latexit sha1_base64="OnnGiXEjqTnLiwd/CGuVyP5Zd2A=">AAACCHicbVA7T8MwGHTKq4RXgJEBiwqJqUrKAAuiggUGpCLRh9SGynGd1qrjRLaDqKKMLPwNRhYGEGJlYWdB/BuctgO0nGTpdPed/H3nRYxKZdvfRm5mdm5+Ib9oLi2vrK5Z6xs1GcYCkyoOWSgaHpKEUU6qiipGGpEgKPAYqXv908yv3xAhaciv1CAiboC6nPoUI6WltrXdUuRW55KLWFJMEU+vk1aAVA8jlpynadsq2EV7CDhNnDEpHH+YR9HDl1lpW5+tTojjgHCFGZKy6diRchMkFMWMpGYrliRCuI+6pKkpRwGRbjI8JIW7WulAPxT6cQWH6u9EggIpB4GnJ7Md5aSXif95zVj5h25CeRQrwvHoIz9mUIUwawV2qCBYsYEmCAuqd4W4hwTCSndn6hKcyZOnSa1UdPaLpUu7UD4BI+TBFtgBe8ABB6AMzkAFVAEGd+ARPIMX4954Ml6Nt9FozhhnNsEfGO8/0zueHg==</latexit>

AthleteI
<latexit sha1_base64="tWaT7oB4/3r3Q7m2TkhZmVsohNI=">AAACB3icbVC7SgNBFJ2Nr7i+opaCLAbBKuzGQhsxaqNdBPOAJIbZyU0yZPbBzF0xLNvZ+B12NhaK2FrZ24h/4+RRaOKBgcM59zD3HjcUXKFtfxupmdm5+YX0orm0vLK6llnfKKsgkgxKLBCBrLpUgeA+lJCjgGoogXqugIrbOxv4lRuQigf+FfZDaHi04/M2ZxS11Mxs1xFudS4+wa4AhOQ6rnsUu4yK+CJJmpmsnbOHsKaJMybZ4w/zKHz4MovNzGe9FbDIAx+ZoErVHDvERkwlciYgMeuRgpCyHu1ATVOfeqAa8fCOxNrVSstqB1I/H62h+jsRU0+pvufqycGOatIbiP95tQjbh42Y+2GE4LPRR+1IWBhYg1KsFpfAUPQ1oUxyvavFulRShro6U5fgTJ48Tcr5nLOfy1/a2cIpGSFNtsgO2SMOOSAFck6KpEQYuSOP5Jm8GPfGk/FqvI1GU8Y4s0n+wHj/AfPUnaI=</latexit>

represents supervises
<latexit sha1_base64="fvfMDxBeh7sL9dekpGi8NHlV+0E=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUrKAGMFC2OR6ENqo8pxb1qrdmLZTqUq6sLCr7AwgBAr/8DG3+C2GaDlSJaOzjnX9j2h5Ewbz/t2CmvrG5tbxe3Szu7e/oF7eNTUSaooNGjCE9UOiQbOYmgYZji0pQIiQg6tcHQ781tjUJol8YOZSAgEGcQsYpQYK/XcUwU2ryE2GndByGGmUwlqzDToac8texVvDrxK/JyUUY56z/3q9hOaCnsd5UTrju9JE2REGUY5TEvdVIMkdEQG0LE0JgJ0kM23mOJzq/RxlCh7YoPn6u+JjAitJyK0SUHMUC97M/E/r5Oa6DrIWCxTAzFdPBSlHJsEzyrBfaaAGj6xhFDF7F8xHRJFqLHFlWwJ/vLKq6RZrfiXlep9tVy7yesoohN0hi6Qj65QDd2hOmogih7RM3pFb86T8+K8Ox+LaMHJZ47RHzifPwCWmYc=</latexit>

Which of the following are satisfied in I?

(1) Athlete v Musician (2) Student v ¬Professor
(3) ∃supervises.Athlete v Professor (4) Professor ≡ ∃supervises.>
(5) ∃supervises−.> v Student (6) Student v ∀supervises.Student
(7) Musician(peter) (8) (∃supervises.Musician)(maria)
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MODELS, ENTAILMENT, SATISFIABILITY

Models:
∙ I is a model of a TBox T if I satisfies every axiom in T

∙ I is a model of an ABox A if I satisfies every assertion in A

∙ I is a model of a KB (T ,A) if I is a model of T and A

Satisfiability:
∙ A concept C is satisfiable w.r.t. TBox T if there exists a model I of T

with CI ̸= ∅

∙ A KB (T ,A) is satisfiable if (T ,A) has at least one model

Entailment:
∙ A TBox T entails an axiom α (written T |= α)

if every model of T satisfies α

∙ A KB K = (T ,A) entails an ABox assertion α (written K |= α)
if every model of (T ,A) satisfies α
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EXAMPLES: ENTAILMENT, SATISFIABILITY

The axiom Cobra ⊑ Animal is entailed from the following TBox:

Cobra v Snake Snake v Reptile Reptile v Animal

The assertion TeachingStaff(rami) is entailed from the following KB:

teaches(rami, phy305) ∃teaches.> v TeachingStaff

The following KB is unsatisfiable:

Childless(tom) hasChild(tom, fred) Childless ≡ ∀hasChild.⊥
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EXAMPLE: ENTAILMENT

Suppose that the ontology T contains the following axioms:

Sheep ⊑ Animal ⊓ ∀Eats.Grass (1)
Grass ⊑ Plant (2)

Vegetarian ≡ Animal ⊓ (∀Eats.¬Animal) (3)
⊓ (∀Eats.¬(∃PartOf.Animal))

Animal ⊔ ∃PartOf.Animal ⊑ ¬(Plant ⊔ ∃PartOf.Plant) (4)

Claim: T |= Sheep ⊑ Vegetarian Why?

(animal examples taken from:
http://owl.man.ac.uk/2003/why/latest/)
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EXAMPLE: UNSATISFIABLE CONCEPT

Now suppose T contains the following axioms:

Sheep ⊑ Animal ⊓ ∀eats.Grass (1)
Cow ⊑ Vegetarian (2)

MadCow ≡ Cow ⊓ ∃eats.(Brain ⊓ ∃partOf.Sheep)
(3)

Vegetarian ≡ Animal ⊓ (∀eats.¬Animal) (4)
⊓ (∀eats.¬(∃partOf.Animal))

Animal ⊔ ∃partOf.Animal ⊑ ¬(Plant ⊔ ∃partOf.Plant) (5)

Is MadCow is satisfiable w.r.t. T Why?
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REASONING TASKS

Concept satisfiability
∙ Input: (possibly complex) concept C, TBox T
∙ Task: determine whether C is satisfiable w.r.t. T
∙ Use: debugging ontologies

Axiom Entailment
∙ Input: axiom α, TBox T
∙ Task: determine whether α is entailed by T
∙ Use: understanding content of the ontology

Classification
∙ Input: TBox T
∙ Task: determine, for every pair of concept names A,B from T ,
whether T |= A ⊑ B

∙ Use: visualizing / understanding ontology (also debugging)
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MORE REASONING TASKS

Knowledge base satisfiability
∙ Input: KB K = (T ,A)

∙ Task: determine whether K is satisfiable
∙ Use: checking for contradictory information

Instance checking
∙ Input: KB K = (T ,A), concept C
∙ Task: find all individuals a such that K |= C(a)
∙ Use: basic way to query the ABox

Ontology-mediated query answering (OMQA)
∙ Input: KB K = (T ,A), database query q(⃗x)

∙ typically, q is a conjunctive query (see later)
∙ Task: determine the certain answer to q(⃗x) w.r.t. K, i.e. answers
that hold in every model of K

∙ Use: database-style querying of the data
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RELATIONSHIP TO FIRST-ORDER LOGIC

Every DL KB corresponds to a set of first-order logic (FOL) sentences:

∙ each complex concept maps to a FOL formula with 1 free variable

∙ Person u ¬Student Person(x) ∧ ¬Student(x)
∙ ≥ 2 parentOf.> ∃y, z.parentOf(x, y) ∧ parentOf(x, z) ∧ y 6= z

∙ each TBox axiom maps to a FOL sentence
∙ Parent v ∃parentOf.> ∀x.(Parent(x) → ∃y.parentOf(x, y))
∙ parentOf ≡ childOf− ∀x, y.parentOf(x, y) ↔ childOf(y, x)

∙ each ABox statement maps to a FOL sentence
∙ ∀parentOf.Female(maria) ∀y.(parentOf(maria, y) → Female(y))

DL semantics = standard FOL semantics applied to translated DL KBs
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SHORT HISTORY OF DLS

1980-1990 First implemented DL systems
Negative theoretical results (undecidability, NP-hard)
Focus on tractable logics (e.g. AL) based on ⊓ and ∀R.C
Complexity: subsumption in PTIME (without TBox)
Algorithms: normalization + structural comparison

1990-2005 Rise of (highly) expressive DLs like SROIQ ≈ OWL 2
Reasoning provably intractable: EXPTIME-hard or worse
Algorithms: tableaux method with optimizations
Despite high complexity, algorithms work in practice!

2005-now Renewed interest in lightweight DLs
EL family (OWL 2 EL) and DL-Lite family (OWL 2 QL)
Query answering becomes important task
Algorithms: materialization, query rewriting
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NEXT SESSIONS



WHAT’S UP NEXT

Next three sessions (with Loïc Paulevé):
∙ TD on today’s material
∙ TP: Protégé ontology editor

Closer look at DLs from mid-November (with me):
∙ Reasoning with expressive DLs (TD)
∙ Reasoning with lightweight DLs (TD, TP)
∙ Inconsistency handling, debugging, ...
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TRANSLATION FROM ALC TO FOL

Translating complex concepts using πx:

πx(A) = A(x) πy(A) = A(y)
πx(¬C) = ¬πx(C) πy(¬C) = ¬πy(C)

πx(C ⊓ D) = πx(C) ∧ πx(D) πy(C ⊓ D) = πy(C) ∧ πx(D)
πx(C ⊔ D) = πx(C) ∨ πx(D) πy(C ⊔ D) = πy(C) ∨ πy(D)
πx(∃r.C) = ∃y.r(x, y) ∧ πy(C) πy(∃r.C) = ∃x.r(y, x) ∧ πx(C)
πx(∀r.C) = ∀y.r(x, y) → πy(C) πy(∀r.C) = ∀x.r(y, x) → πx(C)

Translating knowledge base K = (T ,A) using π:

π(K) = π(T ) ∪ π(A)

π(T ) = {∀x.πx(C) → πx(D) | C ⊑ D ∈ T }
π(A) = {πx(C)[x/a] | C(a) ∈ A} ∪ {r(a,b) | r(a,b) ∈ A}

where πx(C)[x/a] means replacing x by a in πx(C)
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RELATIONSHIP BETWEEN DLS AND FOL FRAGMENTS

The translation π(K) of an ALC KB

∙ is expressible in the two-variable fragment
∙ is expressible in the guarded fragment

Same applies to many other DLs.

The satisfiability problem for formulas in the two-variable and
guarded fragments is known to be decidable
∙ obtain decidability results for many DLs

Can also use translation to obtain complexity upper bounds
∙ exploit EXPTIME result for bounded-variable guarded fragment
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