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Many names for the same notion
• Semantic networks
• Conceptual model
• Domain model
• Type network
• Type hierarchy
• Class hierarchy
• Concept base
• Knowledge graph
• Database schema
• Conceptual graph
• RDF graph 
• …...........
• Ontology
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The notion of ontology
• Ontology as “the metaphysical study of the nature of 

being and existence” is as old as the discipline of 
philosophy. 

• More recently, ontologies have been studied in fields 
such as artificial intelligence, knowledge representation, 
because of the need to categorize and structure entities 
and concepts of interest. 

• Computational ontology: a conceptualisation of a 
domain of interest, expressed in a computational format, 
i.e. in such a way that it can be manipulated by the 
computer to aid human and machine agents in their 
performance of tasks within that domain. 
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The structure of a computational ontology

• An ontology is specified at different levels:
• Meta-level: specifies a set of modeling 

categories
• Intensional level: specifies a set of elements 

(instances of categories) and constraints used 
to structure the description of the domain

• Extensional level: specifies an actual world 
description (instances of elements) that is 
coherent with respect to the intensional level
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Ontology languages
• An ontology language for expressing the 

intensional level usually includes constructs for:
• Concepts
• Properties of concepts 
• Relationships between concepts, and their properties
• Axioms
• Individuals and facts about individuals
• Queries

• Ontologies are typically rendered as diagrams 
(e.g., Semantic Networks, Entity-Relationship schemas, 
UML class diagrams)
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Concepts

• A concept is an element of the ontology that  
denotes a collection of instances (e.g., the set 
of “oceans”)

• Intensional definition
• Specification of name, 

relations, axioms, etc.
• Extensional definition

• Specification of the instances

Ocean
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Properties
• A property qualifies an element (e.g., a concept) 

of an ontology 
• Property definition (intensional and extensional)

• Name
• Type

• Atomic (integer, real, string, …) 
e.g., “eye-color”   à {blu, brown, green, grey}

• Structured (date,sets,lists…)
e.g., “date”  à day/month/year

• Default value
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Relationships
• A relationship expresses an association among 

concepts

• Intensional definition
• Specification of involved concepts (example: workFor is 

defined on Employee and Company)
• Extensional definition

• Specification of the occurrences, called facts
(worksFor(Fulvio,IASI))



11Maurizio Lenzerini Computational ontologies

Axioms
• An axiom is a logical formula that expresses at the 

intensional level a condition that must be satisified by 
the elements at the extensional level 

• Examples:

Person

Doctor
Student

Engineer
Philosopher

Even Odds

Integer+

Person ⊇ Student ∪ Doctor ∪ Engineer ∪ Philosopher

Integer+ = Even ∪ Odds, Even ∩ Odds = ∅
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Instantiation
Entity

Actor Business
Object

Business
ProcessISA

person

Employee

ISA

Organization

Procurement

Federica

Paolo

IASI

purchasingX

...

Activity
Action

purchasingY

...

Intensional 
Level

Extensional 
Level

Meta
Level

instantiation

instantiation

worksFor

worksFor
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Queries
• An ontology language may also include 

constructs for expressing queries
• Queries: expressions at the intensional level 

denoting collections of individuals satisfying a 
given condition

• Meta-queries: expressions at the meta level 
denoting collections of elements satisfying a given 
condition

• The constructs for queries may be different from 
the constructs forming concepts and relationships
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Example of query

{ (x.Salary, y.ProjectCode) | Manages(x,y) ∧ ¬Works-for(x,y) }
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A family of ontology languages: 
Description Logics
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Concept constructors
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Examples
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Role constructors
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Examples
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TBox e ABox
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Knowledge base (Ontology)
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Example
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OWL Ontology Web Language
OWL concept constructors:
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OWL Ontology Web Language

Types of axioms:
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Reasoning over ontologies

• Given an ontology, it is possible that additional
properties can be inferred, by
• Meta-querying 
• Logical reasoning

• Different goals of reasoning
• Verification
• Validation
• Analysis
• Synthesis



27Maurizio Lenzerini Computational ontologies

Logical reasoning

• Based on logic
• No logical reasoning without formal 

semantics: soundness and completeness
• Great interest in automated logical reasoning 
• Feasibility/complexity of automated 

reasoning
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Types of logical reasoning
• Based on semantic property

• Classical 
• Non-classical (e.g., non-monotonic reasoning, 

common-sense reasoning, etc.)

• Based on the type of desired conclusions 
• Deduction
• Induction
• Abduction
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Classical reasoning: deduction

Let Ω and σ be the intensional level and the 
extensional level of an ontology, respectively.  

Deduction
P is a deductive conclusion from Ω (Ω,σ P) if P 
holds in every situation coherent with Ω and σ, i.e., 
if P is true in every (logical) model of Ω and σ

⏐=
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Example of deduction
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Example of deduction
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Example of deduction
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Example of logical reasoning
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Logical reasoning: induction
Let T and A be the intensional level and the extensional 
level of an ontology, respectively. 
Let α be a set of observations at the extensional level. 

Induction
P is an inductive conclusion wrt T, A and α if P is an 
intensional level property such that

• T,A    α (T,A do not already imply α)
• T,{A,α} ¬P (P is consistent with T,{A,α})
• {T,P},A     α ({T,P},A imply α)⏐=

⏐=
⏐=
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Let T and A be the intensional level and the extensional 
level of an ontology, respectively. 
Let α be a set of observations (facts at the extensional 
level).
Abduction
E is an abductive conclusion wrt T, A and α if E is an 
extensional level property such that

• T,A     α (T,A do not already imply α)
• T,{A,α} ¬E (E is consistent with T,{A,α})
• T,{A,E}     α (T,{A,E} imply α)

Logical reasoning: abduction

⏐=

⏐=
⏐=
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Query answering
• Query answering is a kind of deductive 

reasoning of special importance

• In general, query answering over ontologies is 
very different from and much more complex 
than query answering in databases, because an 
ontologies can be seen as an abstraction for a 
set of models (i.e., databases)
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Example of query answering

UML class diagrams as FOL ontologies Query answering

Query answering in ontologies

QA in ontologies – Andrea’s Example (cont’d)

 
Employee

 

 
 

Manager

 
 
AreaManager

 
 
TopManager

supervisedBy 

{disjoint, complete}

officeMate john

andrea:Manager mary:TopManager
officeMate

supervisedBy supervisedBy

paul:AreaManager

officeMate

q(x) � ⇥y, z. supervisedBy(x, y), TopManager(y),
o�ceMate(y, z), AreaManager(z)

Answer: ???

To determine this answer, we need to resort to reasoning by cases.

D. Calvanese, G. De Giacomo, M. Lenzerini Logic for conceptual modeling Master in Interoperability (76/76)
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Example of query answering

UML class diagrams as FOL ontologies Query answering

Query answering in ontologies

QA in ontologies – Andrea’s Example (cont’d)

 
Employee

 

 
 

Manager

 
 
AreaManager

 
 
TopManager

supervisedBy 

{disjoint, complete}

officeMate john

andrea:Manager mary:TopManager
officeMate

supervisedBy supervisedBy

paul:AreaManager

officeMate

q(x) � ⇥y, z. supervisedBy(x, y), TopManager(y),
o�ceMate(y, z), AreaManager(z)

Answer: { john }

To determine this answer, we need to resort to reasoning by cases.

D. Calvanese, G. De Giacomo, M. Lenzerini Logic for conceptual modeling Master in Interoperability (76/76)
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Example of complexity analysis

polynomial
time exponential time
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A fundamental trade-off

expressive power

computational 
complexity

logspace
ptime

pspace

exptime

undecidable
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(Some) Use of ontologies
• To make domain assumptions explicit and to share 

common understanding of a domain (bioinformatics, 
medicine, finance, …) among people or software agents 

• To enable interoperability of different systems and data 
exchange

• To enable reuse of domain knowledge (Natural Language 
processing, Robotics, …)

• To separate domain knowledge from the operational 
knowledge

• To analyze domain knowledge
• Ontology-based information retrieval
• Ontology-based data management (See later)
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Conclusion

• The notion of computational ontology is gaining 
attention in several fields 

• Automated reasoning is one crucial aspects of 
computational ontologies

• We will investigate one particular aspect of 
computational ontologies in what follows


