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Summary of Problems
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1st major problem - Mapping/Types
Probabilistic web ontology language (PR-OWL) does not have a well-
defined and complete integration between the deterministic and 
probabilistic parts of an ontology

2nd major problem - Methodology
Probabilistic languages for semantic technologies like PR-OWL lack a 
methodology for guiding the construction of models
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Summary of Contributions
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*These numbers refer to the references in my dissertation

For the 1st problem - Mapping/Types
Extended probabilistic web ontology language (PR-OWL)

Led the development of a proof of concept tool in collaboration with 
UnB [105]*

For the 2nd problem - Methodology
Developed a methodology for modeling probabilistic 
ontologies (POs)

Created two use cases using the proposed methodology
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Semantic Web

Semantic Web (SW) is a web of data that can be processed 
by machines [45]

E.g., allow machines to differentiate between 3 pounds (price of 
product) and 3 pounds (weight of product)

Change focus from data driven to knowledge driven

The World Wide Web Consortium (W3C) states that 
ontologies provide the cement for building the SW [46]

Ontology:  Taken from Philosophy, where it means a systematic 
explanation of being
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Ontology
An ontology is an explicit, formal knowledge representation that 
expresses knowledge about a domain of application. This includes:

Types of entities that exist in the domain;

Properties of those entities;

Relationships among entities;

Processes and events that happen with those entities;

where the term entity refers to any concept (real or fictitious, concrete or abstract) that 
can be described and reasoned about within the domain of application [2].

The Web Ontology Language (OWL)

Developed by the W3C 

As a language to represent ontologies for the SW 

Accepted as a W3C recommendation in 2004
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Accepted as a W3C recommendation in 2004

8

Person, Procurement, Enterprise, ...

firstName, lastName, procurementNumber, ...

motherOf, ownerOf, isFrontFor ...

analyzing if requirements
are met,
choosing best proposal, ...
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Ontology in OWL
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Uncertainty in the SW

The community recognizes the need to represent 
and reason with uncertainty

W3C created the URW3-XG in 2007

Concluded that standardized representations 
were needed [50] 

Probabilistic Web Ontology Language (PR-OWL) 
is a candidate language to represent probabilistic 
ontologies

Based on Multi-Entity Bayesian Network 
(MEBN) logic
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Probabilistic Ontology

A probabilistic ontology is an explicit, formal knowledge representation 
that expresses knowledge about a domain of application. This includes:

Types of entities that exist in the domain;

Properties of those entities;

Relationships among entities;

Processes and events that happen with those entities;

Statistical regularities that characterize the domain;

Inconclusive, ambiguous, incomplete, unreliable, and dissonant knowledge related to entities 
of the domain;

Uncertainty about all the above forms of knowledge;

where the term entity refers to any concept (real or fictitious, concrete or abstract) that 
can be described and reasoned about within the domain of application [2].
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Person, Procurement, Enterprise, ...

firstName, lastName, procurementNumber, ...

motherOf, ownerOf, isFrontFor ...

analyzing if requirements  
are met,  
choosing better proposal, ...

P(isFrontFor|
valueOfProcurement = >1M,
annualIncome = <10k) = 90%
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Probabilistic Ontology in PR-OWL 1.0

12Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13

?

Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13

?

Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



1st Problem - Mapping/Types

13

?

Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion



How to build Probabilistic Ontologies?

14Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion

Public Notices - Data

Information Gathering DB - Information

Design - UnBBayes

Inference - KnowledgeReport for Decision Makers



How to build Probabilistic Ontologies?

14Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion

Public Notices - Data

Information Gathering DB - Information

Design - UnBBayes

Inference - KnowledgeReport for Decision Makers



How to build Probabilistic Ontologies?

14Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion

Public Notices - Data

Information Gathering DB - Information

Design - UnBBayes

Inference - KnowledgeReport for Decision Makers

Logic 
+ 

Uncertainty



How to build Probabilistic Ontologies?

14Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion

Public Notices - Data

Information Gathering DB - Information

Design - UnBBayes

Inference - KnowledgeReport for Decision Makers

Logic 
+ 

Uncertainty ?



How to build Probabilistic Ontologies?

14Introduction - Representing Uncertainty in ST - PR-OWL 2.0 - UMP-ST - Conclusion

Public Notices - Data

Information Gathering DB - Information

Design - UnBBayes

Inference - KnowledgeReport for Decision Makers

Logic 
+ 

Uncertainty ?

My objective is to define and
represent a context model for
the interoperability of Sensor

Networks. As my background is
not computer science, it's

being a little hard to
understand how to put in
practice a probabilistic

ontology.
PhD student, Wageningen University, The Netherlands
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One thing which might be beyond the scope of this tutorial is a 
write-up about "Art of Modeling with MEBN". Both narration and 

the resultant MEBN help in understanding the problem, but 
how one reach from a problem description to a MEBN at 
times is not very clear. ... So when it comes to MEBN, how 

one decides about the context nodes, input nodes and resident 
nodes? Most of the times it might be pretty obvious but 

sometimes it is not very clear why certain nodes are modeled 
as input nodes in a fragment when they could also be modeled 
as context nodes, etc. Should we follow an object-oriented 

approach when identifying important entities or should we 
think in terms of predicate logic, etc.? As a modeler what 

drives our thinking process? 
Professor, Institute of Business Administration, Pakistan



2nd Problem - Methodology
There is now substantial literature about

what PR-OWL is [2, 4, 5], 

how to implement it [6-9], and 

where it can be used [10-15]

There is an emerging literature on ontology engineering [4, 28]

But, little has been written about 
how to model a probabilistic ontology

This lack of methodology is not only associated with PR-OWL
OntoBayes [30], BayesOWL [31], P-SHIF(D) and P-SHOIN(D) [32], 
Markov Logic Network [33], Bayesian Logic [63], and Probabilistic 
Relational Models [64], amongst others, do not have a methodology for 
creating models
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Contributions
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For the 1st problem - Mapping/Types
Extended probabilistic web ontology language (PR-OWL) in 
order to:

Provide a mapping between deterministic knowledge and probabilistic 
knowledge 

Allow reuse of existing types provided by OWL 

Led the development of a proof of concept tool in 
collaboration with UnB [105]

For the 2nd problem - Methodology
Developed a methodology for modeling probabilistic 
ontologies (POs)

Created two use cases using the proposed methodology
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Representing Uncertainty 
in Semantic Technologies
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Uncertainty in the SW
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Deterministic SW will either consider a 
statement to be true, false, or unknown

Shortcoming: no built-in support for uncertainty

In open world partial (not complete) or 
approximate (not exact) information is more the 
rule than the exception
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∀x,y,z ((Mother(x,y) ∧ Mother(z,y)) ⇒ Sibling(x,z))
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∀y∃x,z,r Committee(x,y)
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Mother(John,Jane) 
Mother(Richard,Jane)

Committee(John,procurement34)
Participant(ITBusiness,procurement34)
Responsible(Richard,ITBusiness)
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Responsible(Richard,ITBusiness)
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Uncertainty in the SW

The community recognizes the need to represent 
and reason with uncertainty

W3C created the URW3-XG in 2007

Concluded that standardized representations 
were needed [50]  

PR-OWL is a candidate language to represent 
probabilistic ontologies

Based on MEBN logic
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UnBBayes - MEBN / PR-OWL 1.0
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1st Major Contribution 
PR-OWL 2.0
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hasEducationLevel

Mapping Schema

26
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2nd Major Contribution 
Uncertainty Modeling Process 

for Semantic Technologies  
(UMP-ST)
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There is now substantial literature about
what PR-OWL is [2, 4, 5], 

how to implement it [6-9], and 

where it can be used [10-15]

There is an emerging literature on ontology engineering [4, 28]

But, little has been written about 
how to model a probabilistic ontology

This lack of methodology is not only associated with PR-OWL
OntoBayes [30], BayesOWL [31], P-SHIF(D) and P-SHOIN(D) [32], 
Markov Logic Network [33], Bayesian Logic [63], and Probabilistic 
Relation Models [64], amongst others, do not have a methodology for 
creating models
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Case-based evaluation (integration test / scenarios)

Scenario Hypothesis (H) Evidence (E) Expected Result Result

1

(a) 
isSuspiciousProcurement(pr

ocurement)

(b) 
isSuspiciousCommittee(pro

...does not 
support 

hypothesis...

(a) Low probability that  
P(H = true | E)

(b) Low probability that  
P(H = true | E)

(a) P(H = true | E) = 
2.35%

(b) P(H = true | E) = 
2.33%

2

(a) 
isSuspiciousProcurement(pr

ocurement)

(b) 
isSuspiciousCommittee(pro

curement)

...does and does 
not support 
hypothesis...
...conflicting 

information...

(a) 10% < P(H = true | E) < 50%

(b) 10% < P(H = true | E) < 50%

(a) P(H = true | E) = 
20.82%

(b) P(H = true | E) = 
28.95%

3

(a) 
isSuspiciousProcurement(pr

ocurement)

(b) 
isSuspiciousCommittee(pro

curement)

...support 
hypothesis...

(a) P(H = true | E) > 50%

(b) 10% < P(H = true | E) < 50%

(a) P(H = true | E) = 
60.08%

(b) P(H = true | E) = 
28.95%
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Goal: Identify whether a ship is a ship of interest

Query: Does the ship have a terrorist crew member?

Evidence: Crew member related to any terrorist;

Crew member associated with terrorist
organization
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Manual case-based evaluation 
4 major categories were defined:

A possible bomb plan using fishing ship;

A possible bomb plan using merchant ship;

A possible exchange illicit cargo using fishing ship;

A possible exchange illicit cargo using merchant ship.

5 variations for each scenario:
“Sure” positive, “looks” positive, unsure, “looks” negative, and “sure” 
negative.

All 20 different scenarios were analyzed by the SME and were 
evaluated as reasonable results (what was expected).
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Automatic case-based evaluation 
Used simulation tool to generate ground truth

Generated reports based on simulated data

Inferred result and compared with ground truth
Confusion matrix with threshold of 50%

Inferred/
Real

≥ 50% < 50%

TRUE 24 3

FALSE 11 577

Inferred/
Real

≥ 50% < 50%

TRUE 88.89% 11.11%

FALSE 1.87% 98.13%
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Future Work
PR-OWL 2.0 implementation [105]

UMP-ST implementation [122]

Scalability (MEBN reasoning)
PR-OWL 2.0 sublanguages/complexity

Learning (MEBN learning)

RV “solved” by external tools
hasAnnualIncome(person) < 50,000.00

isShipLocatedInArea(ship, area) 

sin(x)

linearEquationValue(m,b)
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Future Work - EPF for UMP-ST
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Quase 6 Anos Depois
Evolução do UnBBayes: 

https://sourceforge.net/projects/unbbayes/ 

Uso na Indústria (e-mail que recebi):

"I have meaning to mail you for a long time now, things have 
been moving very fast. We are using the Unbbayes api for 
some of the data mining and research efforts here at  
Verisign. It is currently being used for purpose 
classification (bayes net) across more than 120 
million + domains , The accuracy has been so great 
that we are planning to port some of the older algorithms to 
bayes nets. Given that the data set is very huge the API 
performed very well with a very small memory and 
CPU imprint . Do keep in touch. See ya.”

Citações e novas publicações:

https://scholar.google.com.br/citations?user=XMPnxf8AAAAJ 
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Obrigado!
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