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Semantic Incongruity
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Example: Two different aspects of ontologies

Axioms
(Formal Semantics)

Class: CHEBI:27732

SubClassOf: CHEBI:27134

Annotations
(Informal Semantics)

IRI: CHEBI:27732

Label: caffeine

Definition: A trimethylxanthine in which the
three methyl groups are located at positions
1, 3, and 7.

IRI: CHEBI:27134

Label: trimethylxanthine
Definition: A methylxanthine with three
methyl groups.
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Example: Two different aspects of ontologies
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Example Semantic Incongruity

Axioms
(Formal Semantics)

Class: CHEBI:27732

SubClassOf: CHEBI:26385

Formal semantics unchanged,
no logical inconsistency.
⇒ Semantic Incongruity

Annotations
(Informal Semantics)

IRI: CHEBI:27732

Label: Ethanol
Definition: A primary alcohol that is
ethane in which one of the hydrogens
is substituted by a hydroxy group.

IRI: CHEBI:27134

Label: trimethylxanthine
Definition: A methylxanthine with three
methyl groups attached to the purine.
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Semantic Incongruity

Two semantics

• Formal semantics: axioms in logic

• Informal semantics: ’speaking IRIs’ + annotations (labels, definitions etc.)

Both complement each other to specify intended interpretations

Semantic incongruity: Clash betweeen formal and informal semantics
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Research Question 1

How do we check for semantic incongruity in ontologies (automatically)?
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Semantic Incongruity: Challenge

Lungless Salamander ⊑ Salamander
Salamander ⊑ Amphibian
Amphibian ⊑ Vertebrate
Vertebrate ⊑ ∃has part .Respiratory Organ
Respiratory Organ ≡ Lung ⊔Gill ⊔ Trachea

Consequence

Lungless Salamander ⊑ ∃has part .(Lung ⊔Gill ⊔ Trachea)

Logically consistent but incongruous with intended semantics

Semantic incongruity may result from semantic dependencies between
terms
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Semantic Dependency
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Implicit Hypothesis

The semantics of some terms depends on the semantics of some others
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Semantic dependency in ontologies

Some changes have consequences for
other terms

• change of Mammal may affect Cat

• e.g., disjointness is inherited

A new axiom for Mammal might have unintended consequences for Cat.

The semantics of Cat depends on the semantics of Mammal.
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Additional Research Question

• Question 1: How do we check for semantic incongruity
(automatically)?

• Observation: Incongruity may result from semantic dependency

• Question 2: When are two terms semantically dependent?
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Intuitions about Dependency
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Collecting intuitions
Does the semantics of A depend on the
semantics of B,

• if A ⊑ B?

• if B ⊑ A?

• if A depends on C and C depends
on B?

• if A ⊑ ¬B?

• If A ⊑ B ⊔ C?

• If A ⊑ ∃r.B?

• . . .

Different intuitions lead to alternative definitions of semantic dependency.
Let’s consider kinds of dependencies.
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Approach 1: Error propagation (Emptiness)

Idea: If any change that ‘breaks’ term B, automat-
ically ‘breaks’ term A, A depends on B.

‘Breaks’: term has no instances

A emptiness-depends (⇝∅ ) on B in ontology O:
any change that renders B empty, entails the
emptiness of A.

• Cat emptiness-depends on Mammal

• Mammal does not emptiness-depend on Cat

• Mammal does not emptiness-depend on Fish

15 / 42



Approach 1: Error propagation (Emptiness)

Idea: If any change that ‘breaks’ term B, automat-
ically ‘breaks’ term A, A depends on B.

‘Breaks’: term has no instances

A emptiness-depends (⇝∅ ) on B in ontology O:
any change that renders B empty, entails the
emptiness of A.

• Cat emptiness-depends on Mammal

• Mammal does not emptiness-depend on Cat

• Mammal does not emptiness-depend on Fish

15 / 42



Approach 1: Error propagation (Emptiness)

Idea: If any change that ‘breaks’ term B, automat-
ically ‘breaks’ term A, A depends on B.

‘Breaks’: term has no instances

A emptiness-depends (⇝∅ ) on B in ontology O:
any change that renders B empty, entails the
emptiness of A.

• Cat emptiness-depends on Mammal

• Mammal does not emptiness-depend on Cat

• Mammal does not emptiness-depend on Fish

15 / 42



Approach 2: Error propagation (Everything)

A term that denotes everything isn’t very useful.

A everything-depends (⇝∆ ) on B in ontology O:
any change that renders A equivalent to everything or the universal role, entails the

same for B.
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Approach 3: Growth propagation

If a new cat is born, a new mammal is born. Thus, there is a strong connection between
the both.

A growth-depends (⇝∝ ) on B in ontology O:
adding new entities to the extension of A necessitates a growth of the extension of B.
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Example 1

A ⊑ B ⊓ ∃r.C ∈ O

Emptiness Dep. ⇝∅

A⇝∅ B

A⇝∅ r

A⇝∅ C

Everything Dep. ⇝∆

A⇝∆ B

Growth Dep. ⇝∝

A⇝∝ B

A⇝∝ r
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Example 2

A ≡ B ⊔ ∀r.C ∈ O

Emptiness Dep. ⇝∅

B ⇝∅ A

Everything Dep. ⇝∆

B ⇝∆ A

C ⇝∆ A

Growth Dep. ⇝∝

B ⇝∝ A
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Preliminary Summary

• Incongruence between formal and informal semantics indicates mistakes

• Incongruity may result from semantic dependency

• Dependency as a semantically justified relation between symbols

• We test for semantic dependencies by considering inheritable logical properties

Next: From theoretical considerations to applications
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Dependencies in Practice
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Dependencies with IRIs

OEO:00000054 ⊑ ∃RO:0000086 .OEO:00000446
OEO:00000446 ⊑ ∃OEO:00020183 .OEO:00020043
OEO:00020043 ⊑ ∃OEO:00010235 .OEO:00000139
OEO:00000139 ⊑ ∃OEO:00020182 .OEO:00020208

• From these axioms it follows that

OEO:00000054 ⇝∅ OEO:00020208

• Is this good? Is this bad?
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Dependencies with Labels

air ⊑ ∃has quality .wind energy
wind energy ⊑ ∃is energy input into.wind energy transformation
wind energy transformation ⊑ ∃has energy output .electrical energy
electrical energy ⊑ ∃is energy participant of .electricity export

• From these axioms it follows that

air ⇝∅ electricity export

• In other words: If there is no electricity export, there is no air.

• The last axiom should likely be replaced by

electricity export ⊑ ∃has energy participant .electrical energy .
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Deriving dependencies

We need

1. A mechanism to derive semantic dependencies
2. A way to evaluate these dependencies based on annotations
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Calculating Semantic Dependency

• Naive idea for ⇝∅ :

1. For a given class A, introduce A ≡ ⊥ into ontology
2. For each class B such that B ≡ ⊥ follows from extended ontology: B ⇝∅ A

• Problem: Computationally expensive

• Complete semantic calculation of ⇝∅ is 2-NExpTime-complete
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Calculating Semantic Dependency, with Syntax

Turn rules into syntax-based calculus:

1. Compute all dependencies that can be derived from an axiom
2. Collate dependencies into dependency graph
3. Compute transitive closure
4. Remove ”uninteresting” dependencies
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strix-roost – a dependency extraction tool

• A commandline tool developed in Rust

• Based on horned-owl

• Parses a given ontology and produced dependencies (optionally with justifications)

https://github.com/scientific-ontology-network/strix-roost
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Case Study

• We investigated two ontologies
• Using a consumer-level notebook

• Open Energy Ontology (OEO)
• Mid-level ontology for energy science
• OWL DL
• Axioms: > 14,000
• Calculated Dependencies: > 32,000
• Time: <1s

• Systematized Nomenclature of Medicine – Clinical Terms (SNOMED CT)
• Clinical healthcare terminology
• OWL EL
• Axioms: > 1,700,000
• Calculated Dependencies: > 6,000,000
• Time: 92s

• That’s a bit much for manual investigation
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Filtering Dependencies with AI
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Filtering dependencies with AI
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Example: bug identified via semantic dependency (OEO)

The class Air empty-depends on the class Electricity Export.

air ⊑ ∃has quality .wind energy
wind energy ⊑ ∃is energy input into.wind energy transformation
wind energy transformation ⊑ ∃has energy output .electrical energy
electrical energy ⊑ ∃is energy participant of .electricity export

Last axiom should likely be replaced by

electricity export ⊑ ∃has energy participant .electrical energy
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Example: bug identified via semantic dependency (SNOMED)

The class Structure of male urethral crest empty-depends on the class Struc. of lymphatic
vessel of female pelvis.

Struc. of male urethral crest ⊑ Struc. of soft tissue within abdominopelvic cavity
⊓ Struc. of lymphatic vessel of female pelvis
⊓ Struc. of crista of urethra
⊓ Prostatic urethra structure

female pelvis should likely be replaced by male pelvis
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Filtering dependencies with AI – Limitations

• LLM was run on two 12 GB GPUs

• Requests were limited to 10 dependencies at a time

• A single request takes 1-2 seconds

• Total runtime

OEO 90 minutes
SNOMED 10 days

• Still not practical for ongoing development
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Dependencies Across Versions
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Dependency Across Versions

• Problem: Many dependencies for large ontologies

• Idea: Only consider changes of dependencies across versions
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Strix - a dependency viewer

• We developed an additional viewer on top of strix-roost

• View dependencies for a given class

• View dependencies across versions

https://github.com/scientific-ontology-network/strix
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Strix - OEO v2.10.0 vs v2.9.0
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Dependencies on GitHub

• Many ontologies are publicly developed in GitHub repositories

• Allows external contributors to propose changes via Pull Requests

• Idea: Calculate dependency diffs for each pull request

• We developed a GitHub workflow that can be integrated in any ontology repositories

• Automatically comments on new pull requests with dependency diff
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Dependencies on GitHub

• We create a toy repository

• Contains the pizza ontology and a PR that fixes a bug

IceCream ⊑ ∃hasTopping .FruitTopping

• Auto-generated diff shows that unwanted dependencies have been removed:

https://github.com/scientific-ontology-network/dependency-workflow
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Current research

• A case study with ontology developers (participants welcome)
• Evaluate the usefulness of dependency in active development

• Generalisation of dependency
• Logic-agnostic definition of dependency
• Using category-theoretical generalisation of logics
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Conclusion

• Incongruence between formal and informal semantics indicates mistakes

• Dependency as a semantically justified relation between symbols

• We test for semantic dependencies by considering inheritable logical properties

• Pure semantic dependency calculation is too computationally expensive

• We developed and implemented a syntactic calculus

• AI can help filter dependencies

• Inter-version dependency is a useful debugging and review tool

Thanks also to our collaborators:
Lilly Gerlach, Colin Heidfeld, Benedikt Marschner and Till Mossakowski
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The End
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Desiderata

1. Logical equivalent ontologies ⇒ same dependencies

2. Logical equivalent terms ⇒ same dependencies

3. Not everything depends on everything (semantic holism)

4. Dependency is transitive and reflexive

5. Axiom based-dependencies

if O |= A ⊑ B: then A⇝ B
if O |= A ⊑ ∃r.B: then A⇝ B, A⇝ r
if O |= r ⊑ s: then r ⇝ s
if O |= r ≡ s−1: then r ⇝ s, s⇝ r
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⇝

σ ⇝ σ (reflexivity)
r ⇝ r− (inverses)

σ1 ⇝ σ2, σ2 ⇝ σ3 σ1 ⇝ σ3 (transitivity)
σ1 ⇝ σ2 n.a. (no symmetry)

X1 ⊑ X2 X1 ⇝ X2

X ≡ A X ⇝ A, A⇝ X
X ≡ ⊤ C ⇝ X ‡C
X ≡ ⊥ X ⇝ C ‡C
X ≡ C ⊓D X ⇝ C, X ⇝ D
X ≡ C ⊔D C ⇝ X, D ⇝ X
X ≡ Disj(C ⊔D) C ⇝ X, D ⇝ X
X ≡ ¬C n.a.
X ≡ ∃r.C X ⇝ r, X ⇝ C
X ≡ ∃r.Self X ⇝ r
X ≡ (≥n r.C) X ⇝ r, X ⇝ C
domain(r) ≡ X ⇐⇒ X ≡ ∃r.⊤ X ⇝ r
range(r) ≡ X ⇐⇒ X ≡ ∃r−.⊤ X ⇝ r

r ⊑ s r ⇝ s
r ≡ s r ⇝ s, s⇝ r
r ≡ s− r ⇝ s, s⇝ r

‡C for any concept C
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