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Ontology Construction

• Lots of work goes into the initial version, 
and everything is new.

• Subsequent versions are produced by 
small, incremental changes.

• Many propositions entailed by a earlier 
version of an ontology are still entailed (by 
the same axioms) by a later version of the 
ontology.
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• Since most of the axioms are the same, 
most of the inferences that were valid 
under the earlier version are valid in the 
later version.

• Current reasoners do not exploit this fact, 
but re-infer all consequences of the 
ontology.

• This prevents ontology developers from 
running reasoners as often as they could.
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The phrase “all consequences” here refers to the classification of the ontology, that is, 
computing the subsumption relation for the concepts named by the ontology. Reclassifying 
the ontology is expensive, and this expense prevents developers from classifying as often as 
they might like. Unfortunately, this means that errors are not caught as soon as possible, and 
it makes interactive development impossible. (Cf. the comparison of interpreted/compiled-
on-the-fly languages and those with edit-compile-test cycles.)



SHOIQ
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• Signature: S = R ⊎ C ⊎ I

• SHOIQ-Role: R∈R or R- where R∈R.

• Rol is the set of SHOIQ-roles for S.

• Con ⩴ ⊥ | a | ¬C | C1 ⊓ C2 | ∃R.C | ≥n S.C

SHOIQ
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It’s hard to find a reference that says that OWL DL is SHOIQ. In fact, it’s more common to see 
SHOIN(D). E.g., in “Pellet: A Practical OWL-DL Reasoner,” the authors state that they have built 
“the first reasoner to support all of OWL-DL, i.e., the Description Logic (DL) SHOIN(D)” and 
also mention that OWL 1.1 id SROIQ(D). What is important, though, is that according to “The 
Description Logic Handbook,” a SHOIQ reasoner can fully support OWL DL, and so since the 



• An ontology is a set of role inclusion axioms 
(R1 ⊑ R2), transitivity axioms (Trans(R)), and 
general inclusion axioms (C1 ⊑ C2).

• The signature of an axiom α is the union of 
the role names, concept names, and 
nominals appearing in α.

• The signature of an ontology is the union of 
the signatures of the axioms of the 
ontology.
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The notion of signature applies to arbitrary propositions in the system, not just axioms of the 
ontology. By defining the signature of an ontology as a function of the ontology, there is no 
need to /extend/ a signature in order to add an axiom. (It is not necessary to add a concept 
name before adding an axiom that mentions the concept.)



Ontology Evolution 
Example
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O1 — Original Ontology

D1
CysticFibrosis ≡ Fibrosis ⊓ ∃locatedIn.Pancreas

D2 GeneticFibrosis ≡ Fibrosis ⊓ ∃hasOrigin.Genetic

D3 PancreaticFibrosis ≡ Fibrosis ⊓ PancreaticDisorder

C1 GeneticFibrosis ⊑ GeneticDisorder

C2
PancreaticDisorder ⊑ Disorder ⊓ 

∃locatedIn.Pancreas
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definitions:
D1 — Cystic Fibrosis is a Fibrosis which has at least one location being a Pancreas
D2 — Genetic Fibrosis is a Fibrosis that has at least one origin which is Genetic.
D3 — Anything which is a Pancreatic Disorder /and/ Fibrosis is Pancreatic Fibrosis.
concept inclusion axioms:
C1 — Every Genetic Fibrosis is a Genetic Disorder
C2 — Every Pancreatic Disorder is both a Disorder and has at least one location being a 
Pancreas.



O2 — Modified Ontology

D1
CysticFibrosis ≡ Fibrosis ⊓ ∃locatedIn.Pancreas

⊓ ∃hasOrigin.GeneticOrigin

D2 GeneticFibrosis ≡ Fibrosis ⊓ ∃hasOrigin.Genetic

D3 PancreaticFibrosis ≡ Fibrosis ⊓ PancreaticDisorder

C1 GeneticFibrosis ⊑ GeneticDisorder

C2
PancreaticDisorder ⊑ Disorder ⊓ 

∃locatedIn.Pancreas
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The definition of Cystic Fibrosis is updated. Cystic Fibrosis is now understood to be the class 
of things which are Fibrosis, and have at least one location being a Pancreas, and at least one 
origin being a Genetic Origin.



α Axiom O1 ⊨ α? follows from O2 ⊨ α? follows from

α1
PancreaticFibrosis ⊑ 

CysticFibrosis Yes D3,C2,D1 No

α2
CysticFibrosis ⊑ 
GeneticDisorder No Yes D1,D2,C1

α3
PancreaticFibrosis ⊑ 

Disorder Yes D3,C2 Yes D3,C2

α4
GeneticFibrosis ⊑ 

CysticFibrosis No No
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(These probably oughtn’t be called “axioms,” but rather propositions.) The truth of “axioms” 
3 and 4 don’t change. 3 is easily seen. D3 and C2 remain unchanged, so their proof of axiom 
3 is still valid (though, in some logical systems, e.g., FOL, an inconsistency introduced 
elsewhere could be used to make a valid proof of the negation of axiom 3). How to tell 
whether the truth of “axiom” 4 changes is more difficult.



Modules and Syntactic 
Locality
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Modules
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KB

1 P

2 P ⇒ Q

3 Q ⇒ R

4 R ⋀ S

Propositional Example
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This is an example that gives the intuitive notion of module. {1,2,3} is a module for R in the 
KB since the KB entails R, and the set {1,2,3} a subset of KB also entails R. Similarly, {4} is also 
a module for R in the KB.
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Modules
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If an ontology entails an axiom, then a module for the axiom must contain enough for at 
least one proof of that axiom. A module for a signature contains enough information to 
decide whether the ontology entails an axiom constructed from the signature. “Hence, 
knowing all the justifications for α in O is sufficient for identifying all modules for α in O.”



Modules

• Let O be an ontology and O1 ⊆ O is a 
(possibly empty) subset of axioms in O.  O1 
is a module for an axiom α in O (an α-
module) if: O1 ⊨ α if and only if O ⊨ α.
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Modules

• Let O be an ontology and O1 ⊆ O is a 
(possibly empty) subset of axioms in O.  O1 
is a module for an axiom α in O (an α-
module) if: O1 ⊨ α if and only if O ⊨ α.

• O1 is a module for signature S if for every 
axiom α whose signature is a subset of S, 
O1 is a module for α.
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If an ontology entails an axiom, then a module for the axiom must contain enough for at 
least one proof of that axiom. A module for a signature contains enough information to 
decide whether the ontology entails an axiom constructed from the signature. “Hence, 
knowing all the justifications for α in O is sufficient for identifying all modules for α in O.”



Syntactic Locality
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Example
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Consider…

• Suppose that the concepts GeneticFibrosis 
and GeneticOrigin are empty.

• Can the truth of the following subsumption 
relation be established?

• GeneticFibrosis ≡ Fibrosis ⊓ ∃ hasOrigin.GeneticOrigin
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This is a motivating example for syntactic locality. If we make an assumption about two 
concepts, GeneticFibrosis and GeneticOrigin, we can determine the truth of  another 
statement.



GeneticFibrosis ≡ Fibrosis ⊓ ∃ hasOrigin.GeneticOrigin
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A definition is simply shorthand for two subsumption propositions. The first is trivially 
satisfied since it makes a claim that an empty class is subsumed by another. The second is 
satisfied through several steps.
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GeneticFibrosis ⊑ Fibrosis ⊓ ∃ hasOrigin.GeneticOrigin
GeneticFibrosis is empty, so is 

trivially a sub-concept of anything.

GeneticOrigin is empty…

…so nothing has such an origin…

…and so the intersection is empty, 
and the whole right side is trivially 

a sub-concept of anything.

Then, provided that GeneticFibrosis and GeneticOrigin 
are empty, the definition is true, regardless of the 

interpretation of Fibrosis or hasOrigin
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A definition is simply shorthand for two subsumption propositions. The first is trivially 
satisfied since it makes a claim that an empty class is subsumed by another. The second is 
satisfied through several steps.



Syntactic Locality

• Where S is a signature, two sets of 
concepts, Con∅(S) and ConΔ(S) are 
defined:

• Con∅(S) ⩴ A∅ | (¬CΔ) | (C∅ ⊓ C) | (C ⊓ C∅) 
| (∃R∅.C) | (∃R.C∅) | (≥n R∅.C) | (≥n R.C∅)

• ConΔ(S) ⩴ (¬C∅) | (CΔ1 ⊓ CΔ2)

• Axioms of the form R∅ ⊑ R, Trans(R∅), C∅ ⊑ 
C, and C ⊑ CΔ, are local to S.
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A∅ refers to any atomic concept not in S. R∅ is any role (or inverse of a role) not in S. The 
empty set superscript indicates a concept which will be interpreted as the empty set, though 
Con∅(S) includes the complements of non-empty sets which may be non-empty. An 
intersection with an empty set will, of course, be empty, and a role or number restriction 
where the role or concept are empty must also be empty. The complement of an empty 
concept must be the entire universe, and the intersection of two non-empty concepts may, or 
may not, be empty. Importantly, axioms which are local to S are guaranteed to be true when 
the elements of Con∅(S) are interpreted as the empty set. An empty role or concept is 
guaranteed to be subsumed by any other role or concept, and any CΔ must be the entire 
universe, and so subsumes any concept.



Extracting Modules
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Input:
O: ontology
S: signature

Output:
O1: a module for S in O

1. O1 ↤ ∅. O2 ↤ O.
2. until O2 is empty
3. Remove an axiom α from O2.
4. when α is local to S ∪ Sig(O1)
7. O1 ↤ O1 ∪ {α}. O2 ↤ O \ O1.
11.return O1

Algorithm 1
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Note that the α selected on a given iteration will never be present in O2 at the end of the 
iteration. However, the condition update to O2 is that O2 becomes O minus the contents of 
O1. This means that an α removed on one iteration, but not added to O1 may appear in O2 
again later (since that α will still be contained in O\O1). The authors prove in another paper 
that this algorithm generates a module for the signature S, and that it runs in polynomial 
time of the size of the input ontology O.



Special Result

• Proposition 2.

Let O be a SHOIQ ontology, X, Y ∈ CN(O) ∪ 
{⊤} ∪ {⊥}, and OX the output of Algorithm 
1 for input O and S = Sig(X). 

Then OX is a module in O for α = (X ⊑ Y).
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This is a special result. If X and Y are atomic concepts in the ontology, then the result of 
Algorithm 1 with S = Sig(X) is a module in O for X ⊑ Y. This result is proved in another paper.



Incremental 
Classification Using 

Locality-Based Modules
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The Principle
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Propositional Example
KB1

1 P

2 P ⇒ Q

3 Q ⇒ R

4 R ⋀ S

KB2

?
4 R ⋀ S

…and KB1 ⊨ R…27Wednesday, September 24, 2008

This example is designed to demonstrate that modules can be used to answer questions 
about entailment, and the only computation necessary is checking whether subset relations 
hold. There is no need to recompute entire proofs. {R ⋀ S} entails R, and even though KB2 is 
different to KB1, it must also entail R as it contains {R ⋀ S}.
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This example is designed to demonstrate that modules can be used to answer questions 
about entailment, and the only computation necessary is checking whether subset relations 
hold. There is no need to recompute entire proofs. Without knowing whether KB2 entails W, or 
indeed, even the contents of KB2, we are given a module for KB2 (generated by some party 
with access to KB2). We know that KB1 does not entail W, but yet it contains O2W. Then neither 
can KB2 entail W. The important thing to note here is that if we have a module for W in O2 
(which is likely to be significantly smaller than O2) and the module is a subset of another 
ontology, we do not even need to check whether W follows from the module—we simply ask 
whether the other ontology entailed W.
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Generalization

• Proposition 3.

Let O1 and O2 be ontologies, α an axiom, 
and O1α, O2α respectively modules for α in 
O1 and O2. Then:

1. If O1 ⊨ α and O1α ⊆ O2, then O2 ⊨ α.

2. If O1 ⊭ α and O2α ⊆ O1, then O2 ⊭ α.
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Algorithm 2
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Classifying Ontologies

• Classification is the process of computing 
the subsumption relation ⊑ for an ontology.

• The results presented so far can be used to 
efficiently classify a later version of an 
ontology produced by an incremental 
change to an earlier version which has 
already been classified, and for which 
modules have already been computed.
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Algorithm 2 inc classify(O1,∆O,!1, X → O1
X)

Input:

O1: an ontology

∆O = (∆−O, ∆+O): removed / added axioms
!1: subsumption relations in O1

X → O1
X : a module for everyX ∈ CN(O1) ∪ {%}

Output:

O2: the result of applying the change∆O to O1

!2: subsumption relations in O2

X → O2
X : a module for everyX ∈ CN(O2) ∪ {%}

1: O2 ← (O1 \ ∆−O) ∪∆+O
2: for each A ∈ CN(O2) \ CN(O1) do
3: O1

A ← O1
"

4: for each % !1 Y do A !1 Y ← true

5: for each X !1⊥ do X !1 A ← true

6: end for

7: M− ← ∅ M+ ← ∅
8: for eachX ∈ CN(O2) ∪ {%} do
9: for each α ∈ ∆−O do
10: if not s local(α, Sig(O1

X)) then
11: M−← M−∪ {X}
12: end if

13: end for

14: for each α ∈ ∆+O do
15: if not s local(α, Sig(O1

X)) then
16: M+← M+∪ {X}
17: end if

18: end for

19: end for

20: for eachX ∈ CN(O2) ∪ {%} do
21: ifX ∈ M− ∪M+ then

22: O2
X ← extract module(Sig(X),O2)

23: else

24: O2
X ← O1

X

25: end if

26: for each Y ∈ CN(O2) ∪ {⊥} do
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34: end for
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X

Algorithm 2

• The incremental classification 
algorithm can be separated 
into three phases:
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• The incremental classification 
algorithm can be separated 
into three phases:

1. Update “easy” stuff for O1.

32Wednesday, September 24, 2008



Algorithm 2 inc classify(O1,∆O,!1, X → O1
X)

Input:

O1: an ontology

∆O = (∆−O, ∆+O): removed / added axioms
!1: subsumption relations in O1

X → O1
X : a module for everyX ∈ CN(O1) ∪ {%}

Output:

O2: the result of applying the change∆O to O1

!2: subsumption relations in O2

X → O2
X : a module for everyX ∈ CN(O2) ∪ {%}

1: O2 ← (O1 \ ∆−O) ∪∆+O
2: for each A ∈ CN(O2) \ CN(O1) do
3: O1

A ← O1
"

4: for each % !1 Y do A !1 Y ← true

5: for each X !1⊥ do X !1 A ← true

6: end for

7: M− ← ∅ M+ ← ∅
8: for eachX ∈ CN(O2) ∪ {%} do
9: for each α ∈ ∆−O do
10: if not s local(α, Sig(O1

X)) then
11: M−← M−∪ {X}
12: end if

13: end for

14: for each α ∈ ∆+O do
15: if not s local(α, Sig(O1

X)) then
16: M+← M+∪ {X}
17: end if

18: end for

19: end for

20: for eachX ∈ CN(O2) ∪ {%} do
21: ifX ∈ M− ∪M+ then

22: O2
X ← extract module(Sig(X),O2)

23: else

24: O2
X ← O1

X

25: end if

26: for each Y ∈ CN(O2) ∪ {⊥} do
27: if (X ∈ M− andX !1 Y ) or
28: (X ∈ M+ andX )!1 Y ) then
29: X !2 Y ← test(O2

X |= X ! Y )
30: else

31: X !2 Y ← X !1 Y
32: end if

33: end for

34: end for

35: returnO2,!2, X → O2
X

Algorithm 2

• The incremental classification 
algorithm can be separated 
into three phases:

1. Update “easy” stuff for O1.

2. Determine altered modules.
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Algorithm 2 
(Input/Output)
Input:

O1 : an ontology
ΔO = (Δ–O, Δ+O): removed/added axioms
⊑1: subsumption relation for O1

Output:
O2 : the result of applying the change ΔO to O1

⊑2: subsumption relations in O2

X ↦ O2
X: a module for every X ∈ CN(O2) ∪ {⊤}

1. O2 ↤ (O1 \ Δ–O) ∪ Δ+O
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As input, Algorithm 2 requires the previous ontology, the incremental changes (both 
additions and removals), and the subsumption relation for the previous ontology. (Note that 
the changes are not particularly sophisticated. E.g., Algorithm 2 can’t make use of the fact 
that an intersection in a definition simply added another argument. The older axioms is 
removed, and the new version is added.)
The output of Algorithm 2 is the new ontology O2 (which is trivial to construct, so this isn’t a 
particularly interesting result, see step 1), the subsumption relation for O2, and a function 
mapping concept names to modules for those names in O2.
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3: O1

A ← O1
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4: for each % !1 Y do A !1 Y ← true

5: for each X !1⊥ do X !1 A ← true

6: end for

7: M− ← ∅ M+ ← ∅
8: for eachX ∈ CN(O2) ∪ {%} do
9: for each α ∈ ∆−O do
10: if not s local(α, Sig(O1

X)) then
11: M−← M−∪ {X}
12: end if

13: end for

14: for each α ∈ ∆+O do
15: if not s local(α, Sig(O1

X)) then
16: M+← M+∪ {X}
17: end if

18: end for

19: end for

20: for eachX ∈ CN(O2) ∪ {%} do
21: ifX ∈ M− ∪M+ then

22: O2
X ← extract module(Sig(X),O2)

23: else

24: O2
X ← O1

X

25: end if

26: for each Y ∈ CN(O2) ∪ {⊥} do
27: if (X ∈ M− andX !1 Y ) or
28: (X ∈ M+ andX )!1 Y ) then
29: X !2 Y ← test(O2

X |= X ! Y )
30: else

31: X !2 Y ← X !1 Y
32: end if

33: end for

34: end for

35: returnO2,!2, X → O2
X

Algorithm 2 
(lines 2–6)

• For each new atomic concept A:
• For any Y such that ⊤ ⊑1 Y, it must 

hold that A ⊑1 Y.

• For any X such that X ⊑1 ⊥, it must 
hold that X ⊑1 A.

• An appropriate module for A in O1 
is the module for ⊤ in O1. I.e., O1

⊥ 
is a module for A in O1.
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These relationships all hold for any new atomic symbol A.
i) If the universe is a subset of Y, then Y must include A (no matter what A is).
ii) If X is a subset in the empty set, then X must be a subset of A (no matter what A is).
iii) Nothing has been said about A in O1, so the module for A in O1 is the same as the module 
for the empty signature, i.e., O1

⊤.
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4: for each % !1 Y do A !1 Y ← true

5: for each X !1⊥ do X !1 A ← true

6: end for

7: M− ← ∅ M+ ← ∅
8: for eachX ∈ CN(O2) ∪ {%} do
9: for each α ∈ ∆−O do
10: if not s local(α, Sig(O1

X)) then
11: M−← M−∪ {X}
12: end if

13: end for

14: for each α ∈ ∆+O do
15: if not s local(α, Sig(O1

X)) then
16: M+← M+∪ {X}
17: end if

18: end for

19: end for
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X ← extract module(Sig(X),O2)
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30: else

31: X !2 Y ← X !1 Y
32: end if

33: end for

34: end for

35: returnO2,!2, X → O2
X

Algorithm 2 
(lines 7–19)

• For each concept X, if an axiom α 
is non-local with respect to Sig(O1

X) 
(i.e., relevant to X), and is:

• added: α should be added to O1
X.

• removed: α should be removed 
from O1

X.
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Recall that axioms that are local to a signature are those which are guaranteed to be true. A 
non-local axiom is not guaranteed to be true (but may be true or false). O1X is the module for 
X in O1 and so it entails X if and only if O1 entails X. Thus, if an axiom is non-local to the 
signature of O1X, then it may have some effect on whether X is entailed by the module. Thus 
if it is added to the ontology, it should be added to the module, and if removed, removed.
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Algorithm 2 
(lines 20–34)

• M– and M+ now contain all the 
concepts whose modules must be 
recomputed. Modules for other 
concepts are unchanged.

• Then, for all concepts X and Y in O2, if 
[X ⊑1 Y and X ∈ M–], or [X ⋢1 Y and X 
∈ M+], then X ⊑2 Y must be computed, 
but can be checked with O2X rather 
than the entire O2. Otherwise, X ⊑2 Y 
if and only if X ⊑1 Y.
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(I don’t think that this should really read Y ⊑1 X, but rather O1 ⊭ Y ⊑1 X.) M— and M+ are now 
all the concepts whose modules must be recomputed. If Y previously subsumed X, and 
axioms have been removed from the module for X, or Y didn’t subsume X, but axioms have 
been added to the module for X, then whether Y subsumes X must be recomputed. Even here, 
however, the check can involve just O2X, which is likely to be substantially smaller than O2. In 
any other case, the subsumption relationship between a given X and Y is the same between 
O1 and O2.

Module extraction (line 22) is performed by Algorithm 1 which was explained earlier. The 
entailment check (line 29) is performed using any off-the-shelf reasoner. Importantly, the 
choice of reasoner only affects an implementation of Algorithm 2 insofar as the running time 
of the reasoner contributes to the runtime of Algorithm 2, and that the results of Algorithm 
2 may not be correct unless the reasoner is also correct.



• O2 has been produced simply by removing 
Δ–O from O1 and adding Δ+O.

• ⊑2 has been completely defined.

• For each X, a module O2
X has been defined.

Results
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Empirical Evaluation
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Evaluation

• Evaluation made use of four ontologies: the 
National Cancer Institute’s Cancer Ontology, 
the Gene Ontology, Generalized Architecture 
for Languages, Encyclopædias and 
Nomenclatures in medicine (GALEN), and 
NASA’s SWEET.
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• For each ontology, for various values of n:
1. Remove n random axioms.
2. Classify the resulting ontology using 

Pellet.
• repeat 50 times:

3. Extract the minimal locality-based 
module for each atomic concept.

4. Remove an additional n axioms, add the 
previously removed n axioms, and 
reclassify.
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Algorithm 1 isn’t guaranteed to give minimal modules, so it’s not clear how in step 3 a 
“minimal locality-based module” is extracted.



over 99% of subsumpton relations do not hold. Table 5 also shows the average time to

extract the modules for all atomic concepts, as well as the average and maximum size of

these modules (in terms of the number of axioms). Even if the initial module extraction

may introduce overhead, we argue that this “startup-cost” is bearable since the set of

all modules needs only be computed once. We observe that, in general, the modules are

very small relative to the size of the ontology.

! Concept ! Class. % Init. Mod. Mod. Size Non-Loc.

Ontology Logic Names Axioms Time (s.) Subs Extract (s.) (Avg/Max) Axioms

SWEET SHOIF 1400 2573 3.6 0.37 1.05 76 / 420 28

Galen SHF 2749 4529 15.7 0.37 4.8 75 / 530 0

GO EL 22357 34980 63 0.04 69.6 17.6 / 161 0

NCI EL 27772 46940 41.1 0.03 76.5 28.9 / 436 0

Table 5. Test suite ontologies.

We have performed the following experiment for each ontology: for various num-

bers n, we have 1) removed n random axioms; 2) classified the resulting ontology using

Pellet; then, we have repeated the following two steps 50 times: 3) extracted the mini-

mal locality-based module for each atomic concept, 4) removed an additional n axioms,

added back the previously removed n axioms, and reclassified the ontology using our

incremental algorithm. Our goal is to simulate the ontology evolution process where n
axioms are changed (which can be viewed as a simultaneous deletion and addition); all

results have been gathered during step 4) of the experiment. We considered different

types of axioms, namely concept definitions, GCIs and role axioms.

1: !Mod. 2: ! Axioms 3: Update 4: Re-class. 5. Total 6: ! New 7: !Mod.
Affected in Aff. Mod. Aff. Mod. Aff. Mod. Time (Non)Sub. (Non)Sub

n (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx)

NCI 2 67 / 936 545 / 3025 .81 / 5.4 .21 / 1.2 1.03 / 6.77 54 / 1268 17 / 348

SWEET 2 36.9 / 300 281 / 857 .097 / .929 .182 / 1.4 .280 / 2.3 39 / 686 20.1 / 255

Galen 2 134 / 1045 1003 / 2907 .833 / 3.6 2.8 / 13 3.6 / 16.5 111 / 1594 17 / 158

GO 1 39.2 / 1513 127 / 1896 .24 / 1.4 .05 / .47 .29 / 1.5 69 / 2964 33 / 1499

GO 2 46 / 891 216 / 1383 .5 / 2.8 .07 / .43 .57 / 3.2 51 / 1079 26 / 775

GO 4 97 / 1339 474 / 3021 1.4 / 10.1 .25 / 3.2 1.7 / 13.4 94 / 1291 44 / 1034

Table 6. Results for varying update sizes for class and role axioms. Time in seconds.

Table 6 summarizes the results of the experiments for n = 2. Columns 1 and 2
detail the number of affected modules and their total size respectively. It can be ob-

served that, in general, only a very small number of the modules are affected for a

given update. Column 3 provides the total time to locate and re-extract the affected

modules; Column 4 shows the reclassification time for all the affected modules after
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Table 6. Results for varying update sizes for class and role axioms. Time in seconds.

Table 6 summarizes the results of the experiments for n = 2. Columns 1 and 2
detail the number of affected modules and their total size respectively. It can be ob-

served that, in general, only a very small number of the modules are affected for a

given update. Column 3 provides the total time to locate and re-extract the affected

modules; Column 4 shows the reclassification time for all the affected modules after
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First the initial module extraction time is highlighted. Then some change is made to the 
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results have been gathered during step 4) of the experiment. We considered different
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they have been re-extracted. In all cases, the average time is significantly smaller than

standard re-classification. It can be observed that, in the case of Galen, the maximum

time to classify the affected modules actually takes longer than classifying the entire

ontology. While unexpected, this is likely caused as traditional classification optimiza-

tions (e.g., model merging, top-bottom search, etc.) are not as effective, due to affected

modules containing a subset of the original axioms; therefore, additional subsumption

checks have to be performed. We note, however, that on average this does not occur.

Column 5 presents the total time to update the modules, load them into the reasoner,

and reclassify them; it can be seen that this outperforms reclassifying from scratch. For

future work, we plan to more tightly integrate the approach into Pellet, as this will avoid

the additional overhead attributed to loading the affected modules into the reasoner for

classification. Column 6 shows the number of new subsumption and non-subsumption

relations (i.e., the sum) for each ontology, and column 7 provides the average number

of modules which have a new subsumption or non-subsumption after a change. The

number of new (non) subsumptions is very small, which supports our initial hypothesis

that changes do not typically affect a large portion of the original ontology. In the case

of SWEET, the ratio of modules with new (non)subsumptions is relatively high when

compared to the average number of modules affected; specifically in these cases, almost

50% of the affected modules actually contains a new subsumption/non-subsumption re-

lation after the update. This empirically demonstrates that locality-based modules can

be very effective for maintaining (non)subsumptions relations as the underlying ontol-

ogy changes. Finally, the last two rows of the Table show the results for n = 1, 2, 4
in the case of the Gene Ontology. These results suggests that incremental classification

time may grow linearly with the number of modified axioms; similar behavior can be

observed for the remaining ontologies.

1: !Mod. 2: ! Axioms 3: Update 4: Re-class. 5. Total 6: ! New 7: !Mod.
Affected in Aff. Mod. Aff. Mod. Aff. Mod. Time (Non)Sub. (Non)Sub

n (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx)

NCI 2 2274 / 1021712161 / 2909125.7 / 60.4 10.4 / 30.8 36.2 / 91.3 0 / 0 0 / 0

SWEET 2 116 / 296 411 / 956 .42 / .93 .6 / 1.4 1.03 / 2.33 .56 / 28 .28 / 14

Galen 2 524 / 1906 1813 / 3780 2.1 / 4.7 6.5 / 15.6 8.6 / 20.4 3.3 / 82 2.5 / 37

Table 7. Results for varying update sizes for role axiom changes only. Time in seconds.

Table 7 considers the particular case of changes to role axioms only12. As shown in

Table 7, for SWEET the results are comparable to those presented in Table 6. For NCI

and Galen, changes in role axioms do have a more substantial impact.

The particular case of changes to concept axioms only is provided in Table 813. It

can be observed that the are much better than those when only role axiom changes are

performed. These results confirm that role axioms may cause larger effects than changes

in concept definitions.

12GO has not been included in Table 7 as it only contains one role axiom
13Again GO has not been included in Table 8 as it only contains one role axiom

1: !Mod. 2: ! Axioms 3: Update 4: Re-class. 5. Total 6: ! New 7: !Mod.
Affected in Aff. Mod. Aff. Mod. Aff. Mod. Time (Non)Sub. (Non)Sub

n (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx) (Av / Mx)

NCI 2 33 / 847 396 / 5387 .59 / 8.7 .15 / 2.6 .75 / 11.4 67 / 2228 20 / 610

SWEET 2 15.2 / 243 276 / 800 .02 / .07 .07 / .65 .095 / .732 31 / 553 12 / 241

Galen 2 131 / 1463 913 / 3397 .84 / 4.5 2.6 / 15.4 3.4 / 19.5 69 / 4323 42 / 1178

Table 8. Results for varying update sizes for concept axiom changes only. Time in seconds.

7 Related Work

While there has been substantial work on optimizing reasoning services for description

logics (see [10] for an overview), the topic of reasoning through evolving DL knowl-

edge bases remains relatively unaddressed. Notable exceptions include [7–9, 12]; these

papers, however, investigate the problem of incremental reasoning using model-caching

techniques in application scenarios that involve changes only in the ABox.

There has been substantial work on incremental query and view maintenance in

databases (e.g., [1, 15, 16]) and rule-based systems (e.g., Datalog [4, 5]). While related,

our work addresses a more expressive formalism; further, traditionally in database sys-

tems the problem of incremental maintenance is considered with respect to data (corre-

sponding to DL ABoxes) and not with respect to the database schema (corresponding

to DL TBoxes). Our technique, however, focuses on schema reasoning.

There has additionally been extensive work in Truth Maintenance Systems (TMSs)

for logical theories (e.g., [3, 6]). As pointed out in Section 3, a justification-based ap-

proach would be advantageous for incremental classification only if the number of pos-

itive subsumptions was larger than the number of non-subsumptions; that is, if most of

the formulas the justifications keep track of were provable. This is, however, not the

case, as typically there are far more non-subsumptions than subsumptions. Addition-

ally, a TMS system designed to support non-subsumptions (e.g., by caching models)

would most likely be impractical due to the potentially large size of these models and

substantial modifications likely to be caused by changes in general axioms; however, in

our approach, maintaining locality-based modules introduces limited overhead. Finally,

the representation language in practical TMSs is mostly propositional logic, whereas

we focus on much more expressive languages.

8 Conclusion

We have proposed a general technique for incremental reasoning under arbitrary changes

in an ontology. We have used locality-based modules due to their compelling properties

and applied our method to incremental classification of OWL DL ontologies.

For ontology development, it is desirable to re-classify the ontology after a small

number of changes. In this scenario, our results are very promising. Incremental clas-

sification using modules is nearly real-time for almost all ontologies and therefore the

reasoner could be working transparently to the user in the background without slow-

ing down the editing of the ontology. There are, however, some disadvantages of our
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Changes to role axioms seem to require much more work in re-classification than changes to 
role axioms. The number of modules affected, the size of those modules, and the amount of 
time needed to re-classify. Of course, the number of modules affected is much greater as 
well.



Questions?
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The authors open the abstract by stating, "The 
development of ontologies involves continuous but 
relatively small modifications." A reasonable first step to 
reduce the ontology development cycle is to tackle the 
problem addressed in the paper: classify ontology O2 by 
reusing the "evidences" from the classification of O1, the 
set of added axioms, and the set of removed axioms. Their 
"module" technique can then be applied at each 
committed change. This addresses the relatively small 
modifications aspect of ontology development, but what 
about the continuous aspect? Could "modules" be 
determined using a history longer than only the previous 
step?

http://tw.rpi.edu/portal/Grau2007history_question_1_by_lebo
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The Gene Ontology seems to be the only ontology 
for which update sizes are varied during evaluation 
(with n=1,2,4) whereas the other ontologies are all 
tested for a fixed update size. Are the gains in 
reclassification time seen in the results expected to be 
the same across all ontologies, regardless of update 
size? Furthermore, is the seemingly narrow range of 
tested update sizes (1-4) expected to approximate 
real-world usage? Would the same gains be seen with 
updates of different characteristics such as unbalanced 
axiom removal/addition counts or larger updates (tens 
or hundreds of affected axioms)? 

http://tw.rpi.edu/portal/HistoryMatters_GregoryToddWilliams_Question1
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The sentence immediately preceding Table 7 says that "these results [suggest] that 
incremental classification time may grow linearly with the number of modified axioms; similar 
behavior can be observed for the remaining ontologies." I'd interpret this to mean that they 
observed similar effects with the other ontologies, though I agree that it's somewhat suspect 
that they didn't show any of those results.

With respect to how the number of changes affects reclassification time, number of modules 
affected, &c: Personally I suspect that randomly selected axioms to add or remove are likely 
to be involved with different concepts in the ontology. In actual practice, I imagine that a 
developer is as likely to modify axioms that are, in fact, related. I suspect that the changes in 
classification time are more dependent on the number of modules affected rather than the 
number of axioms. Only when the axioms to be changed are randomly selected are these 
likely to be directly proportional. 

http://tw.rpi.edu/portal/HistoryMatters_GregoryToddWilliams_Question1
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What is the time complexity of the proposed algorithm with respect to the 
number of subsumptions that change their entailment status?

One of the main assumptions proposed in section 3 is that "the number of 
subsumptions that change their entailment status w.r.t. the ontology ... is probably 
small compared to the number of subsumptions that do not ...." What about when 
mapping ontologies? For example, consider the paper "Collecting Community-
Based Mappings in an Ontology Repository". In that paper, users are allowed to 
map certain relationships between ontologies. These mappings do not use OWL 
properties but rather properties indicating, for example, that two classes _could_ 
be considered equivalent (among others). Now imagine a user selects an ontology 
to add to his/her own preexisting ontology, replacing those "could-be-considered-
equivalent-class" relations (between the two ontologies) with actual 
owl:equivalentClass relations for purposes of reasoning over data that uses both 
ontologies. This seems like a plausible situation in which the aforementioned 
assumption may not hold. What kind of results would be gotten from experiments 
reflecting this ontology-mapping example?

A casual question of interest: How could such an incremental approach be applied 
(if at all) to promote reasoning in large and/or distributed RDF stores? 

http://tw.rpi.edu/portal/Joshua_Taylor_20080918_Presentation_Jesse_Weaver
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As described in Section 6 "Empirical Evaluation", in 
step 3 the authors "extracted the minimal locality-
based module for each atomic concept". However, the 
only method for extracting modules seems to be 
Algorithm 1, about which is stated "Finally, we point 
out that the modules extracted using Algorithm 1 are 
not necessarily minimal ones. That is, if O ⊨ α, the 
computed module might be a strict superset of a 
justification for α in O, and if O ⊭ α then the module 
for Sig(α) might not necessarily be the empty set." 
Then how is a "minimal locality-based module for each 
atomic concept" produced?
http://tw.rpi.edu/portal/Joshua_Taylor_20080918_Presentation_Joshua_Taylor_1
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Quoth the first paragraph of Section 6 "Empirical 
Evaluation", "Our system implements a slightly more 
simplistic procedure than the one in Algorithm 2; in 
particular, once the affected modules have been 
identifies, our implementation simply reclassifies the 
union of these modules using Pellet to determine the 
new subsumption relations, instead of using the 
procedure described in lines 20–34 of Algorithm 2." 
Does this have any significant effect on the results? 

http://tw.rpi.edu/portal/Joshua_Taylor_20080918_Presentation_Joshua_Taylor_2
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While what the authors actually did was a simplification compared to what was presented in 
Algorithm 2, it would probably more computationally complex to do what was actually 
specified. That is, when Pellet computes a classification it probably has to compute a 
classification for an entire ontology. In any case, to check some particular subsumption, it 
almost certainly computes some other subsumptions at the same time. Thus it will be more 
efficient to simply classify the union of the modules (as a single ontology) than to compute 
each subsumption individually.

http://tw.rpi.edu/portal/Joshua_Taylor_20080918_Presentation_Joshua_Taylor_2
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In the evaluation, random axioms are selected to be 
added and removed for incremental changes. It seems 
more likely that an ontology developer might re-
evaluate the semantics of a particular concept, and 
that these changes might be to a slightly larger number 
of axioms, but affecting a smaller number of modules 
(than if randomly selected axioms were changed). 
How does this affect evaluation? 

http://tw.rpi.edu/portal/Joshua_Taylor_20080918_Presentation_Joshua_Taylor_3
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