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Abstract We propose a set of metrics for measuring the  The rest of the paper is structured as follows: Section 2
semantic implications of changes during ontology evolu-discusses the semantic implications of changes in evolv-
tion. Our metrics focus on the changes of classes anéhg OWL ontologies. Section 3 introduces our ontology
associated axioms or annotations in an evolving OWLchange evaluation metrics. Section 4 evaluates our met-
ontology. We identify three categories of changes andics using the evolution of the Gene Ontology [3] as an
present class, class definition, class subsumption hierarexample. Section 5 reviews related work. We conclude
chy, and logical model oriented metrics for quantifying the paper and outline the future work in Section 6.
these changes. We implement the proposed metrics using
OWL API and Pellet OWL-DL reasoner. We evaluate our
metrics by applying them to the evolution of the Gene On2 ~ Semantic Implications of Changes
tology.
An ontology is a shared conceptualization of a domain in
a formal language. It uses a set of axioms to explicitly
make statements that say what is true in the domain being
modeled. In an evolving ontology, we can identify two
. levels of changes based on this modelChanges of Enti-
1 Introduction ties which are represented by adding or removing classes
in the ontology. This type of change indicates which do-
OWL [5] is a family of Description Logics (DL) [2] based main entities are being modeled by the ontology, and cap-
ontology languages designed to enable automated madres the high-level changes in the domainChpanges of
chine reasoning on the Semantic Web. OWL-DL is a richEntity Semantigswvhich are represented by adding or re-
ontology language that supports high expressiveness andoving axioms which describe certain aspects of a class
decidable reasoning. An OWL-DL ontology correspondsin the ontology. This type of change reflects how the do-
to aSHOIN (D) [6] knowledge base that consists of a main entities are being modeled by the ontology, and cap-
set of axioms and annotations, which describe/define a setires the low-level changes in the domain.
of classes, properties and individuals. An individualisa An OWL ontology comprises a set of axioms and an-
single object in a domain. A class is a group of objectsnotations. The axioms encompass the semantics of the
in a domain. A property represents a binary relationshipntology and include conventional DL axioms and asser-
between two classes. tions. The annotations have no logical meanings and are
The dynamic nature of the application domains and theonly included to provide human-friendly documentation
imperfect knowledge acquisition process suggest that orfor the ontology [4]. It is important that we distinguish
tology developers unavoidably need to revise an ontolthe logical changes that affect the logical theory underly-
ogy. The objectives of this work are to evaluate the dy-ing the ontology from changes of annotations that have
namics of ontologies in terms of the semantic implica-no semantic implications: a)ogical Changeswhich are
tions of changes and to help ontology developers underepresented by adding or removing logical axioms in the
stand the scale and consequences of the changes they hawrgology. This type of change has logical consequence to
made. We propose a set of semantics-aware metrics fahe ontology. In other words, they may change the clas-
the changes in the subsequent versions of an evolving orsification hierarchy of named classes and lead to different
tology. We implement the proposed metrics using OWLquery results. bNon-logical Changeswhich are repre-
API [4] and Pellet [8] OWL-DL reasoner. sented by adding or removing annotations in the ontol-
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ogy. This type of change does not have any logical consefan-in and fan-out of named classes in the hierarchy (Fig-

guence. ure 2). These metrics show the changes of completeness
In an OWL ontology, in addition to the explicitly stated and breadth of an evolving ontology. We also measure

axioms, we can use a reasoner to infer additional logithe changes of depths of the stable classes in the class

cal axioms that are entailed by the ontology. Thereforesubsumption hierarchies. This measure indicates whether

we need to understand whether changes are made to thenamed class has been generalized, specialized or no

explicit or implicit model of the ontology: afsserted change at all with respect to the entire hierarchy (Figure

Changeswhich are represented by adding or removing3).

the explicitly stated axioms or annotations in the ontol-

ogy. This type of change can be computed by compar-

ing the structures of two ontologies. Inferred Changes OWL:Thing

which are represented by adding or removing the inferred

axioms that are entailed by the ontology. This type of

change can only be computed as the result of a reasoning

process. Note that non-logical changes can not generate

inferred changes.
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Figure 2: Depth, Fan-in and Fan-out of Named Classes in
the Class Subsumption Hierarchy
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Figure 1: Ontology Change Effects Model
OWL:Thing
In this paper, we measure the ontology changes witl ded y
respect to the following ramification of the evolving on- Invariance
tology model (Figure 1): aytability shows how much of
the ontology remain unchanged when it is turning into €
new ontology. bExtensibilityshows how much of the on- .
tology is new after it has been changed Qf)solescence
shows how much of the ontology has become obsolete. Specialization

d

Generalization
Obsolescence Stability Extensibility

OWL:Thing

Figure 3: Changes of the Stable Classes in the Class Sub-
gumption Hierarchy

3 Change Evaluation Metrics

Our metrics focus on measuring the ontology changes an
their semantic implications from the following perspec-
tives:
Class Oriented Metricthat examine the classes added ~ Logical Model Oriented Metricthat examine the pro-
to or removed from an ontology. These metrics indicatePortion of logical axioms and non-logical annotations
the high-level changes to the ontology model. changed, which characterizes the impact of changes on
Class Definition Oriented Metricthat examine the the semantic model of the ontology.
changes in the class definition, which is a set of logical We now present a set of change evaluation metrics
axioms (both asserted and inferred) and non-logical aneharacterizing the changes from the above perspectives.
notations reference this particular class. These metric¥o make the metrics comparable, we also define the nor-
reveal the low-level fine-grained changes to the ontologymalized versions of the change metrics whenever appro-
model. priate. Note that these metrics are defined based on the
Class Subsumption Hierarchy Oriented Metritet  ontologies that have incorporated the inferred axioms. i.e
examine the changes of maximum depth, average deptlhey are the logical closure of the original ontologies.



3.1 Class Oriented Metrics Metric 6 Class Definition Obsolescence (CDO)

These metrics measure the stability, extensibility and CPO(O —0") = |[{¢| cisanamedclass, c € O
obsolescence of named classes between two versions of andc € O', Ja, aisan aziom
an ontologyO andO’. or annotation, a € DefA(c,O),

but a & DefA(c, O}

Metric 1 Class Stability (CS) NCDO(O — 0') = CDO(O — 0')/CS(0 — 0)
CS(O —0") = |{c| cisanamedclass, c € Oandc . ) ) )
, CS(O — O') is defined in the metric 1.
e O}
NoC(O) = |{c| cisanamedclass, ¢c € O}|| . ) )
NCS(O = 0') = CS(0 — 0')/NoC(O) 3.3 Class Subsumption Hierarchy Oriented

Metrics

Metric 2 Class Extensibility (CE) We can use a reasoner to compute the partial ordering

CB(0—0") = |{c|cisanamedclass, c ¢ O,butc o gypsumption hierarchy of named classes in an OWL
€ O} ontology. Itis also called classification. The structure of
NoC(0") = |{e| cisanamedclass, c € O'}]| class subsumption hierarchy represents the completeness
NCE(O —0") = CE(O— 0")/NoC(0") and breadth of the domain knowledge and can be charac-
terized by the notions of depth, fan-in and fan-out (Figure
Metric 3 Class Obsolescence (CO) 2). The hierarchy usually starts from the most general
CO(0 —0') = |{c| cisanamedclass, c € O, butc class or class without any superclasses (the contept
¢ O} DL or OWL:Thing in OWL). Given a class subsumption
NoC(O) = |[{¢| cisanamedclass, c € O} hierarchy of an ontology, the depth of a named clags
NCO(O — 0') = CO(O — 0')/NoC(O) in the hierarchy,Depth(c, O), is defined as the shortest

path length from the class OWL:Thing to this class. The

fan-in of a named classin the hierarchy, Fan-i, O),

is defined as the total number of its superClasses. The
3.2 Class Definition Oriented Metrics fan-out of a named clagsn the hierarchy, Fan-o(t, O),

These metrics measure the stability, extensibility ano’S defined as the total number of its subClasses.

obsolescence of the definitions for the stable classe
within an ontologyO’ with respect to its previous version

O. The definition of a named classin the ontologyO, MD(O) = maz(Depth(c, 0),¥e € O)

DefA(c,0), consists of a set of axioms (asserted and

inferred) and annotations that describe/define the elass  The M D indicates how deep a named class can be
In other words, any axiom or annotation references then the hierarchy. In other words, how many levels of

Metric 7 Maximum Depth (MD)

classc. generalities we have for the domain knowledge.
Metric 4 Class Definition Stability (CDS) Metric 8 Average Depth (AD)
CDS(O — 0" = |{c| cisanamedclass, c€ O

andc € O',Ya, aisan axiom AD(0) = Z (Depth(c, 0), Ve € O)/NoC(0)
or annotation, if a € DefA(c,O),
thena € DefA(c, O}

NCDS(O —0') = CDS(O— 0')/CS(0 — 0)

where NoC'(O) denotes the total number of classes as
defined in the metric.1

CS(0O — 0O’) is defined in the metric 1. The AD shows on average how deep a named class

can be in the hierarchy.
Metric 5 Class Definition Extensibility (CDE)

CDE(O — O') = |{c]| cisanamedclass, c € O Metric 9 Maximum Fan-in (MFI)
andc € O’, 3a, aisan axiom
or annotation, a ¢ DefA(c,O), MFI(0) = maz(Fan-in(c, 0),Vc € O)
buta € DefA(c, O}

, ) , The M FI shows the maximum number of multiple
NCDE(O —0) = CDE(© - 07)/C5(0 - 07) inheritance a named class can have in the hierarchy.
CS(0 — O') is defined in the metric 1.

Metric 10 Average Fan-in (AFI)



AFI(O) = Z (Fan-in(c, O),¥c € O)/NoC(O) CS(O — O') is defined in the metric 1.

where NoC(O) denotes the total number of classes as  For the changes of locations of classes in the class

defined in the metric.1 subsumption hierarchy, we can also measure whether

changes occurred to the classes that are in the leaf posi-

The AFI shows on average how many multiple tions of a hierarchy. We call them leaf classes (classes
inheritances a named class can have in the hierarchy. \yithout any subclasses). Adding or removing those

_ _ classes have the minimum semantic impact on the entire
Metric 11 Maximum Fan-out (MFO) classification hierarchy.

MFO(O) = maz(Fan-out(c, 0), c € O) Metric 16 Leaf Class Stability (LCS)

The M FO shows how wide a branch can be or the LCS(O —0") = |{c| cisanamedleaf class, c € O
maximum number of subclasses a named class can have andc € O'}||
in the hierarchy. NLCS(O — 0Oy = LCS(O— 0")/CS(O— O
. CS(O — O') is defined in the metric 1.
Metric 12 Average Fan-out (AFO)

Metric 17 Leaf Class Extensibility (LCE)
AFO(0) = Y (Fan-out(c, 0),Vc € 0)/NoC(O)

LCE(O— 0O") = ||{c| cisanamedleaf class, c ¢ O,
where NoC(O) denotes the total number of classes as butc € O’}
defined in the metric.1 NLCE(O - 0') = LCE(O — 0')/CE(O — 0')

O s defined i 2
The AFO shows on average how wide a branch can pe B(O — O')is defined in the metric 2

in the hierarchy. _ Metric 18 Leaf Class Obsolescence (LCO)

The change of depth of a named stable class in the ) ‘
hierarchy indicates whether it has been generalized or “¢9(© —0) = {c| “s“/"“med leaf class, ¢ € O,
specialized with respect to the entire hierarchy as shown ) bute ¢ O }|! )
in Figure 3. Generalization of a named class meang'LC0O(© —0) = LCO(O — 0')/CO(0 — O)
the expar_lsion of its extg_nsion, _i.e. more objects iNco(o — o) is defined in the metric 3.
the domain can be classified as instances of that class.
Specialization of a named class means the contraction
of its extension, i.e. less objects in the domain can b . . .
classified as instances of this named class. By measuri 4 Logical Model Oriented Metrics

this property, we can quantify the semantic consequencefnese metrics measure the stability, extensibility and ob-
of changes to the ontology. solescence of logical axioms or non-logical annotations

. . between two versions of an ontolo@yandO’.
Metric 13 Generalized Classes (GC) W vers! 9

GC(O — 0" = |{c| cisanamedclass, c€ Oandc Metric 19 Logical Axiom Stability (LAS)
€ O’, Depth(c,0) > Depth(c,O")}| LAS(O - 0") = |/{a] aisalogical aziom, a € O
NGC(0 —0') = GC(O—0)/CS(O —0) andac O}
CS(O — 0') is defined in the metric 1. NoLAA(O) = |{a| aisan axiom or annotation,
a € O}
Metric 14 Specialized Classes (SC) NLAS(O —0') = LAS(O — O')/NoLAA(O)
SC(O —0") = |{c]| cisanamedclass, c€ Oandc
€ O, Depth(c,0) < Depth(c,0")}| Metric 20 Logical Axiom Extensibility (LAE)
NSC(O —0') = 8SC(0O—0")/CS(0 — 0 LAE(O — O') = |{a| aisalogical aviom, a ¢ O,
buta € O'}

CS(O — O') is defined in the metric 1.

NoLAA(O") = |/{a]| aisan aziom or annotation,
Metric 15 Invariant Classes (IC) ac O}
NLAE(O — O') = LAE(O — O')/NoLAA(O")

IC(O — 0" [{c| cis anamedclass, c € Oandc
€ O', Depth(c,0) = Depth(c,0")}||

NIC(O —0') = IC(O— 0')/CS(O — O')
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NoLAA(O) is defined in the metric 19.

Metric 23 Annotation Extensibility (AE) Figure 4: Changes of Classes

AE(O — O") = |{a| aisan annotation, a ¢ O,
buta € O’} ontology due to incomplete and imperfect knowledge ac-
NAE(O — O') = AE(O — O’)/NoLAA(O) quisition practice. However, those changes are not so sig-

nificant, e.g. on average, less than 0.1% of classes were
removed from the ontology, and about 1.2% classes were
added to the ontology (Figure 4B).

Class Definition Oriented ChangesThese metrics

NoLAA(O’) is defined in the metric 20.

Metric 24 Annotation Obsolescence (AO)

40(0 = 07) Hal azs o annotation, a € O, only consider the changes of definitions for the stable
buta ¢ O} classes. In other words, we don't count the changes in-
NAO(O — O') = AO(O — O')/NoLAA(O)

duced by the removed or added classes. We can see that
the total number of classes with stable definitions is also
steadily increasing (Figure 5A and Figure 4A), which in-
dicates that our knowledge about the biological entities
are stable and further research does not significantly in-
validate our previous knowledge. On average, 3.4% of
The Gene Ontology (GO) is a well-maintained and highlystable classes had their definitional axioms or annotations
used biomedical ontology. It has three organizing subremoved from the ontology, 0.8% stable classes had their
ontologies: biological process, cellular component andjefinitional axioms or annotations extended (Figure 5B).
molecular function. The Gene Ontologies in the OBO-  There are some irregular changes that happened dur-
edit format from Nov. 2006 to Jan. 2008 were down- ing Jan. 2007 and Feb. 2007. The Gene Ontology CVS
loaded from the GO archive ftp sfte A GO to OWL  |og and Monthly Report indicate that there were signifi-
converte? was used to transform a GO file in the OBO- cant changes to the annotations of classes. This can be
edit format into the OWL-DL format. We developed a confirmed from Figure 9 and Figure 10. A large chunk of
tool called OntoCM on top of the OWL API [4] and work was done offline and incorporated back all at once.
Pellet OWL-DL reasoner [8] to measure the aforemen-  Class Subsumption Hierarchy Oriented Changes
tioned change metrics for each of the three organizingpite of the abnormal activity during Jan. 2007 and Feb.
sub-ontologies of the evolving Gene Ontology. Due t02007, we can still observe that the average depth (Figure
limited space, we only present the results for the biolog-6A), the average fan-in (Figure 6B), and the average fan-
ical process sub-ontology. The results for the other twaout (Figure 6C) of class subsumption hierarchy remain al-
are similar. most the same. These observations indicate that the cov-
Class Oriented Change&nowledge acquisition is an  erage of the domain knowledge by the ontology is quite
accumulating process. Thisiis clearly shownin Figure 4Astable. Changes of each iteration only induce internal re-
The total number of stable classes in an evolving ontologyrganization of classification of our knowledge base. This
is steadily growing. As more research projects have beegan be confirmed from the changes of locations for stable
explored, our understanding of biological domain is alsoclasses in the hierarchy as shown in Figure 7A. Only very
expanded. Although, we inevitably make changes to thgew stable classes got moved up or down in the hierarchy.

NoLAA(O) is defined in the metric 19.

4 Evaluation

http://www.geneontology.org/GO.format.obo2ishtml
2ftp://ftp.geneontology.org/pub/go/ontology-archive/
Shttp://www.gong.manchester.ac.uk/

On average, about 56% of stable classes are leaf classes,
57% and 62% of obsolete and extended classes are leaf
classes respectively (Figure 8B).



A - Changes in Stable Class L i in the Suk ion Hi hy

A - Changes in Class Definitions
16000 16000

%gggg E— r———— , 14000 P —t— S —o— Invariant
@ 13000 > ﬁ 12000
4 ﬁggg L 1 —&—Stable 8 10000 -
S 10000 2 8000 \/
i == § o ~

©“ 4000
5 P mA
0 Lo—s P N ——

RNl ¢SS S S $ ®
MR N A S AP P I R Sl w\@ & &“ KRG x\@ & x\@ & w\@ & w\@ & w\@ &
RN S N N A MO IR AGIEN

40 B - Normalized Changes in Class Definitions B - Normalized Changes in Stable Class L i in the p
- B hid Hierachy
a gg I\ —=—Obsoleted 100 < — ————
K ]\ w 90 —a&— Invariant
g5 1\ g
® 10 / \\ —— Extended S Specialized
5 2
ol o au o - ] K ig i s lized
3
& & $ & & & & 5 0 X
GG U U O O S S SR IO SR S 20
o0 o o T T S s 2 N
ola o N o w a now oo onn oo
1 . it Q Q Q Q Q Q
Figure 5: Changes of Class Definitions FEFS S S S S S
0\'\ R NI G A P N @\'\ Q\N w'”\'\ K%
A - Changes of Depths in Class Subsumption Hierarchy
1 Figure 7: Changes of Stable Class Locations in the Class
1 L T e e e . . oo o X x
—&— Max Depth
10 4 Subsumption Hierarchy
=
£ s
§ 6 [[E—a— —m=— Average Depth
4 A - Leaf Classes
2
0 peees o oo s | —+—Stable Classes
& & $ & S S &S 7000 |[e—e——— "
UG R R IR GBI ORI U —a—Obsoleted
MNP CEPA AP A G\ PN A AR WA I AN A § 6000
oo e A S 2 5000 Classes
S 4000 —a— Extended Classes
B - Changes of Fan-ins in Class Subsumption Hierarchy = gggg
; 1000
g P
6 N
—&—Max Fan in © a A a a a A @
<> R R R R R I R R o
54 B R I R
£ 3 —=—Avg Fan In
2 B - Normalized Leaf Classes
1
o lgg /\ —a&—Stable Classes
& & IR S & & &S s 80 P
v U \2 U 2 U 2 ' 2 U 2 U 2 U
ST e g g o 7)4 7&)\ A —a—Obsoleted
© > S~ — > — Classes
. . " S 50 / x a4 L —4—Extended Classes
C - Changes of Fan-outs in Class Subsumption Hierarchy % 40 // — >
30
800 ® //
700 |—=—= 10
—&—Max Fan Out J
600 0
- v i V" i v OV v \V WV V" Ui V" OV v
g — —=— Average Fan Out ST 0T W T o o o
200
100 . i .
0 Figure 8: Changes of Leaf Classes in the Class Subsump-
Q\ Q A N H H
$ & tion Hierarchy

© S $ S SIS
MANEN UGN G CN CN CENCR CN G G
RPN R A U R R N

Figure 6: Changes of Depths, Fan-ins and Fan-outs in the
Class Subsumption Hierarchy based on the notions of “normalization” and “stable met-
rics”. Our metrics are defined on the logical closure of the

Logical Model Oriented ChangesThe total number ontology model, therefore they sat@fy these requwemehts
of logical axioms and annotations is also gradually in- Avery and Yearwood [1] identified the changes in

creasing and stable (Figure 9A, 10A). Changes of annotd 1€ €volving ontology as two types: 1) Translocation
tions almost double the contribution to the overall change$12nges, which record which entities are modeled; 2)
(Figure 9B, 10B). This suggests that most of changes Wergransformatlon. Changes, Wh'Ch record how an entity is
either adding or correcting annotations in the ontology, nd“0deled' Their work motivated our class oriented and

significant changes to the logical model of the ontology. /2SS définition oriented change metrics.
The metrics reported here is comparable to the work by

[7]. Their framework uses a temporal logic based multi-
5 Related Work version ontology reasoning system to examine and ana-

lyze the ontology changes and their effects. The most
Vrandecic and Sure [9] raised the issue of incorporatingiotable difference is that we compute the semantic clo-
ontology semantics when creating ontology metrics andure of an ontology and measure the changes of the class
proposed a principal approach to define ontology metricsubsumption hierarchy. We also distinguish the changes
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(5]

that have logical consequences from those that don’t. Our
metrics measure the semantic implications of changes
from class oriented, class definition oriented, class sub
sumption hierarchy oriented, and logical model oriented
perspectives.

6 Conclusions and Future Work [71
We identified three categories of changes and presented a
set of class, class definition, class subsumption hierarchy
and logical model oriented change metrics for quantifying
these changes. We implemented the proposed metrics arféj]
performed an empirical study.

Our study of the Gene Ontology evolution revealed
that changes happened very often, but on average, less
than 0.1% of classes were removed from the ontology, and
about 1.2% classes were added to the ontology. On avef9]
age, 3.4% of stable classes had their definitional axioms
or annotations removed from the ontology, 0.8% stable
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