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ABSTRACT

Motivation: A serious shortcoming of the Web Ontology
Language (OWL), especially for biomedical ontologies, is
that it does not allow for other than two-place relations.
Some strategies to cope with this problem have been pro-
posed in the literature, which range from temporally qualified
relations to slices, phases and stages.

Method: This paper adds temporally qualified continuants
(TQCs) as a further strategy that is tailored to work with the
3D centred approach of the Basic Formal Ontology (BFO),
but should also be compatible with other top-level ontolo-
gies.

Result: The paper discusses various ontological options for
the ontology of TQCs and shows how it can be used to ex-
press temporal relatedness as well as permanent generic
relatedness. However, due to the intrinsic constraints of
OWL, permanent specific relatedness cannot be expressed
within the expressivity of OWL 2.

1 INTRODUCTION

1.1 Temporal qualification: The OWL problem

An important feature of ontologies is the repreagon of
relations between classes. In the Web Ontology Lageg
(OWL) only binary object properties between individs
are admitted (Motik et al. 2009); these are tramsém to
class relations by means of universal quantificati®his
leaves no room for a temporal qualification thatulgore-
quire at least a triadic relation following the geal pattern

“Classl subClassOf&ReatedTo some Class2 at time T".

On the one hand, there is good reason to restecstbclass
hierarchy to such cases that hold at all times imzane
does not want to include accidental subclass cglatany-
way. For example, “Material Object subClass@bs

Location some Spatial Region” is true at any time as there

can never be a material object that has no loca@@nthe
other hand, other relations lilgartOf or participatesin do
call for a temporal qualification. More specifigglive have
to distinguish the following three cases (elucidateith
mereological examples):
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» Permanent specific relatednesA: bacterium has cell
membrane — it is the same membrane over the whole
time of itsexistence.

» Permanent generic relatedness:multicellular organ-
ism at any time of its existence consists of cellsut
not always of the same cells.

» Temporary relatednes# mature instance of the order
Lepidopterahas a pair of wings, but it did not have this
pair at every time of its existence.

If we consider assertions on class level, thessethinds of
temporary relatedness match to three typical naivatpnt
quantificational structures that can be expressétd the
universal and the existential quantifier (the fitstiversal
quantifier being due to the semantics of classtewsser-
tions):

» Permanent specific relatedness:
For ALL x there is SOME y such that
at ALL times t: R(X, y, t)

» Permanent generic relatedness:
For ALL x at ALL timest
there is SOME y such that : R(x, y, t)

» Temporary relatedness:
For ALL x there is SOME y such that
at SOME time t: R(X, y, t)

Of these three, permanent specific relatednegsisttong-
est one. It implies permanent generic relatedndgshyin
turn, implies temporary relatedness. Combinatgsiaiivo
more cases are conceivable. These will, howeveg|yrde
important for the biomedical domain:

* Permanent universal relatedness:
For ALL x at ALL times tit holds
for ALL y that: R(x, y, t)
* Temporary simultaneous universal relatedness
For ALL x at SOME time t it holds
for ALL y that: R(x, y, t)
» Temporary (possibly sequential) universal relatestne

For ALL x and for ALL y it holds
at SOME time t that: R(x, y, t)
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1.2 Usecases

Typical use cases for temporal qualifications aggetbp-

mental stages of an organism. E.g., the life obamal in-

stance of the typkepitopterais the following: egg, caterpil-
lar, pupa, butterfly. Here we have a good examplaro
instance of the same biological species passingugftr

these phases. Any instance in the butterfly statidoevdia-

chronically identical with some caterpillar instensome
time earlier. Another important use case is emlogypland

developmental ontologies in general, for terms distinc-

tions for different developmental phases aboundjotsy,

embryo, fetus, morula, blastula, gastrula, embnythe fifth

week after conception, conceptus in Carnegie stage

1.3 Previouswork

Phase sortalsThe terms we mentioned as possible use

cases are normally know under the name of “phagealsb
in Philosophy (Wiggins 1980) or “phased sortals'Ontol-

ogy Engineering (Guarino/Welty 2009). A phase doida
normally defined as “a count-noun such that a giobject
may fall within its extension at one time but notaother”

(van Inwagen 2001, 136). Consequently, the OntoClea

method characterizes phased sortals as indepenalatin,
rigid and supplying identity criteria (Guarino/Wel2009,
215). In this paper, we explicitly do not deal witte terms
as such, but with the entities they refer to andassume
that there are, in fact, entities that phased sorefer to
rigidly, namely temporally qualified continuants.

The standard reading of OWL assertioifie semantic of
OWL assertions is to read relational statementmpicitly
universally quantified:

e “Heart_valvesubClassOf part-of some Heart” is to be
understood as;_“For alleart valve instancesthere is a
heart instancé such that holdsa part ofb.”

e “Uterus subClassOf part-of only (Femaleor not Or-
ganism)” is to be understood as: “For allerus in-
stances holds: If there is & of whicha is a part, then
b is either female or not an organism.”

If we expand on this standard reading, we coul@rexktthe
universal quantification not only over the instama# the
first class mentioned in the assertion, but alser @l times.
The above sample assertions would then read:

* “For all heart valve instances at all timesthere is a
heart instancée such that holdsa part ofb.”

* “For all uterus instances holds at all timeslIf there is

ab of whichais a part, them is either female or not an

organism.”

This, however, does only permit to express permiagen
neric relatedness, but not the other two varieties.

SNAP-SPANThe original suggestion underlying the archi-
tecture of the Basic Formal Ontology (BFO;
http://www.ifomis.org/bfo) is to have various SNAP-
ontologies for various points in time (Grenon 20&8nith

& Grenon 2004). It is, however, not possible tofgen this
task in OWL: Once the various ontologies are cotetec
with a SPAN ontology and a common nhamespace is ac-
cepted, this approach will lead to contradictidhst exam-
ple, one SNAP ontology concerning the phase of tteebu
fly's life in which the butterfly is still a cateilfar would
assert “LepidopteraubClassOf not has-part some Wing”,
while one concerning its adult phase would asdexpidop-
tera subClassOf has-partexactly 2 Wing”, leading to an
inconsistency (something cannot have wings andingsy.

Introducing n-ary relations to OWIThere are some strate-
gies to incorporate n-ary relations into OWL (Arargn et
al. 2009; Grewe 2010). These are, however, quilesy
and seriously impair the processing time of ontasg
Hence, they really are workarounds rather thanagiegys-
tematic solutions. For example, one would turntémeporal
assertion that butterflies have wings during tlaeiult phase
into a series of assertions connecting wings, thét gphase

and the butterfly through an intermediate class:

» ButterflyWingRelatorsubClassOf
(relatesSubjectome Bultterfly) and
(relatesObjecsome Wing) and
(relatesAtTimesome AdultPhase)

 Butterfly subClassOf
subjectOfsome ButterflyWingRelator

Here the hypothetical class “ButterflyWingRelat@&rves
as the reification of the original ternary relatiand con-
nects its elements.

Temporarily qualified relationsAnother option would be to
introduce different relation terms for the relasdio be dis-
tinguished, following the general scheme “R-at-sotiae”
and “R-at-all-times” (e.g., Smith 2012). According this
strategy we will have at least twice as many retetias one
thinks there are: has-part-at-some-time, has-paat-a
times, has-participant-at-some-time, has-partidiadsall-
times.

The main problem of this approach is that the i@tat
names are mere labels for OWL and OWL editors Rke-
tégé — and that they are ‘invisible’ for the redsgnalgo-
rithm. Their semantic content can only be hintethatvay
of the subrelation hierarchy that mirrors the iroglions
between the relations. Another drawback of thisreagh is
that it is quite complicated for potential users,tiaey have
to learn and use at least twice as many relations.

4D-Approach.The 4D view (also called ‘perdurantism’)
views objects as four-dimensional space-time ‘wortinat
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can be split up into temporal ‘slices’ (cf. e.g. W& Fikes
2006). This would allow us to define as follows:

« X is (at least) a temporary part of y if y if andlyif
there are time slices x* und y* of x and y, suchttk*
is part of y*.
e X is a permanent part of y if and only if for aiine
slices x* of x there exists a time slice y* of ychuthat
X* is part of y*.
This approach does allow a rigorous semantic adotof
the various temporal varieties of relatednesss, Ihowever,
notoriously unclear how to distinguish interestisgace-
time worms from spatio-temporal junk and it is rob¢ar
how to account for time slices: Are they continsaot oc-
currents? In any case, this method does not squitiehe
3D approach of both our everyday handling of theldvo
and of biomedical science. We will, therefore, tsyreplace
worms and slices with temporally qualified contintga
(TQCs) and describe their place in a 3D ontology.

GFO PresentialsThe GFO top-level ontology provides yet
another way to account for time-dependent relatesine
which can at least be called “4D inspired”: Instediccon-
tinuants that are present as a whole at every poitime of
their existence, in GFO there are “presentials”jciwhare
present as a whole at exactly one point in times theing
analogous to instantaneous time slices. The diaahiden-
tity that is a key characteristic of a continuamtttien ob-
tained by postulating that for every individual tanant (in
non-GFO parlance) a certain universal (a “persitaxists
that is instantiated only by a temporally contigsiaet of
presentials, one for every point in time (Herrale2006).

In our eyes, this approach is not very attractioe tivo
reasons: it is at odds with the strong intuitioattimdividual
continuants such as human beings exist and, sedored,
quires multiple levels of universals to account ¢onven-
tional class level assertions. Regarding relatmfndifferent
temporal strength, GFO seems to have adopted anagp
where relations are reified as “relators”, whichveeas con-
texts that aggregate the relata as “players” ofagerrela-
tional roles” (Loebe 2007). Additionally, GFO accdsl for
different temporal modes of relatedness precisglgibtin-
guishing between presentials and persistants.

2 TEMPORALLY QUALIFIED CONTINUANTS

2.1 Whatisatemporally qualified continuant?

In ordinary discourse as well as in formal ontology of-
ten assume that objects come along with their (irest:
borders in space and time: When an animal dies,ishihe
temporal end of an organism. When a caterpillarsfiams
into a butterfly, this is not the end of an orgamidut only
the transformation from one state of the organisrartother
state of the very same organism. The word “buftérthat

is, does not apply to that organism at any stagés a#xis-
tence, but only at some very special stage. Thel Wout-
terfly” is what is normally referred to as a phasetal: It
refers to a thing in a certain phase of its existerin a first
approximation it could be said that a temporalhaldied
continuant is the referent of a phase sortal. Exasnhat fit
this descriptions are:

» young Socrates vs old Socrates

 a cell before an intervention vs that cell two dafter
the intervention

* the juvenile body vs the adult body

* the liver of a child vs the liver of an adult
All these examples are temporal qualificationsnafepend-
ent continuants — of objects or object parts, i parlance
of BFO. We could, however, easily apply the granioat
device of temporal qualification to terms for degeent con-
tinuants, too:

 the colour of my skin after contact with the common
nettle

 the quantity of Lm11 proteins in the cell eight slaf-
ter intervention

* the size of the cell eight days after intervention

» the muscle power after two months of training

« the ability to speak two hours after taking drugs

« the function of the sexual hormones in the agindybo
« the role of garlic cloves around midnight.

This list of examples neatly displays a sundry fedent
categories of dependent continuants from BFO.

2.2 Argumentsfor and against TQCs

To be sure, TQCs seem to be very strange entitiesthere
are important arguments not to admit them into rdoss
ontology We briefly sketch the relevant argumermtieh

Arguments against TQCA. strong argument against TQCs
can be derived from Occam’s Razor, i.e., the pplecof
ontological sparsity. Natural language statemehg& tire
seemingly about TQCs can be reformulated suchttiest
are statements about non-qualified continuantsatoing a
temporal modality acting on the whole sentence; é@d
Socrates had grey hair” can be paraphrased as “Wiken
was young, Socrates had grey hair”. Also, old Sesrand
young Socrates seem to be the very same persorg held
Socrates” and “young Socrates” seem to be diffeliadvels
for the very same entity — and, hence, superfluous.

Arguments in favour of TQC&n the other side, this onto-
logical commitment has to be compared with the logical
commitments of alternative approaches, which conite w
their own costs — spatiotemporal worms, temporeésland
so on. We can also argue from the technical ndgegti
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having a technique to express temporary relatediress
OWL ontologies in order to describe, e.g., the rhotpgy
of an embryo in the course of its ontogenetic dgwalent.
It could also be argued that we do distinguish keetwcon-
tinuants with different temporal qualifications ordinary

first ten years of his life”) or vague (“young Sates”); they
can refer to a time measure (“conceptus in thetioweek
of pregnancy”) or to other properties (“embryo iar@egie
stage 5").

If we expand on this contrast between TQCs andptem

parlance: To claim that young Socrates drank henlocrally) bona fide continuants (BFCs), we can stheg every

would not only be odd, but false. This indicatésally, that
young Socrates and old Socrates have incompatibjeep
ties and are, thus, not labels of the same erttijl.a

2.3 TQCsasContinuants

The basic idea of our suggestion is to take seribesdea
that TQCs are continuants. This implies that thay bave
spatial, but not temporal parts and that they aesgnt ‘as a
whole’ at every time of their existence. When yo8ugra-
tes was on the Agora at noon, the whole young $exmas
on the Agora at this time.

TQC is a TQC of some BFC. This gives rise to irgtng
new relations:

» x hasMax y if and only if y is the BFC of which s &
TQC.
The inverse relation is maxOf; both are transitivasMax
is functional and a fixpoint relation. These radas can
help us to define the equivalence class of all T@@s are
TQCs of the same BFC:

» x and y belong to the same BFC if and only if x-has
Max ° maxOf y.

But how does this new class of TQCs relate to
BFO:Continuant i.e., the class of continuants hitherto ac-3 PUTTING TQCS TO WORK

knowledged in BFO? Linguistically, TQCs seem tospe-
cially qualified continuants. This would hint ate#ting
TemporallyQualifiedContinuargs a subclass of Continuant.
The old BFO continuants could, however, also ben see
continuants that are — implicitly — temporally gtied in a
very special way, namely with respect to their vehtile-
span or history. We would then tréBEO:Continuantas a
subclass offemporallyQualifiedContinuant.

BFO 2 does already contain the means to talk atheaut
history of a material object, which is defined as the ittal
of processes going on in the spatio-temporal regiocu-
pied by the material object. This, in turn, allowssto define

the duration of an independent continuant as the temporal

projection of its history (using the object
BFO2:projects_ontp

2.4 Bonafideand fiat boundariesin time

One strategy to make TQCs less offensive is to tattop
distinction between bona fide boundaries and fainula-
ries (Smith 1995, Smith & Varzi 2000; cf. Vogt 20142 the
temporal boundaries of (the history of) materiajects.
BFO is built around the assumption that some nelteriti-

propert

ties are cut off from their environment by subject-

independent physical discontinuities. Other makeigects
are only cut off from their environment by a cogrétact,
i.e., by human fiat: We can distinguish between upper
femur and the lower femur without resorting to asa

3.1 Tempora Variants of Relatedness

We have now all we need to use TQCs to expressdhe
ous ways of temporal relatedness by means of gtaated
expressivity of OWL. In doing so, we assume thhtedht-
edness on the instance level is grounded in somegnent
or instantaneous relatedness. X and Y being clagsesan
define:

* Temporary relatedness (class leveX:is temporarily
R-related to Y if and only if for every instanceok X
there is a TQC x* with x* hasMax x and some TQC y*
with y* hasMax some Y such that: x* R y*.

Permanent generic relatedness (class levEljs per-
manently generically R-related to Y if and only if
X subClassOf R some Y, i.e. if and only if for all
TQCs x* with x* hasMax some X there is a TQC y*
with y* hasMax some Y such that: x* R y*.

Permanent specific relatedness (class levél)s per-
manently specifically R-related to Y if and only if
(1) X subclassOf R some Y and

(2) X-BFC subclassOf R exactly one Y-BFC.

In the latter specification, properly defining ctau(2) re-
quires the introduction of a property chain (foraewle
“R o hasMax”). This construction is, however, not permi
sible in OWL. We are, thus, not able to define pamment
specific relatedness due to the restrictions oruieeof non-

The same idea can be applied to temporal boundariesimple object properties in OWL, though augmentihg

When a vase breaks, this is a definitive temponal &f its
existence, as is the death of an organism. Sirthilaunghts
could be applied to the bona fide beginning of agao-

ism’s existence (Smith & Broogard 2003). We cannthe

have the maximally temporally extended bona fidetice
uants that can then be temporally shortened by afdiat
boundaries. These boundaries can be crisp (“Sacatine

expressivity by using a rule language such as SWRI-
vides workarounds for this issue. (Batsakis & Heétra
2012).

3.2 Transformations

Another interesting relation between TQCs thatfisrgor-
tance for biomedical ontologies is transformatibna bio-
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medical ontology, something like the following cdube
stated: Butterfly transformation_of some Caterpillafhe
Relation Ontology (RO, Smith et al. 2005) definesns-
formation only on class level (making use of theCBRtui-
tion discussed in the previous section):

« Let C and C’ be types of independent continuarnignT
C is a transformation_of C’ if and only if, for aland t,
if ¢ is an instance of C at t, then there is a tifnearlier
than t, at which c is an instance of C’, and thierao
time t2 such that c is at t2 both an instance aih@ an
instance of C'.

However, due to the syntax of OWL (as opposed t@®©DB
such a definition on class level is not sufficiamd we are
in need of a definition of transformation on thedkof in-
stances. We would want to say, e.g., that old $esris a
transformation of young Socrates. We can define ¥
follows:

* X is a transformation of y if and only if (1) x agdare

TQCs, (2) x and y are TQCs of the same BFC, and (3)

the history of x projects on a later time than Himstory
of y.

4 CONCLUSION

We have introduced the new category of temporaliglig
fied continuants to enhance the expressivity of OWith
this new category of entities we are able to gtvietsdefini-
tions of temporary and permanent generic relatedné&e
can also justify enriching OWL with rules. We atscaable
to give a definition of transformation on instaneeel.

Of course, many problems remain. Not the leagdtasstill
dubious ontological status of TQCs. Also, we hagt dis-
cussed the question of whether TQCs need to hazana
tinuous history or whether it could make sensedimiaalso
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