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Abstract. Patient observations in health care, subjectiveeys in social research
or dyke sensor data in water management are athglea of measurements.
Several ontologies already exist to express meamnts, W3C's SSN ontology
being a prominent example. However, these ontaogiédress quantities and
properties as being equal, and ignore the foundatiequired to establish
comparability between sensor data. Moreover, a ureas an observation in itself
is almost always inconclusive without the contextwhich the measure was
obtained. ContoExam addresses these aspects, ipgfid a unifying capability
for context-aware expressions of observations afpoantities and properties alike,
by aligning them to ontological foundations, and binding observations
inextricably with their context.
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Introduction

Cyber-physical systems, Internet of Things, smariser networks, all generate or
manipulate representations of observations of #regivable or conceivable universe:
e.g. patient observations in health care, subjectiurveys in social research, dyke
stability data in water management. Semantic iprability of sensor data in such
systems (a) is inconclusive without awareness @ttintext of the observation, and (b)
critically depends on the extent to which sensta dae comparable.

The International Vocabulary of Metrology (VIM) [Xvers the basic principles
governing quantities units and measurementslt introduces the concept &ind of
guantity as foundation focompar ability betweemuantities However, in ontological
terms a vocabulary represents a thesaurus withdotreated reasoning support with
limited level of detail [26]. We conclude that tkéM lacks accurate support required
for software systems to reason about comparabdiscerning automatically that width,
radius and circumference all represent length. Goaigplity should be founded on
clear ontological distinctions, as opposed to ®gywytactical conventions as with the
VIM. Several ontologies already exist to expresasmeements, W3C’s SSN ontology
[2] and NASA QUDT [27] being prominent examplesthdugh supporting automated
reasoning, the semantics of these are only loogelynded in the VIM. Ontologies
that claim to facilitate sensor observations shobégtome genuinely grounded in
metrological concepts like the VIM. Moreover, dshbeen recognised [3]-[5] that the
VIM has given little attention to the representatiaf measurements aboprtoperties
that have no magnitude: the gender or mood of soperor blood type. By definition,



these properties are excluded frametrology and the VIM, while examinology
instead extends metrology by differentiating betwegeasurements of quantities and
properties [6]. The extension to domains wherestligect of research is a person and
the observations are subjective, e.g. [5], onlyréases the need for a coherent
interpretation betweemeasurement®f quantities and of properties Applications
require awareness about the ontological differéhae constitutes the two. We address
how they best be unified in one overarching ontplémunded on examinology. We
propose ContoExam, an ontology that provides fgoressiveness concerning the
comparability of sensor data. Plus, we observe ghaingle property or quantity is
mostly inconclusive if the observation is not coesed in the context in which it was
obtained: a heart rate reading of 128BPM will hagey different meaning for elderly
vs. new-borns. ContoExam addresses how observdignmme contextualized without
enforcing a particular ontological commitment omiexxt.

We aligned ContoExam to the Unified Foundationatdlgy (UFO) [7] (see
Section 1.1). However, since the available toolggot yet capable of representing all
UFQO'’s capabilities, we represented ContoExam itaslfa UML-artefact, using UFO
profiles from [7]-[9]. Our work mainly contributde a unifying capability for context-
aware expressions of observations about quanétiésproperties alike. We applied a
preliminary version of ContoExam in a mobile platfofor body sensors [10], the
results of which have been presented in [11] ag{l [1

Typographically, we applpold font toemphasize only, italics for anontological
conceptand thenamespace:ternmotation to clarify potential confusion about the
various sources for terms, ‘namespace’ being ohefofv,d,u,p}, referring to the VIM
[1], Dybkaers Ontology on Properties (OoP) [4], UFQ, and Semantic Reference
Spaces (SRS) [13]. Terms without namespace refe€dntoExam concepts, and
guillemets around atermx»indicate foundational alignment.

The paper is structured as follows. Section 1 prtssine ontological, metrological
and examinological backgrounds. Section 2 discusegsogical distinctions between
guantities and properties. Section 3 discussedagital concepts that are required for
the expressiveness concerning comparability. Seeti@laborates on the ontological
grounding of context-aware observations, and Se&ipresents concluding remarks.

1. Foundational backgrounds
1.1.Ontological foundations

We base our work on the Unified Foundational Orggld&JFO [7] that in itself is
founded on the 4-category ontology [14]. Dybkaeplieitly adheres to the 4-category
view ([4], Sec. 6.14). There are strong indicatitimst the VIM implicitly accepts this
view ([1], Sec. 1.1 note 1; Sec. 1.30). We analy#esl VIM and could find no
indications that the adoption of the 4-categorywigill introduce inconsistencies. We
state that the 4-category ontology does not cdnflith the VIM [1] and OoP [4], and
conclude that our attempt to align the amalgamaticthe VIM and the OoP to UFO is
fundamentally sound [14]. We have chosen UFO ovkerofoundational ontologies
such as DOLCE, BFO, GFO, BWW, because of its breaslicombined with depth and
granularity, its match with the domains of metrglamnd examinology, and because it
is a promising emerging ontological foundation. Aopt, and subsequently extend
UFO with the notion of reference spaces, coined Rmpbst [13], to cater for



conventional aspects that form a significant part of metrolagg examinology. In this
way, ContoExam provides for a highly accurate eegiimg artefact.

UFO on the one hand differentiates betwsets universalsandindividuals and,
on the other hand, further classifies the lattey tato substantialsandmomentsThe
relation betweemomentandsubstantialis one ofinherence; amomentexists as long
as its bearingsubstantial (its bearel) exists. For instance, inherence glues being
unmarried to a particular bachelor Friedrich, anghgticular shade of greenness to my
car. Similarly, moment universajsa.k.a.quality universals are said tacharacterize
substantial universalsUniversals also categorizeéndividuals like being unmarried
categorizes bachelorfdividuals are instances afniversals like Nietzsche being an
instance of Person. Furthermore, iadividual x exemplifies the universalU if there
exists anindividual momentn that (i) inheres irx, and (ii) is an instance @&, e.g.,
Friedrich exemplifies being unmarried because laedthe property of being bachelor.

1.2. Metrological and examinological foundations

In the VIM [1] a v:quantity is defined as “property of a phenomenon, body, or

substance (...)". Aproperty is being defined [15] as “facet or attribute of alnject

(...)". Likewise, Dybkaer [16] considers dproperty (and equally soy:quantity)
“being inherent in a phenomenon, body, or

_ 7 M)y o substance”, the latter three terntedystem
Propany) //"\ no Ay Our first design rationale therefore is to
——_ 1_;’; - :__7—}*—*”" acknowledge that d:property and
property ———____ v:quantity inhere in a d:system. Implied
12 kindof / (@) by the VIM, and explicitly stated by
quantity T o Dybkaer, is that being examinable is an
e s \ essential characteristic of d:property,
121 quantity it} although properties may be assumed to

2.6 measurement

procedure exist without being examined. Our second
\ design rationale is to follow the VIM and
Dybkaer to constrain the meaning of
/ 19 measwement __ d:property and v:quantity to potentially
' ! - _ being examinable, directly or indirectly. A
(Ff'r%‘;:ell]l) Part of VIM model around quantitthjrqd design rationale is to acknowledge
that, as raised by metrology [5] and
ontology [17],d:propertiesandv:quantitiesare to be treated distinctively. As shown in
Figure 1, the VIM excludes, by definition, propestithat have no magnitude, termed
v:nominal property from v:quantity Both [3] and [4] accept ‘having magnitude’ as
delimiting characteristic, distinguishingquantitiesfrom v:nominal properties and,
subsequentlyy:measurementom d:examinationsBlood type, mood and gender are
examples representing a type wofhominal propertythat can bed:examined whilst
length is consideredwaquantitythat can be&:measured

calculus ?

2. Property versus Quantity in an ontological per spective

Providing for expressiveness for comparability ésitbwing our third design rationale
implies providing for proper ontological grounds ddferentiate betweemuantities
andnominal propertiesThe majority of the ontologies (excluding [17fat represent



sensors or measurements build on the VIM only &edice neglect our third design
rationale. This results in subtle but significamhbaguities that impede truly open
sensor networks; e.g., the Semantic Sensor Net(@8kK) ontology [2] introduces an
inconsistency betweenpopertyand itsvalug15]*, while other ontologies suffer from
similar internal inconsistencies, e.g., QUDT [2@htt d:examinead:nominal property
Since the  distinction  between

vinominal property and v:quantity is

A associated with the presence or absence of a

[ | magnitude, we conclude that this distinction

<<u:MetricSpace>> <<u:Enumeration>> should be sought in the characteristic of
d:QuantityValuescale | | d:NominalPropertyValuescale | their v:value scale Guizzardi [7], founded
1| wisassociateawith o | on [18], distinguishesi:quality universals
as perceivable or conceivableémoment

universalsthat are associated with a single
A u:quality structure an n-dimensional

1 1 structure spanning the envelope that is
i‘ ,i] associated with the potential “values” the
v:Quantity v:NominalProperty . o .
u:quality can exhibit. Moreover, a:quality

Figure 2 Summarizing ontology aroundstructuresis considered either a:metric

nominal properties and quantities. Gray boxeépace or a u:non-metric spacethe latter
represent alignments between metrological orre resentin a.0. L:enumerations the
examinological terms and UFO groundings. p g, Bt S

former quality structures exhibiting a
distance function to calculate the distance betvessm pair of values in the structure.

From the above we conclude that in order to difféate betweerv:nominal
propertiesandv:quantitieswe need to establish their associategliality structuresas
«u:enumerations»®r «u:metric spaces»espectively. These concepts are foundational
to d:nominal property value scakndd:quantity value scalaespectively. Clearly, this
does not clarify the fundamental distinction; itrelg shifts it to their underlying scales.
Still we conclude to refer to the similarity betwegv:nominal propertyandv:quantity
by their correspondence tbproperty, while they differ in their associations to distin
u:quality structures see Figure 2. In Section 3.3 this fundamentdiedihce (their
scales) and the grounding of their similarity deberated on.

In the remainder we use the teproperty as defined by Dybkaed{property) to
represent the similarity betwegrquantityandv:nominal property This holds also for
composed terms that build upproperty, e.g..kind of propertyrefers to the similarity
betweerd:kind of propertyandv:kind of quantity

3. An ontological notion of kind of property

The essential characteristic for kdand of propertyis stated ashaving sign of
comparable properties [16]. Dybkaer [4] (and similarly, the VIM) defineskind of
property as the “common defining aspect of mutually complergroperties, and
analyses that members of the seppertiescarved out bkind of property belong to
a defined class and are mutually comparable by tlesipective values on a given

i SSN,property corresponds tpropertyfrom [14], and thus doesn’t exclude having magies) as
underlined by aligning it to the DOLCE ultralighbL) conceptquality. Contrarily, SSN’sobservation
valueof its propertycorresponds with themeasured quantity valubat only includes magnitudes.



property value scalesee Figure 3. Hence its purpose is to determimetiver and how
values ofproperty X can be combined with values pfoperty Y. The underlying
nature of (i) the concept &ind of property and (ii) its relation withproperty, remains
unclear in [1], [4], [16] and [27]. In [19] it is ade clear that the metrological
definitions ofv:quantity andv:kind of quantityare not free from ambiguity, and it is
analysed that only comparisons betwegpuantities'in the general sense’, e.g., length,
must be taken into account in VIM’s definition diet concept of:kind of quantities
We consider it mandatory to clarify how mutual cargbility betweempropertiesof
distinct entities can be ontologically establish®unply creating a concept may suffice
for modeling comparability yet fails to identify dmepresent the ontological nature of
the ‘common defining aspect of properties’. Consely, software issues such as
interoperability or conceptual modeling will suréasooner or later because they can't
provide for proper matching of ontologies. Thislwdsult in inability to establish, for
example, the particular green of a car to be coalgarto the particular colour of a
little black dress but not to its size. Or that podeight (mass) and heart rate
(frequency) can be used in a fithess applicationhgight (length) is irrelevant, and,
contrarily, that height and weight are purposefulbed to derive body mass index.

system 5 proparty » Property value
(5.3.3) (b) (s.5.5) {s.9.15)
X ...“------ N

kind-of-
property
(5.6.19),

erythrocyte singulax
property
{(8.6.14.1)
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Figure 3. Concept diagram on property, kind-ofgemty, and value (from[4]). Relationship type a} (a
generalisation, (b) association, (c) terminologiiahension, (d) instantiation, (e) possible plwdkegeneric
hierarchy

We therefore strive for an ontological grounding(ipfwhat it means to be kind
of property and (ii) what its relationship withropertycharacterizes.

3.1.Comparability, property and kind of property

We observe that the definitions from Section 1.8 eonsistent with the view that
property can only correspond to «u:quality universal» This conclusion is based on
the facts that (i)u:quality universalscharacterizeu:substantial universalsand (ii)
u:momentsexhibit the characterizing feature of being exit@ly dependent on
anotheru:individual, called theu:bearerof theu:momentwhich is either a:moment
or anu:substantial In the context of observations, the subject ofesbation, i.e,
d:systemaligns with theu:substantialthat bears the:moment called au:quality, that
is an instance of a:quality universal

The Semantic Sensor Network (SSN) ontology imptimtsQUDV ontology [20],
thus reusing:kind of quantityin its'QuantityKind; and applies a subclass relation with
DUL’s quality concept. However, the relation between both caiscepnot further
clarified other than that they apparently both ralig DUL'’s quality [21]. In [17], the



notion of aquality roleis suggested in order to differentiate betwpmpertyandkind

of property “length ind of property is playing therole of height property) in the
context of a human bodyd{ystenr. However, Guizzardi shows in [7] that only
substantial universalsan take on &ole, and we take the stance thtd of property
cannot be conceptualised as such since it is notdied on matter nor does it possess
spatial-temporaimoments We further conclude that althoudtind of propertiesis
about properties, it is not@operty. This is underlined by the concept diagrams in [1]
[4] that consistently refer to the relationshipvee¢nproperty andkind of propertyas

an association (see Figure 3) as opposed to dafipatton. Moreover, &ind of
property can be represented by variopperties e.g., length as height, thickness,
circumference [22]. In other word&ind of propertyand property are genuinely
distinct ontological concepts with a 1:n cardinalif their relationship. We further
emphasize that kind of propertycan be represented in various ways. For instance,
colour can be represented as red-green-blue (RGBjsohue-saturation-brightness
(HSB) structures. This implies that being compagald not equivalent to having
identical scales or units.

Further to comparability, if we measure the heighéa 3D object, we refer to the
length of the normal-vector of its horizontal plariedependently on how it was
initially positioned. So “height” potentially referto three distinct vectors. More
generally,propertiessuch as height, thickness and circumference aperdient on
some prescription or instruction, i.e., a convemtié we measure “Nietzsche’s height”,
then we take the convention that we measur@tbpertydefined as the vertical length,
i.e., the perpendicular that is set up from theugtbplane to the top of his head when
he is standing upright — the “length-as-height-amtion”. We conclude thairoperty
only represents, somehow,u:quality universalsbut cannot bealigned to it in
ontological sense as:quality universallacks convention. Instead we claim that
comparability, based on the ‘common defining aspect of propgrtimds its origin in
the u:quality structureand thatkind of propertyrepresents the entity thegfers to it
and hence genuinely aligns withi:quality universal»

In order to more easily elaborate on the naturproperty, we will first elaborate
on the ontological notion goroperty valueandproperty value scale

3.2.Property value

According to [7] and [17] and following the condlas of the previous section, if we
refer to “Nietzsche’s height of 1.73m”, then Niatas exemplifies the u:quality
universal length, since thei:individual momenty; of “Nietzsche’s-length-as-height-
convention”, termed a:quality, inheres in Nietzsche and is an instance ofitheality
universal length. Since identity prevails comparability, vie want to compare the
length exemplified by Nietzsche, with the lengtlemplified by anotheu:substantial
individual, say Paris Hilton, then:quality must follow a principle of identification that
distinguishes between themoment(quality g;) that inheres in Nietzsche from the
u:moment(quality q,) that inheres in Hilton, although both have thensaroperty
value of “1.73m". Dybkaer defineproperty valueas “inherent feature of property
used in comparing it with othegproperties of the samekind-of-property. In this
definition, property value(“1.73m”"), expressed as the product of value and, u
coincides with what is called by Gardenfors [18u@uale which represents the
position of an individual quality within a certainquality structure This implies that if
we want to compare the length of Nietzsche, i.e. dhalityq, with property value



“1.73m", with the length of Hilton, i.e. the qualit), with property value “1.73m", we
find that, becausg; andg, map to the same region in thequality structure q; andg,
share the same qualg representing identical length. As stipulated by][ this also
provides us with the ability to record the changdeingth between the boy Friedrich
and the man Nietzsche because qualityof the boy is, thanks to its principle of
identity, the identical qualitg, of the man, which has one single qugll¢hat changes
over time. We conclude that tipeoperty valueligns with aku:quale»

3.3.Property value scales

A d:property value scales defined by Dybkaer as an “ordered set of pdssibutually
comparableproperty value’s He brings the two concepts together in a notegh®
d:property value scal@s “A property valueis a member of a conventionally defined
set of possible values forming property value scale Although this seems
ontologically similar to the quality structure, theistinction is in the words
“conventionally defined”. There exist many conventlly defined value scales, and
new ones will definitely emerge. But they all ordie values of the underlying
u:quality structurein the same (conventionally defined) way. Introglli@s semantic
reference space (SRS) by Probst [13] shows thae tleea fundamental difference
between the absolute value, e.g. of the lengthiefzSche, and the way his height is
being referred to as “being 1.73m tall”. The forneran absolute physical that can
never be established in absolute terms due to imacies that originate in the
observation system, random errors etcetera, anidttiee is (a) an approximation of the
former, and (b) founded on an arbitrary howeverveational magnitude chosen as
referencing measure of unit, e.g. metres or felis implies a separation between the
u:quality structure of v:true quantity valuesthat serves asonceptualization of
physical reality, and theepresentation of thatu:quality structurethat serves as (i) a
partitioning scheme, and (ii) a naming scheme. Thj@esentation of tha:quality
structure is coined by Probst as semantic reference spacp;reference spacéor
short [13]. A p:reference spacexhaustively partitions the:quality structure by
grouping magnitudes in partitions callpdeference regionsthereby discretising the
u:quality structure A p:reference regiorrepresents a discrete approximation of the
includingv:true quantity valuesA p:reference regiortan be assignedpasign such as
“1.73m". But this is not always possible, e.g.tire colour spectrum one can define
much more reference regions than can be denotédanmiiblour name. Still, a single
p:reference regiormaps to several:qualia that, by token of the singlg:reference
region, cannot be distinguished amongst each other argymdhat reference space.

A p:reference spaces not part of ai:quality structure but represents an entity in
its own. Still, it is based on a singlequality structure and, hence, a:quality
structurecan be represented by many differprmeference spaceslepending on the
applied schemes (partitioning and naming). Howewerprder to act as such the
p:reference spaceeeds grounding first. This implies thauauale must be chosen
(and recognized by a social agent, hence the ctiovrthat serves as anchor for one
single p:reference regionWith this grounding, a measurement process e$ulthe
identification of the convention for the:quale i.e., the p:reference region An
elaborated treatise gnreference spacesndu:quality structuresand the identification
and grounding of:units of measurean be found in [13]. In order to provide support
for p:reference spacesithin ContoExam, an extension of UFO was requik&é have



provided for such an extension by defining:eeference spacas«u:set» similar to
their definition in DOLCE and to UFQ’s definitiorf a u:quality structure

Founded on the fundamental difference betweergaality structure defined by
nature, and its approximated counterpart,pghieference spacdefined by convention,
we can now provide for an alignmentwafmeasured quantity value scakeg., height
in metres, and:true quantity value scajee.g., the absolute length. Where the latter is
aligned with acu:quality structure»of unnamed, abstract but ordered magnitudes, the
former refers to its discretized, named approxiorgti.e.,«p:reference spacesn this
way, colour, conceptualized asiajualitystructure indeed can be denoted by multiple
distinct (RGB versus HSB):reference spacesnd length can be represented in feet
. for height or in pm for

- 1.% PR
<<p:ReferenceRegion>> i <<p:ReferenceSpace>> o wafer Ste er
d:ExaminedPropertyValue d:ExaminedPropertyValueScale : - displacements Sinceprt))oth
1 ® 2, represent the same quality
p:approximates p:isDiscretisedBy E\L Space they remain
1 1 G !

Memberof A~ comparable and

<<u:Quale>> isMember <<u:QualityStructure>> .
d:TruePropertyValue d:TruePropertyValueScale conversion between the
two reference spaces is
! u:qualeOf u:isAssociatedWith ! pOSSible. Indeed, our
1 ! L earlier remark in Section 2
ccuQuality> |- — — — ] <<u:QualityUniversal>> Z  (being comparable is not
instanceOf UGy £ equivalent to having
L% | heresin T identical scales or units)
1 ' still  holds since that
<<u:ConcreteParticular>> referred to concepts that,
d:System as explained here, have

Figure 4 Summarizing ontology around property valoale, and kind been . defined by
of property, aligned to an extension of UFO thatlides semantic Convention. The results are
reference structures frol13] depicted in Figure 4.

3.4.Property and its relation to kind of property

We have found ontological alignment fkind of property how it relates tgroperty
valuesand their underlyingroperty value scalesand how a fundamental difference
between thai:quality structure defined by nature, and tigereference spacgedefined
by convention is foundational to that. This prowdes with the material that we need
to groundproperty Considering the conventional nature oprmperty, e.g., height,
circumference, we derive that its ontological natshould be sought in close relation
to the conventionally defineg:reference spacehat mirrors the actual:quality
structure Just akind of propertyis associated with thieue property value scalave
suggest gropertyis associated with theonventional property value scaleHowever,
unlike kind of propertythat is instantiated by@momentapropertycannot represent a
u:moment universasince the convention as such is a social agreethahtdoes not
u:inherein a bearingu:substantialbut represents a substantial, albeit no physiecahb
social one. In [9] UFO recognises tanormative descriptionsa specialisation of
u:social objectthat defines nominal universals that are recogniigeat least one social
agent, e.g., an organisation or person. We thexgfoopose to aligmroperty with
u:normative descriptionio represent a recognized, nominal universal, égjght. Its
relation with the conventiongl:reference spacés then represented by a one to one



«u:is associated withselationship that represents the formal correspood with the
u:associatiorrelationship.

Being au:substantial universalapropertyinstantiates an individual that represents the
convention as it has been applied during dhexaminationand for which just one
p:reference regiontakes the role of being thd:examined property valueThis
individual has been called thliksingular property e.g., the radius of circle A,. This
individual  opposes  the

instanceOf

<<u:ancreteParticuIar>> EEN <<u:NormativeDescription>> T d:examinand that represents
d:SingularProperty d:Property [os) .
. = the property that is intended
1 .
u:isAssociatedWith u:isAssociatedWith 1 g tO. be examined and what
! 5 aligns to theu:quality, e.g.,
<<p:ReferenceRegion>> ‘1"* 2 <<p:ReferenceSpace>> 3 the |ength of a line segment
d:ExaminedPropertyValue d:ExaminedPropertyValueScale g (that is placed such that it
! _ o * l represents the radius, or the
. p:approximates p:isDiscretisedBy .7 circumference).
) Based on these groundings
<<u:Quale>> isMemberOf <<u:QualityStructure>> s
d:TruePropertyValue d:TruePropertyValueScale for d:kind of pr0pe rty
d:singular  property and
1 u:qualeOf usisAssociatedWith 1 & d:property, as depiCted in
! = Figure 5, it is possible to
SwQualies L suQualivniversab> 5 answer guestions  about
:EXaminan A :Kin roper! .
instanceOf pery 5 comparability between
L* | inheresin properties of distinct entities.
1 So Nietzsche’s height can be
<<u:ConcreteParticular>> Compared to the route

d:System

distance between two cities

Figure 5 Summarizing ontology around property, kiicoroperty  or the circumference of a star,
and their relationship, aligned to UFO with SRSeasion. as all are associated with one
unique quality structure applying to length; masd eveight become distinguishable as
different properties as their values are membaeligifnct quality structures.

3.5.Type of scales

The above only refers to quantity and quantity esalhis is because Probst argues
that quality spaces, due to their inherent strirguicharacteristic, cannot apply to
d:nominal propertiesLacking a magnitude, enumerations ar@arhinal scale, hence
values of anominalproperty (a d:property associated witlenumerationscan only be
compared against equality. Contrarily, by virtue hafving a magnitudeguantities
(propertiesassociated witmetric spacésenable (i) sorting values into a rardedinal
scale, e.g., Mohs scale of mineral hardness), e§iablishing differences between
values (lifferential scale, as °C temperature) or (iii) establishirtgpsabetween values
(rational scale, as thermodynamic temperat(ité) [4].

Probst argues that quality structures, due to thagrent structuring characteristic,
can't apply tod:nominal propertieas these don’t have magnitude and so lack steictur
Thus, reference spaces do not existfoiominal propertiesWe concur this foquality
universals but defend that this is not true fenode universalg7]. These are
conceptualized as multiple separable quality dinoerss such as symptoms, skKills,
beliefs and desires [7]. Modes aren't directly tedato quality structures but they do
represent determinables, which determinates araraele quality dimensions. For



instance, blood type is considered as a nominagbgrtg built upon red blood cell
surface antigens (quality dimensions) together fogma blood group system. The
common grouping types are the ABO and Rhesus, but!l3er groups are recognized.
A more complicated example is ethnicity race, fohich its underlying quality
dimensions are not fully determined (yet). Therefdhe “mode space” (spanned by the
separate quality spaces of the separable qualibhemBions) possesses a compound
structure by virtue of the structure of the undadydimensions, which may not all
known. Besides, absolute quales exist in each efethdimensions, creating the
absolute compound quale. Such mode space, as ityaiaicture, can be represented
by partitioning and naming schemes resulting irominal reference space. With this
argument in mind, we can differentiate between eauales that order magnitudes
(v:quantity value scajeand those that distinguish nominal valudp(operty value
scalg. For reasons of space and simplicity we choosethérge the two into one
generic alignmeniproperty value scalaligns to«p:reference space»

4. Ontological coherence between measurement, examination and context
4.1.Measurement and examination

As indicated by the VIM (see Figure 6),vaneasurements associated with many
entities. Dybkaer defines ad:examinationas “structured activity [prescribed by
examination procedure] giving an examination réswdhd adds that it essentially
consists in comparing tlileexaminandvith some conventional defined reference.

2.4 measurement 2.2 metrology 1.1 quantity
principle () (see Fig. A1)
_‘H\—-_‘h_‘_’_
25 nent ¢ 21 ement € » 1.19 gquantity
method value
;" | (see Fig. A1)
I ','J’ — {other
/ | ‘ — informaton)
f v (f) ‘
2.6 measurement A 20 leng : 2.10 measured
procedure g - Tesult T quantity
- /‘\ \ / value
\ {sea Fig A 4)
- w -
v
2.26 measurement
5 a7 P PP P | uncertainty

Figure 6 Part of VIM model around measurement (fi{df). Relationship type as (a) generalisation
association, and (f) partition.

In Section 2 we concluded that the distinction lestw measurement and examination
is not in the activity itself, but in the qualityrgcture that is associated with the
property under consideration. Similarly, we do matke an ontological distinction
between as:measuremerdind ad:nominal examinatiorand are only interested in their
unifying entity examination We further analyse that the only entities that @ir direct
interest to arexaminationare (i) thed:system (ii) the examining system, and (iii) the
procedure prescribing thexamination Although the VIM doesn'’t include any direct
association of theexaminationwith (i) and (i), we defend that both are necegsa
participants for performing aexamination without their existence, aexamination
can't happen. Regarding (iii) we take the scientffiand that aexaminationmust be



verifiable, and therefore requires a prescribing examinagimocedure. In line with
Dybkaer we further defend that, following its déifion, thed:examination procedure
is dependent on al:examination principle d:method and d:mode] thus their
association to the examination is consolidated. edethdence on ad:examination
result, including its value, is similarly consolidatedrdabigh d:examination system
Since we already established thatirad of propertyinheres ord:systemby admitting
an examination’s dependency on the latter the foisienplicitly included.

UFO ontologically discerns enduring from perdursypstantials. Endurantse
in time, as opposed to perdurants thappen in time and accumulate temporal parts
that do not persist [9], [22Perdurantsrepresent events, e.g., a kiss or a solar eclipse,
and their existence is bounded by a time intergategion in a temporak:quality
structure As to its temporal characteristic we considat:@aminationa perdurant:
although its results remain, the examination itsglases to exist and can only be
repeated. Since it requires participation of thsabstantialsd:systemd:examination
procedure andd:examination systemit should be consideredcamplex perdurant, i.e.
composed of two or more perdurants. Furthermoreyjye of its intention to obtain a
d:examination result we align thed:examinationto «u:complex action»because
u:actionsrepresent intentional events that lead to a pas¢-situation satisfying that
intention. Finally, perdurants enter into relatiamth endurants asu:resource
participants Figure 7 depicts the resulting alignment.

«complexActions K] —
Examination I.chn!p_le_"'eL disjoint]_ _|
Measurement Nominal Exanimation
examinationSystem subject
procedure
1] 1] (1]

«resourceParticipation» | [«substantial, resourceParticipation «normativeDescription, resourceParticipation»
ExaminingSystem System ExaminationProcedure

Figure 7 Excerpt of the ontology around examinatiigned to UFO
4.2.Context-aware examinations

To make applications distinguish between the 80B#M walking woman from the
80BPM of a sleeping new-born, we differentiate ¢bitext of an entity, e.g., a person
walking, a female person and a person with 80BPktthaite, from thesituation that
the entity is in: a walking female with a hearteraf 80BPM. We differentiate the term
context from the usual notion on context that is more kimio the abovesituation.
This approach is taken from [23] that reports om fiundational language constructs
required to construct context: conceptdity andcontext the latter representing what
can be said about the former, however without amglogical commitment assuming
primary context types such as in [24]. The autthbfferentiate between intrinsic and
relational context: intrinsic context inheres inecentity only, e.g., gender of a person,
and relational context inheres in more entitieg,.,ethe marriage of Friedrich and
Mathild€’. Clearly, intrinsic context coincides withquality universaddiscussed before.

’ha happier universe (for Friedrich), when, iy&8Mathilde would have accepted his proposal.



These notions are foundational tagituation[25]: a particular state of affairs that is
relevant to applications, constituted iygntity andu:contexf together representing the
conceptualization of a particular state of affamsmarried couple having an evening
walk, the wife showing a 80BPM heart rate. Thus, digning concepts around
examinations with these concepts around situati@ncan provide for situation-aware
examinations (usually referred to as context-awa®yepicted in Figure 8.

An examination, as shown in the previous sectiequires resource participation
of ad:examination systerand ad:systemIn the example, a person acts as the latter,
whilst a heart rate monitor, in this case a HR wwiatch monitor, acts as the former.
As formulated by [23], both arentitiesthat beairintrinsic context The personbears
genderandage and the photo detector of thetchbears a photoconductivequality
that relates to the underlyingkin color The sensor locationrepresentgelational
contextthat inheres in thevatchqua-wearable and thverist qua-wearing-location. This
bears [1..*]

inheresln [1..*]

«momentUniversal
Context

{complete, disjoint}
«intrinsicMomentUniversal «relatorUniversal
IntrinsicContext RelationalCont:
3 7

«qualityUniversal»

SituationAwareExam
d:KindOfPrope
SkinColor

postState

«complexActions
d:Examination
Q

«objectUniversal
d:System

«objectUniversal»
d:ExaminingSystem

1]
HRWatch
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\

i
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Figure 8 Examination in context, aligned to UFO iteboxes, and profiles). Blue lines indicatenherence
relations. Blue/yellow boxes indicate examples oftextual/contextualized conceptespectively, th:
constitute the situation-aware examination (grexelsh

implies that by bearing intrinsic and relationaloperties, thed:system and
d:examination systerthat take part in thd:examination bear context that constitutes
the situationaround thed:examination This situation aware examinatignn addition,
and by token of thel:examinationbeing anu:action results in a post-statgtuation
characterized by the intention to create examinatisults. Space restrictions prevent
elaborating the social aspectsdoéxaminationsand we refer to [9] for its foundations.

5. Concluding remarks

We have shown that sensor data (a) are inconclugiith®ut awareness of the context
of the observation, and (b) critically depend om tixtent to which sensor data are
comparable. We have proposed an ontology, ContoEaath addresses these issues
by provisioning a unifying capability for contexivare expressions of observations
about quantities and properties alike. Based oth,sanped by the definitions that have
been internationally agreed upon by the disciptiienetrology as laid down in the
VIM, and their extensions in examinology as laidvdan literature, ContoExam adds
the capability to reason over the terms that aretnpoominent in metrology and



examinology. We emphasize that we didn't add newhange current metrological or
examinological definitions, as that would be outsitle scope of our problem, i.e., to
provide for ontological sound reasoning supporttf@ current conventions. As a side-
effect, for those terms in the VIM that are aligriad ContoExam to UFO-concepts,
those terms will have become ontologically moreuaate [26]. We provided for their
ontological grounding by aligning these definitiomsth the Unified Foundational
Ontology, UFO, with a small extension towards tpplization of semantic reference
spaces, as presented by [13]. As a result, as egdptus almost all of the current
ontologies on sensors and sensor system, Contoksxaat only capable of expressing
measurements of quantities but examinations of eutigs as well. Moreover it
provides for an ontologically sound foundation abkinds of properties for reasoning
about comparability between obtained measuresllI¥ititaprovides for expressiveness
about the context in which these measures weranglotaenriching the definitions of
the VIM and its extentions with a situation-awanmension.

We have experienced that the Unified Foundatiormabtogy (UFO) provides for
a sound and rich foundation that can be succegsdpiblied for turning vocabularies
into a proper ontology. ContoExam, as a speciaisaif UFO, facilitates a very broad
range of applications to uniformly express obsermaghsures. When measures are
influenced by the judgment or subjective resporfsa person, such observations are
considered outside the formal definitions of metgyl and examinology. We argue that
ContoExam, due to its ability to incorporate norhjmrperties, in combination with its
ability to formulate reference spaces on convealfidmasis only, could also be applied
for these more subjective forms of examinations dina of interest to the disciplines of
psychology, sociology, biology and alike. This &ewvant since for these fields of
scientific research, the interest in making obssma of humans have shown an
increase that is more than twice that of more cntiwral disciplines that apply
examinations, such as physics, chemistry and eciasdBj.

We have applied a preliminary OWL-version of Contaf in a mobile platform
for body sensors [10], the results of which haverbpresented in [11] and [12]. In
short, their results have shown that the advantdgeir approach above conventional
approaches is in its flexible behaviour with regatd applied (type of) sensors and
varying demands from applications. ContoExam shaavprovide for an abstract
vehicle about making observations about the re#iliat can be easily constrained to
represent the actual observatory part of the ddmainiverse of discourse. Although
sensors deliver the same bits of data independénth@ application domain,
ContoExam enables these data to have distinctseptations in different applications,
concurrently. This provides for true open sensotwaoeks that, subsequently,
stimulates innovation and reduces cost of ownerdhipure work should address the
application of ContoExam in subjective fields ofsebvations. Next, although it
represents the core of metrology and examinolotily,nsany parts are left without
proper ontological alignment. Finally, a complet&/Oimplementation of ContoExam
would be an interesting vehicle for the furtherlation of the UFO tooling support in
application domains that require observations.
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