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The Plan … 60/40
• Motivation

– Representing time is important, e.g. for temporal reasoning 
– Do, however, the existing ontologies cope well enough? 
– Which one(s), if any, do(es) best?

• Requirement Elisitation & Analysis – using OntoElect
– What is OntoElect requirements elicitation phase?
– Who/what are the representative community/ document corpus?
– How were the requirements elicited? 
– What was the outcome?

• Do the existing ontologies fit?
– Checking against the elicited requirements …
– What are the white spots?

• Developing a Syndicated Ontology of Time −
 

ongoing work
– Mechanistic merge does not fly …
– A Syndicated Theory of Time
– Key Fragments – also re. white spots 

• Final Remarks 



Motivation
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… Plenty of It*

It is acknowledged

that “when God made

time, he made plenty

of it”. Remarkably, 

when it goes about the

formal treatment of

time, the status is very

much following this

Irish saying.

* Ermolayev, V., et al. (2014) Ontologies of Time: Review and Trends. Int. J. of Computer Science 
& Applications, 11(3), 57–115



February 2, 2016 5
KIT, AIFB: SOT for the SW

See Yourselves - Theories
Most Prominent:
• Lamport (1978) (8651)[1]

• Allen (1983) (7894)
• Pinto (1994) (220) based on Kowalski and Sergot (1986) (1708) 
• Prior (1967) (1496)
• McDermott (1982) (1130) 
• Sandewall (1995) (404) 
• Halpern and Shoham (1991) (389) 
• Bacchus and Kabanza (1998) (230) based on Alur et al. (1996) (399) 
• Williams (1986) (198) 
• Koubarakis (1992) (55) 
• Iwasaki et al. (1995) (52)

We did ourselves:
• Batsakis, Petrakis (2011) SOWL: Handling Spatio-Temporal Information
• Ermolayev et al. (2008) Fuzzy Time Intervals

[1] Ordered by the number of citations (given in round brackets) as of Aug. 24, 
2014. Source: Google Scholar. 

How do We know these are all …?
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See Yourselves - Logics

• FOTL – First Order Temporal Logic
• LTL – Linear-time Temporal Logic 
• MFOTL – Metrical First Order Temporal Logic
• NL – Neighborhood Logic
• PTL – Propositional Temporal Logic
• TL – Temporal Logic

Which ones 
could be used 

for the SW?

How do We know these are all …?
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Do we Have Instruments?

• Not too many
• Problems with expressive 

power …
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PSI-Time

SOWL

Time

TimeLine

SWRL Temporal

AKT Time

Reusable Time

OWL-Time

See Yourselves - Ontologies
• Foundational (Upper-Level) 

ontologies:
– Cyc Time
– SUMO Temporal
– DOLCE 
– BFO 
– GFO-BT 
– PSI-ULO 

• Focused Time ontologies:
– TimeLine
– OWL-Time
– TimeZone
– Temporal Aggregates
– AKT Time 
– SOWL
– SWRL Temporal

• No longer available online:
– PROTON
– TOWL ontology 
– MUSING Time 
– CNTRO

• Proprietary:
– PSI-Time

• Total: 19
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Why So Many? – Diverse Apps
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Why Important?
• Has been in the focus of scientific 

thought from ancient times –
– e.g. Plato: the revolution 

of the celestial spheres 

• Continues to be an important 
subject of research for philosophers, 
physicists, mathematicians, logicians, 
computer scientists, and even biologists

• One reason: time is a fundamental aspect 
to understand and react to change in the World, 
including the broadest diversity of applications

Geocentric

 

celestial

 

spheres; 
Peter

 

Apian's

 

Cosmographia

 
(Antwerp, 1539)
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Is it Enough?

… in particular for the Semantic Web community

– What are the requirements?
– How are those transformed to the set of required 

features?
– Are those features covered by the available:

– Theoretical frameworks?
– Implemented ontologies of time?

– Any white spots?
– Could the available ontologies be re-used/merged 

to cover the needs?  
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A Collab. Effort (SemData+)
• Vadim Ermolayev (ZNU) – req. analysis, 

temporal theories, SOT theory, key concept 
models, SOT-wiki, PSI-ULO, PSI-Time 

• Sotiris Batsakis (HUD) - temporal reasoning 
frameworks, ontologies, TimeInstant, TimeInterval 
models, SOWL

• Frederic Mallet (UN-SA) – SOT theory, Clock 
model, OMG Clock 

• Natalya Keberle (ZNU) - temporal reasoning 
frameworks, OWL+SWRL compliance check, PSI- 
Time

• Olga Tatarintseva (ZNU) OntoElect, req. 
elicitation, PSI-ULO



Eliciting 
Requirements 

Using OntoElect



February 2, 2016 14
KIT, AIFB: SOT for the SW

Where to Go for Requirements?

Temporal
 Representation 

and Reasoning 
Frameworks

 

Temporal
 Representation 

and Reasoning 
Frameworks

Theories 
of time

Motivate research 
in logics

Ontologies
 of Time

 

Ontologies
 of Time

Shape out knowledge 
representation 
languages

TIME: Temporal 
Representation

 and Reasoning 
COMMUNITY

How to elicit …
 

?
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Problems with Elicitation
• Acquiring a complete and accurate collection of Domain 

knowledge (requirements) is difficult:
–

 
K-s are subjective

–
 

K-s are tacit
–

 
K-s are partial

–
 

K-s are hard to get 
/ not available

–
 

K-s specs are rarely 
explicit and formal
– Contradictory 

interpretations
–

 
unf

 
– challenging 

– expressive power
• A way to go: extract from a (good quality) document 

collection – authored by the stakeholders
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How to Elicit - OntoElect
• OntoElect *: understanding requirements as votes 

of the Domain Knowledge Stakeholders regarding 
the Ontology
– Ontology fitness (Ф) is understood as proportional to the 

ratio of positive and negative votes of the Stakeholders
– Votes collected indirectly – using a statistically 

representative Document Collection:
– Extract a saturated set of multi-word key terms
– Select the most influential key terms – Requirements
– Transform the natural language definitions of the terms 

to formalized structural contexts – Ontology Change 
Tokens

– Map the structural contexts to the ontology – positive 
and negative Votes

– Compute the change in Ф
 

– more or less positive Votes

* Tatarintseva, O. et al. (2013) Quantifying Ontology Fitness in OntoElect Using Saturation- and Vote-Based Metrics. 
In: Ermolayev et al. (eds.) ICT in Education, Research, and Industrial Applications. Revised Selected Papers 
of ICTERI 2013, CCIS 412, pp. 136–162

Fitness

Key Terms

Requirements

Onto Change 
Tokens

VotesRequirements 
Elicitation

Conceptua- 
lization

Evaluation
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Document Collection
• Stakeholders: TIME Symposia series authors
• Document collection: TIME Proceedings series, 

1994-2013, ~440 papers, chronologically ordered
– Good quality documents
– Incremental slices of the document collection:

Slice ID 1994 1995 1996 … 2012 2013
D1

D2

…

D19

D20

* Ermolayev, V., et al. (2014) Ontologies of Time: Review and Trends. Int. J. of Computer Science 
& Applications, 11(3), 57–115



February 2, 2016 18
KIT, AIFB: SOT for the SW

TIME Papers
http://ermolayev.com/TimeOnto/TimePapers.zip Decisive 

Minority 
Vote

http://ermolayev.com/TimeOnto/TimePapers.zip
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For Each Incremental Slice
• Bag of terms extracted * and sorted by normalized term 

scores (ns)

*   Using TerMine service by the UK National Centre for Text Mining (NaCTeM, http://www.nactem.ac.uk/). 

http://www.nactem.ac.uk/
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Bags of Terms

………

Flat-TIME-94-13 (~150 000 terms) - very noisy
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For Each Incremental Slice
• Bag of terms extracted * and sorted by normalized term 

scores (ns)
• Termhood created by retaining 

– Valid terms – manual filter
– Important terms – ns > ε

 
(such that the sum of ns

 
above 

is a little higher than 50% - elections)

• Termhood difference values computed using the THD
 algorithm **:

– Absolute:
– Relative: 

*   Using TerMine service by the UK National Centre for Text Mining (NaCTeM, http://www.nactem.ac.uk/). 

** Tatarintseva, O. et al. (2013) Quantifying Ontology Fitness in OntoElect Using Saturation- and Vote-Based 
Metrics. In: Ermolayev et al. (eds.) ICT in Education, Research, and Industrial Applications. Revised Selected 
Papers of ICTERI 2013, CCIS 412, pp. 136–162

︶,︵ ii TTthd 1


iT

i
jii nsTTthdthdr /),( 1

http://www.nactem.ac.uk/
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Termhood Comparisons

Pick up one

Look for linguistically similar in the previous

Found: check the n-scores

Not found: add the n-score
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Termhood Comparisons
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Completeness Check
• Observed:

– Saturation:
– ~6,000 terms 

in the last 4 
termhoods

–
 

thd
 

below ε
– Terminological 

drift
–

 
thd

 
above 0

– Terminology 
contribution 
peaks:

– 2001, 2003, 
2005, 2008, 
and 2011

– The (representative) 
majority vote

– Still too many 
terms retained
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Decisive Minority Vote
• Terminology contribution peaks: 2001, 2003, 2005, 2008, and 2011
• Account for impact:

– Citation info collected (Google Scholar)
– Paper impact computed based 

on citation frequency (cfr
 

)
– Papers with imp = n

 
replicated 

n
 

times – changing 
the incremental 
slices

–
 

thd
 

/thdr
 

/eps
 re-computed

• Strong correlation
• Termhood based 

on high-impact 
(24) papers only 

• 686 Terms vs 6,109









0,0

0,1]2.0[
cfr

cfrcfr
imp
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Shortlist

• Bag of terms:
– High-impact papers only 
– 24 vs ~440

• Termhood:
– 686 Terms 
– Vs 6,109 extracted from 

the complete dataset

• All important terms 
with high ns retained
– Manual check
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Manually Categorized Terms
How do We know …
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Feature Taxonomy
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Theories vs Features
A fragment:
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Ontologies vs Features
A fragment:

…..
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Which one Does the Best?
• Focused time ontologies:

– OWL-Time
– SOWL
– PSI-Time

• BUT … NO ONE …
– Even taken mechanistically together
– Do NOT cover all the required features

PSI-Time

SOWL

Time

TimeLine

SWRL Temporal

AKT Time

Reusable Time

OWL-Time
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Summary of Analysis 1/2
• NO single ontology that covers all the features

• All the ontologies taken together do NOT satisfactorily 
cover some features: 
– Density of time 
– Relaxed linearity of time 
– Scale factors 
– Proper and periodic subintervals 
– Temporal measures and clocks

• Some of the ontologies offer their unique contribution: 
– TimeLine – time line which is closed at its beginning – Origo
– ReusableTime – convex and non-convex time intervals 
– SOWL – uncertainty in time, esp. in relations; 
– PSI-Time – temporal periodic structures and segments
– SWRL Temporal – date/time stamps/formats
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Summary of Analysis 2/2
• Available temporal logics and specification languages 

have sufficient expressive power to cover the 
required temporal features 
– Uncertainty and Fuzziness may be not easy …

• A cross-disciplinary effort is required to address the 
features that are not covered
– E.g, the results in formal verification and distributed run-time 

systems could be useful to cover the representations of clocks 
and measures of time

• Mechanistic merging for re-use does not really fly:
– Different and partially contradictory models and principles
– Harmonization effort is required to put together all the 

available bits for re-use
– To begin with a harmonized (SYNDICATED) theoretical 

model of time
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Merging does not Fly …
• Different models are based on different theories

– Incorporating different: features, elements, structures 

• Scope and Focus:
– Time vs Temporal Incidence * (like event calculi, spatio-temporal …)
– Instants vs Intervals (aka punktlich vs luego)
– Dense vs Sparse Domains (e.g. Discrete vs Continuous)
– Branching vs Linear (e.g. for distributed and embedded systems)
– With or without an Origo (was there the beginning of times? …)
– Convexity, periodicity, …
– …

• Logical inconsistencies, e.g.:
– Dividing Instance Problem (e.g. Allen’s light switch)
– Instantaneous Fluents (e.g. tossing a ball)

* L. Vila, E. Schwalb, A theory of time and temporal incidence based on instants and periods. In: 3rd W-shop on 
Temporal Representation and Reasoning (TIME'96), pp.21-28 1996
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Dividing Instant Problem
• Instantaneous event of switching 

the light off
– Allen*: 

– If both time intervals are 
closed, then light is on and 
off at this moment

– Open – neither on, nor off…
– Does not happen 

instantaneously 
– No need for Time Instants
– These are Time Intervals 

(though short)
• Dense Time …

– What if Discrete?

• Punktlich vs relaxed and blurred (luego) …

Light is ON
Light is OFF

?

Light is ON
Light is OFF

* Allen, J. (2013): Maintaining knowledge about temporal intervals. CACM, 26(11), 832–843
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Tossing a Ball …

• When does the ball have its 
vertical speed == 0?
– Instantaneous
– Also for any other fluents with 

EXACT parameter values being 
of interest

– Both in Dense and Sparse 
domains

• Vila & Schwalb*:
– Time Instants are the same 

class citizens as Intervals
* L. Vila, E. Schwalb, A theory of time and temporal incidence based on instants and periods. In: 3rd W-shop on 
Temporal Representation and Reasoning (TIME'96), pp.21-28 1996
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Design Principles for a Time Onto

• Careful scoping: 
– Time is just about TIME, nothing more broad – any temporal 

incidence is not relevant
• Allowing for modeling alternatives:

– For different incidence theories
– For different applications
– Providing necessary features as completely as possible in a 

coherent theory
• Keeping it (language) standard compliant

– W3C: OWL 2 DL + SWRL
• Which is ALL …

– Difficult
– Prohibiting a mechanistic merge
– A theory should come first …



Syndicated 
Model of Time
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Methodology
OntoElect Conceptualization Phase:

• Develop the Backbone Taxonomy
– Based on the Requirements (features)

• Develop the Seed: 
– Focus on Key Concepts (Taxonomy)

– E.g.: TimeLine, TimeInstant, TimeInterval, Clock
– Develop/refine theoretical descriptions

– Check if implementable using the available (W3C) languages
– Harmonize – check consistency
– Transform to Ontology (Change Tokens)

– Visualize in a UML Class Diagram
– Produce a W3C compliant code (OWL 2 DL + SWRL)

– Document (SOT-Wiki)
– Evaluate against required features (OntoElect: Fitness, Evaluation phase) 

• Expand 
– Add concepts (Taxonomy) 
– Repeat the cycle until:

– All the requirements are met (OntoElect: Fitness, Evaluation phase) 
OR

– The limits of expressive power are reached (W3C compliance)
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Backbone Taxonomy

Ongoing work …: SOT Backbone Taxonomy Model. Revision 4. 



February 2, 2016 41
KIT, AIFB: SOT for the SW

TimeLine: Relevant Req-s

• A TimeLine is a major TemporalStructure:
– Putting together all the temporal elements and structures 

(TimeInstants, TimeIntervals, segments) by allowing 
relativist and absolutist relationships among them; and 

– Providing a mapping through a TimeValueDomain (Integers, 
Reals, Super-Reals, etc.) for TimeStamps of those elements

…
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 Past 
(-∞, Present) 

or 
[Origo, Present)

Future 
(Present, ∞) 

… …

time point  (instant) Current 
Interval 

later than 

TimeLine 
(-∞, ∞) 

or 
[Origo, ∞) 

Present

earlier than 

Origo 

TimeLine: Theory (Fragment)

• Density of Time
– Each individual TimeLine has one and only one 

TimeValueDomain associated with it to which the TimeInstants 
in this TimeLine are mapped to. Regarding this association, a 
time line may be sparse or dense. For a dense TimeLine, with the 
two arbitrary TimeInstants t1 and t2 in it, the following statement 
holds true:

– It does not hold true for sparse TimeLines, e.g. those mapping 
TimeInstant locations to Integers.

),(),(:),,(:, 233132121 ttbeforettbeforetttbeforett 

SOT Theoretical Framework. Revision 5
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TimeLine: Theory (Fragment)

• Anisotropy of Time 
– Our model reflects the anisotropic nature of time by postulating the 

anti-symmetry of the relationships between TemporalElements. For 
example, if any t1

 
and t2,  are TimeInstants on the same  

TimeLine T
 

then 

– In SWRL the rules are as follows: 
–

 
TimeLine (?T) ˄

 
TimeInstant(?t1) ˄

 TimeInstant(?t2) ˄

 
on(?t1,?T) ˄

 
on(?t2,?T) ˄

 before(?t1,?t2) -> after(?t2,?t1)

–

 
TimeLine (?T) ˄

 
TimeInstant(?t1) ˄

 TimeInstant(?t2) ˄

 
on(?t1,?T) ˄

 
on(?t2,?T) ˄

 after(?t2,?t1) -> before(?t1,?t2)

︶,︵︶,︵ 1221 ttafterttbefore 

SOT Theoretical Framework. Revision 5

 Past 
(-∞, Present) 

or 
[Origo, Present)

Future 
(Present, ∞) 

… …

time point  (instant) Current 
Interval 

later than 

TimeLine 
(-∞, ∞) 

or 
[Origo, ∞) 

Present

earlier than 

Origo 
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TimeLine: Theory (Fragment)

• Linear / Branching Time
– Our model assumes the independent existence of 

several TimeLines
– Each of these TimeLines is individually linear – i.e. a 

total linear ordering is established on the set of 
TimeInstants positioned on the same TimeLine. 

– Different TimeLines are not directly related to each 
other in the sense that only a partial ordering could be 
indirectly established between the TimeInstants 
positioned on different TimeLines. 
– This partial ordering is the way to model branching time 

structures.

SOT Theoretical Framework. Revision 5
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TimeLine: (UML) Model
 Past 

(-∞, Present) 
or 

[Origo, Present)

Future 
(Present, ∞) 

… …

time point  (instant) Current 
Interval 

later than 

TimeLine 
(-∞, ∞) 

or 
[Origo, ∞) 

Present 

earlier than 

Origo 

SOT TimeLine Model. Revision 3
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TimeLine: Wiki Page
• http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-TimeLine

http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-TimeLine
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TimeInstant: Relevant Req-s
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TimeInstant: Relativism
Let t1

 
and t2

 
be any two TimeInstants positioned on the same 

TimeLine (T). Then one and only one of the following three 
statements holds true reflecting the total linear ordering on the set 
of TimeInstants :

• The total linear ordering imposes that the following hold true:
– Anisotropy: 

–

 

TimeLine (?T) ˄

 

TimeInstant(?t1) ˄

 

TimeInstant(?t2) ˄

 
on(?t1,?T) ˄

 

on(?t2,?T) ˄

 

before(?t1,?t2)

 

-> 
after(?t2,?t1)

– Reflexivity: 
–

 

TimeLine (?T) ˄

 

TimeInstant(?t1) ˄

 

on(?t1,?T) -> 
equals(?t1,?t1)

– Transitivity: 
–

 

TimeLine (?T) ˄

 

TimeInstant(?t1) ˄

 

TimeInstant(?t2) ˄

 
TimeInstant(?t3) ˄

 

on(?t1,?T) ˄

 

on(?t2,?T) ˄

 

on(?t3,?T) ˄
before(?t1,?t2) ˄

 

before(?t2,?t3)

 

-> before(?t1,?t3)

–

 

TimeLine (?T) ˄

 

TimeInstant(?t1) ˄

 

TimeInstant(?t2) ˄

 
TimeInstant(?t3) ˄

 

on(?t1,?T) ˄

 

on(?t2,?T) ˄

 

on(?t3,?T) ˄
after(?t1,?t2) ˄

 

after(?t2,?t3)

 

-> after(?t1,?t3)

︶,︵ 21 ttequals︶,︵ 21 ttbefore ︶,︵ 21 ttafter

SOT Theoretical Framework. Revision 5
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TimeInstant: (UML) Model

SOT TimeInstant
 

Model. Revision 7
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TimeInstant: Wiki Page
• http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-TimeInstant

http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-TimeInstant
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TimeInterval: Relevant Req-s
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TimeInterval: Theory
A TimeInterval is a segment of a particular TimeLine, thus having 
Duration. A TimeInterval is regarded as a TimeInstant based 
TemporalStructure:

• – the set of TimeInstants which conditionally belong to the 
TimeInterval as its members. 

• – the starting TimeInstant. This TimeInstant may not 
belong to Ti

 

if i
 

is open at start. This TimeInstant does not exist 
[…] if i

 
is unbounded at the start, which applies only to the 

TimeLine s without an Origo.
• – the ending TimeInstant. This TimeInstant may not 

belong to if Ti

 

if i
 

is open at end. This TimeInstant does not exist 
[…] if i

 
is unbounded at the end.

• – the membership function over the TimeInstants
…

 ︶︵],[],[, ii
e
i

s
ii TtttTi 

︸︷ii tT 

s
it

e
it

︶︵ ii Tt iTt

SOT Theoretical Framework. Revision 5
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TimeInterval: (UML) Model
• Bounded / Unbounded
• Open / Closed
• Convex / Non-Convex 
• Crisp / Fuzzy

– Membership Function
• Relationships to a 

TimeInstant
• Relationships between 

TimeIntervals
– Meronymy
– Allen’s (incl. extension for non- 

convex)
• Past and Future (TimeLine)

SOT TimeInterval
 

Model. Revision 7
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TimeInterval: Wiki Page
• http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-TimeInterval

http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-TimeInterval


February 2, 2016 55
KIT, AIFB: SOT for the SW

Clock: Theory
• Is a TemporalInstrument to generate the instances of a 

TemporalMeasure of a Present
• Is always associated with a particular single TimeLine. Different 

Clocks, associated with the same TimeLine or different TimeLines 
may “run” differently, e.g. quicker or slower and also with offsets 
compared to each other. 

• Some Clocks may be related to each other – with ClockRelation – 
to compare the values they return. 
– A specific (widely used) kind of a ClockRelation is 

AffineClockRelation which allows aligning:
– Different time velocities (using the scaleFactor property); and 
– Time offsets, like delays (using the shift property)

• A Clock, returns a TimeStamp which parts correspond to  
particular TimeUnits

• A PhysicalClock and a LogicalClock are the two disjoint 
specializations of a Clock
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Clock: (UML) Model

SOT Clock Model. Revision 3
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Clock: Wiki Page
• http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-Clock

http://isrg.kit.znu.edu.ua/sot-wiki/index.php/SOT-Clock


Final Remarks
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Some Concluding Remarks

PSI-Time

SOWL

Time

TimeLine

SWRL Temporal

AKT Time

Reusable Time

OWL-Time

• ~20 Time Ontologies developed to date
– Some still available

• These do not fully cover the needs 
– Checked and gaps identified

– Based on the TIME Community paper collection
• Merge for re-use does not fly - straightforwardly

– Different basic principles / foci on features
– Harmonization (theory) required

• Syndicated time Ontology
– Design principles: Scoping / Altrnatives / Compliance
– Methodology: OntoElect
– Key focal contexts: 

– TimeLine, TimeInstant, TimeInterval, Clock
– … Ongoing work …

• Yeah, no “evangelistic” questions to offer so far …
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Will be happy to answer 
your questions …

Will be also happy to continue discussions …

vadim@ermolayev.com
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