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FEMS2025
T IROMAT Abstract

e The task of building a 'materials science knowledge graph' is intriguing but also
appears daunting. However, in materials science we can build on fundamental
physical science principles and foundations. That is how the EMMO ontology has
been constructed from the bottom up. The paper will discuss these foundational
requirements in relation to the 1ISO standard for Top Level Ontologies, and how
materials science desiderata are fulfilled by EMMO. Based on these solid
foundations, examples of the EMMO discipline and domain ontologies will be
showcased. In particular, we highlight the CHAMEO ontology for materials
characterisation, which underlies the updated "CHADA" CWA 17815:2025. Finally
the application of CHAMEO to industrial applications including battery testing and
automotive coatings will be demonstrated.
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* Repository of entities and relationships

extracted from scientific literature. Part of Text
- Formulated based on statistical metrics, RawEntty \ Popede
>70,000 entities and 5.4 million unique triples s \ Scherma (
» Largest Materials Science KG to date o \\ e Count
« Cannot distinguish “correlation” and Ty 2 -
“causation”, e.g. a material that is
commonly used during a synthesis method /

and a material synthesized.
« Lacks underlying ontology

Venugopal, V., Olivetti, E. MatKG: An autonomously generated knowledge graph in Material Science.
Sci Data 11, 217 (2024) https //doi. orq/10 1038/s41597-024-03039-z



https://doi.org/10.1038/s41597-024-03039-z
https://doi.org/10.1038/s41597-024-03039-z
https://doi.org/10.1038/s41597-024-03039-z
https://doi.org/10.1038/s41597-024-03039-z
https://doi.org/10.1038/s41597-024-03039-z
https://doi.org/10.1038/s41597-024-03039-z
https://doi.org/10.1038/s41597-024-03039-z

SVEELZSN | et’s talk about commitments

EUROMAT

OVERCOMING MY FEAR
OF COMMITMENT

by Unknown Author, licensed under CC BY-NC-ND

7 *
4 }‘ﬂ AT
~ A
&'-’«’ VTN N

H
¢



https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/

| may or .
iyl Knowledge Graphs, Schema | maynot say,
not really committed... " do"

Weak semantics — limited interoperability
Semantic drift — inconsistency, duplication
Retrofits — attempts to add ontology later
Example: Fast Healthcare Interoperability
Resources (FHIR) (USA)

o FHIR “Patient” is a resource definition

o FHIR “Observation” is a structured payload, not

a commitment about the nature of observation
Has since undergone ontological retrofitting This Photo by Unknown Author is licensed under CC BY-NC-ND

Source: J. Bittner, When Standards Fail to Ontologize, August 2025
https://www.linkedin.com/pulse/when-standards-fail-ontoloqize-j-bittner-Ir8ye/
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Conceptualisation of a domain

Explicit and formal

Commitments: axioms, assertions about things and constraints.
Conforms to a logical framework (e.g. First Order Logic, Description Logic)
Logic reasoner algorithms can check consistency and make inferences.

/

“Philosophy eats Al” due to

teleology, epistemology, ontology ﬁ Sl
https://www.forbes.com/sites/josipamayjic/2025/05/22/software

-ate-the-world-ai-ate-software- and now-philosophy-is-eating- Ph1losophy
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Quoting from J.Bittner: SemanticallySpeaking:

Make data actionable

Reduced integration costs: avoid spending millions reconciling incompatible
schemas later.

Compliance and auditability: Regulations and rules can be encoded as axioms,
enabling automated compliance checks instead of manual reviews.

Agentic systems and Al safety: provide the logical constraints that keep LLMs and
Al agents from hallucinating.

Longevity: While schemas drift with technology cycles, ontologies endure.
Standards built on ontologies remain relevant for decades.
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EUROMAT Top Level Ontologies: ISO/IEC 21838-1

Information technology — Top-level ontologies (TLO) — Part 1: Requirements

e Domain neutrality
e A clear stance on

- Space and time

- Qualities and quantities

- Parthood, Location, Constitution, Time and Change, and Events and
Processes

- Classifications and Mathematical, Informational, Social, & Mental Entities

- Causation and scale & granularity

- Formal requirements: formal languages etc
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Ontologies (incl TLOs)
display varying
degrees of suitability
in different contexts
and given different
pragmatic goals/use
cases.

Physics Scale

cosmologicall'\
scale

planets

region

people
devices
compounds
molecules

nucleus

elementary
particles

conceptualisations scope of different ontologies

physics

chemistry

manufacturing economy

Domains

psychology

theology
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~"* | Why a new foundational ontology

* EMMC %

*. . «*| for materials science?

Generic Ontologist eMMC Community Member

The world expressed
in philosophical Ut mess

realizable entity

specifically
endurant 4o 0ndent language Physics TR
continuant  continuant " ' Models
fiat object ) ) “$o g

» L" ¢ . 3
e *¢¢.  Material Science

abstract entity occurrent

perdurant

qualia

generically The world expressed ) Chemistry
. . . Characterisation

dependent in applied science

continuant

language




Desirable TLO stances for Materials Science

Conceptual Requirement Desirable Design Choice

Space & Time

Qualities and Quantities

Classifications and Mathematical,
Informational, Social, & Mental Entities

Parthood, Location, Constitution, Time and
Change, and Events and Processes

Causality

Scale and granularity

Unitary treatment
Separation of measured time and ontological constraints

Providing means to represent the subjectivity of observation
Identification of a property with specific measuring or calculating procedures,
in accordance with ISO 10303-45:201 & metrology

No ontological commitments or strictly reduced to/grounded in Physical Entities

Favoring “reductionist” approaches and extensional criteria of identity:

Adoption of an Extensional Mereology

Identification of entities and location (supersubstantivalism/relational theory of
space-time)

Perdurantist approach to Perdurance in time

No substantial ontological distinction between events and objects

Direct support through a relation or axiomatic constraints
Adoption of a productive notion with a physical interpretation

Direct support for the representation of the same entity at different scales
Reductionistic approach taking into account scientific pluralism

Credit: Francesco Zaccharini, Univ Bologna
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«emc x| EMMO Foundations
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Eve}ything is made of indivisible discrete quantum elements as

suggested by SMP(reductionism, mereology) ‘oo O®|e®
down || strange || bottom || photon

Must be coherent with special relativity (causality) [ on [ {z50n

GAUGE BOSONS
ECTOR BOSON

LEPTONS

<

=

=
PPy
] B
g

Must be coherent with quantum mechanics and QFT
(mereocausality)

Must be coherent with conservation laws, i.e., every change in an
entity requires an interaction with at least another entity (4D)

Nothing exists if doesn’t interact causally with another entity, i.e.
abstract objects do not exist (physicalism, nominalism)

Properties are not inherent to things, but are bounded to a specific
observer and observation mechanism (semiotic approach)

EMMC ASBL
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* 4 x

Physics-based representation
modules:

mereocausality

T

&

)
Anything can be reduced to a %o%
“material” nature i B

e e sizins b AT
Generic representatiOn Data Persistence Physicalistic

modules (Perspectives)

Things can be
described in different
“common-sense” ways

Holistic Reductionistic

-

Materials

Perceptual

Semiotics

Perspectives

 EMMC ASBL
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(:osmologi::allA
4 N\ scale m
EMMO achieves - &
complete multiscale 71 .
repres.e.n.tatio.nal | ‘é people EMMO
capabilities with solid 2| compounds
=
. . . o
foundations in physics molecules
\. J nucleus
elementary
particles
< physics chemistry  manufacturing  economy >

Domains

EMMC ASBL
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BattiINFO

Battery

Ontology

- Based on EMMO

- Representing
batteries cells,
materials,
components,
methods and
properties

information
data

Clear separation of concerns

physical entity (mereocausality, no data)

intended use

PhysicalProperty

4\

rdf:type
encoding
RealNumber € rdf:type —
serialisation rdfitype
xsd:float

ElectrochemicalCell

- standsFor —+J»

J

rdf:type

hasNegativeElectrode

— hasPositiveElectrode 4)’- rdfitype —p|

hasElectrolyte

- rdf:type —

ZincElectrode

ManganeseDioxideElectrode

- rdfitype —3

AlkalineElectrolyte

intended
interpretation
'

v
0.1

intended

EMMC ASBL

interpretation
)

https://big-map.github.io/BattINFO/
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~=mc x| EMMO: 3 prime principles for all relations
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" y BN EMMORelation ‘Bl DOLCERelation B BFORelation
. 1 = - M constantConstituentOf ) I concretizes at some time
MerEOIOgy. pa rthOOd, Spatlal » causal - constantlyOverlaps b I continuant part of at some time

p-- Il mereological : -
9 - constantlySpatiallyLocatedAt ;- environs

Causality: incl time sequence bommsemiotical oy netantQualeOf - st a

b | - firstinstant of
i veraps »--E generically depends on at some time

H H . U ” b HH presentAt > B has continuant part at some time
SemIOtlcs' Slgns -l qualeOf - has firstinstant
“w n u ) W ) b specificallyDependsOn M has history
model for”, “property of”, “name of” etc s ast st
p-- B has material basis at some time
»-- M has occurrent part
) EM has participant at some time
- HM has realization
- M history of
»--E s carrier of at some time

They proved tO be SO powerfUI that every relatlon > B s concretized by at some time

- |astinstant of

b . b | d d h p--HM |ocated in at some time
(object property) concept can be placed under them. X locaton o st sometime

- EE material basis of at some time

p--EM occupies spatial region at some time

- occupies spatiotemporal region

- occupies temporal region

- occurrent part of

- oCcurs in

»--HM participates in at some time

-l preceded by

- M precedes

- M realizes

»--HM spatially projects onto at some time

p-- I specifically depended on by

»--HM specifically depends on
- M temporally projects onto
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Information technology — Top-level ontologies (TLO) — Part 1: Requirements

Domain neutrality: Based on scientific principles and analytic philosophy
Logics: EMMO is available at the Top Level in First Order Logic as well
A clear stance on all ISO standard requirements such as
* Space and time: practically 4-dimensional
* Qualities and quantities
* Parthood, Location, Constitution, Time and Change, and Events and Processes
* Classifications and Mathematical, Informational, Social, & Mental Entities
* Causation and scale & granularity have been individuated as especially important
topics a TLO tailored for MISE should focus on
e Further details to be published!

AR
ISO
574

19 EMMC ASBL
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»=mc +| Battery Ontologies Ecosystem in EMMO
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EMMO Top Example
(Mereocausality)

. Causal Structure
EMMO Perspectives

Persistence - Holistic - Contrast - Semiotics - ...

EMMO Reference
Standard Model/Physicalistic - Agency - Data/Information - Workflow -

EMMO Disciplines
Matter/Chemistry/Materials - Manufacturing - Metrology - Properties - Models - Maths - ....

Chem;cbzltts:rt;;tance [ Battery (whole) I Electrochemistry ][ CHAMEO ] Battery Value Chain

[ BATTERY (@3 ECHO €HAMEO

Electrochemistry Domain Ontology

Semantic Sensor Network
Plus alignment with: Ontology OGC W3C

Process (Persistence)

Agent Driven Process,
IntentionalProcess

Manufacturing, Materials Processing ISO
and DIN standards

[ ElectroCoating )

Making location cou

References
[1] Battery Cell Assembly Twin (BatCAT) http://www.batcat.info/
[2] Elementary Multiperspective Material Ontology, https://github.com/emmo-repo/emmo

[3] Characterisation Methodology Domain Ontology (CHAMEO), https://github.com/emmo-repo/domain-characterisation- BatCAT
El E MAF methodology Battery Cell

[4] Electrochemistry Ontology https://github.com/emmo-repo/domain-electrochemistry Assembly Twin -
[5] Battery Domain Ontology, https://emmo-repo.github.io/domain-battery/index.html

[6] Semantic Sensor Network Ontology, https://www.w3.org/TR/vocab-ssn/ ®®@
[7] Chemical Substance Ontology, https://github.com/emmo-repo/domain-chemical-substance e
[8] Battery Value Chain Ontology, https://github.com/Battery-Value-Chain-Ontology/ontology
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Aligned with a CEN

Workshop Agreement: p
Materials characterizaton -
Terminology and structured . impor

docu mentaton Nanoindentation Method Method

) Ontology Ontology FIB
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Battery gsi Clase gs‘i Clase Automotive
. ntology ntology .
"/ Testing coatings
NanNoMECommons

CHAMEO

QHAMEO ‘ Ontology

|mports



https://www.cencenelec.eu/media/CEN-CENELEC/CWAs/RI/2025/cwa17815_2025.pdf
https://www.cencenelec.eu/media/CEN-CENELEC/CWAs/RI/2025/cwa17815_2025.pdf
https://www.cencenelec.eu/media/CEN-CENELEC/CWAs/RI/2025/cwa17815_2025.pdf

What is in CHAMEQ?

Characterisation procedures

*
-
Sample extraction Sample preparation Sample inspection
Material/Batch - - Pe e
ﬁ . . Measurement system Characterisation
Calibration process :
adjustment measurement process
Sample
Data preparation Data post-processing Data validation

Characterisation
Data

= Dimensions

= Structure

= Calibration data

(e.g. layers) \ ! = Raw data

* Material’s ~e P * Primary data
physicaland = Secondary data
chemical ST — = Characterisation
composition Ié, @ o NV property

* Hazard é% — — @

Operator Laboratory Instrument Environment, Level of

— Parameters expertise
NaNoMECOMmMons t a

EMMC ASBL
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Battery Testing Use Case

"Optical quality control
methods in cell production
are unable to detect small but
still relevant defects in the

separator..."

* EMMC %

* *
* 4 x

bto:Battery

Charach ‘ chameo:Lab ‘ \ dcterms:Location I
[}

rdfs:label

’- determs:spatial b-’

rdfs:label
“Keysight Laboratories Linz"

. hasLab

rdfs:comment

e Unified structure for

organising knowlec!ge and _
data in battery testing and = g . ® o =5 i ;
battery quality control. w. | - e

Supports a range of

electrical battery cell tests, .

foafname & "Freudenberg”

s
E‘va“ }sn

hasNumericalValue asNumericalValue

hn:BaﬁeryPalt
.
z asChar
N, -~ hrasgin < nvirons
e ‘ as nngnue v
btoMax htn'_'-i mpling ] bto:BatteryChars ration
F$301123 \lultage Time Environment

*

broshasBatteryManufacturer”

hasNumericalValue

. . .
including impedance :
$ :
& 4 & 2
z ‘a‘:zm -t ,§‘D 50

[} hasNumericalv dl\Jt
bto:Hardware

. bto:HardwareType
h_|55tH a\al e Manufacturer
[

;.‘ has! Slrng\aue ’

‘oaf:name
L]

spectroscopy, self-

discharge, and high-voltage ?
MI m lw’ 044 f Resistance Meter"

hasMeasurementUnit
1000 btotha:
1

“electrodes and
separators without
pouch foil housings" H Femtw‘l’\(uamme!!r

25/01/2020 and Electrometer/High

hasProperty

"Keysight

Battery testing ontology: An EMMO-based semantic
framework for representing knowledge in battery testing
and battery quality control Computers in Industry,
https://www.sciencedirect.com/science/article/pii/S0166

SEEEMEC Ommons

brothasHardwareType

B2985A

‘ mhamm»ar Model p.

hasNumericalvalue .-

=
Specification

EMMC ASBL

“Keysight Technologies”

hasDataset

hasOutput ’

“Controlled by
temperature chamber”,

nnentProperty

Technologies”

hasStringValue:

B srociss
E CHAMEQ class
B emmoclass
Bl savery class
[:l Eleu ochemistry class

tions

- BTO relationship
CHAMEQ relationship

. EMMO relationship

hasDataset
‘ hasUrivalue

https:/izenodo.org/. . ffiles/matlabfile lab

hasOutput

bro:Ambient
Temperature
b hasNumericalvalue 15

rdfs:comment

hasNumericalValue 102

“kpa®
’ hasStringlValue
’ . bto:Ambient
hasMeasurementUnit M PressureUnit
bto:AmbientHumidity

[
hasNumericalValue 65

g
hasStringlValue
* ol

hasMeasurementUnit

hasStringlValue

*

bto:Ambient
HumidityUnit

“room light”
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e Retains the most common mid-level concepts
* Interoperable with complete EMMO (same IRIs)

Object Process Material Role Property Data
Measurement Simulation Agent Dataset Datum
TechnologyProcess Software

https://github.com/emmo-repo/EMMO/wiki/quidelines-development

Selected leaf classes and properties
emmo-lite https://w3id.org/emmo/emmo-lite  for rapid development and
deployment in graph databases.



https://github.com/emmo-repo/EMMO/wiki/guidelines-development
https://github.com/emmo-repo/EMMO/wiki/guidelines-development
https://github.com/emmo-repo/EMMO/wiki/guidelines-development
https://github.com/emmo-repo/EMMO/wiki/guidelines-development
https://github.com/emmo-repo/EMMO/wiki/guidelines-development
https://w3id.org/emmo/emmo-lite
https://w3id.org/emmo/emmo-lite
https://w3id.org/emmo/emmo-lite
https://www.duperrin.com/english/2015/07/23/digital-transformation-is-about-making-things-easier-period/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/

* X %
* *

«emvc x| EMMO toolbox of Object Properties

* *
* 4 x

isConstituentOf isConstitutiveProcessOf  isProperParticipantOf isSubprocessO

a
+ 5 A s e A i .
Q. Tt ' | ' DR |
g | N ] I oy A
v S : : - !
Q s T Tttt e ' https://github.com/emmo-
. . repo/EMMO/wiki
ﬂ* time —» té isSubObjectOf isBehaviourOf isStatusOf isStageOf
S 7 7 . ail RRDD ol
% E P | | R
4D approach and space/time G%J 2 _— L ! E___:___l___:
graphical representation of entities. §
Hme Spatial and Temporal parthood sub-relations
isAddedTo isOutputOf affects contributesTo
______ S s N LI
A isRemovedFrom isinputOf partakesin /)(l:{_lflf)-(t-re_S.TO
v o N ] Poptes i E
—

Proper overlap sub-relations (continuous line standing for objects, dashed line for
processes, and relations going from the grey to the white boxes)



https://github.com/emmo-repo/EMMO/wiki
https://github.com/emmo-repo/EMMO/wiki
https://github.com/emmo-repo/EMMO/wiki
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* CoBrain project
e Similar approach in BatCAT project
e Connect-NM: European Nuclear Materials Knowledge Base

» Student projects, e.g. on Fukushima accident (Univ Bologna)

EMMC ASBL




* X %
* *

« enmec | COBRAIN

* *
* 4 x

Active ontology = Entities = Individuals by class = DL Query = Individual Hierarchy Tab = OWLViz x

Datatypes Individuals = Al14 — httpsy/fwww.cobrain-project.eu/ontology/cobrain#Al14 - ;;'
Annotation properties Annotations | Usage ¥ mmsCausalRelatedTo
BN communicatesWith

Classes Object properties Data properties == hasNext
B hasNextStep
B has SubsequentStep
T B O Asserted = skos:prefLabel = indirectiyAffects
A4 N indirectlyCommunicatesWith
BN isAdjacentTo

Data skos:altLabel = precedes

Hallstic Al14({Cr20Fe40Mn25Ni15)100-14 v mmisMereologicalRelatedTo

Persistence ¥ . isPartOf

PhysicalEntity skos:altLabel ¥ B isSpatialPartOf
¥ 0 PhysicalObject - ¥ = isConstituentOf

¥ hyMa[[E,.J AN4(CrFeMnii) == isComponentOf
- @ Substance dcterms:source [language: en] = isConstitutiveProcessOt
p @ ContinuumSubstance Literature . isProperParticipantOf
v @ Material = s SubProcessOf
v @ Alloy ¥ W isTemporalPanOf
BN isBehaviourOf
= is StageOf
Equivalent To | I js StatusOf

. B is SubObjectOf

Al14] materialNickname value "Al14" v == properOveriaps
AlCu . affects
B contributesTo

Cantor BN disappearsinto
_____ Steel atComposition value "Al14Cr17.2Fe34.5Mn21.3Ni12.9" = emergesfrom
----- Stellite elements value "AlCrFeMnNi" = isAddedTo

BN isinputOf
[ CerMet HighEntropyAlloy = isOl.I:qu 1o
----- Powder
) volComposition value "AICrFeMnNi100" ¥ B isRemovedirom
------ MesoscopicSubstance

PhysicalParticle wtComposition value "Al7.4Cr17.5Fe37.5Mn21.3Ni14.8" W is SampleOf

! BN partakesin
PhysicalPhenomenon ¥ N participatesTo

- Semiotics B isCharacterizedin
B isindenterfor

M isinstrumentOl

Annotations

V-0 owlThing

"
|

HighEntropyAlloy
AlD

General clas
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IntentialProcess

) Procedure
Manufacturing
="A -
. Measurement Computation
Workflow ——»  Task
hasTask _/VG-,.,_,\ /\7;&1.\_7_7
v \ ~ T 7 T
" P - - | -
_— Characterization Sensor Simulation | Data
- . Measurement Observation I‘ Processing
LIB manufacturing LiB Manufacturing Task Process = | o
rocess A W 6
P hittp://www.w3.0r Optimization
g/ns/sosa/Observ
_— ation Model
— —_— parametrization
LIB tituent: Electrod i
constituents ElectradeCoating > e Cutting/Electrode ElectrochemicalDevice
precede Calendaring recedes Separation precedes Assembly
3a2435 S0
hasObjectOutput
hasObjectinput hasOb “‘Vﬂ.mmp it ha ~13|JIE‘i'CJVMUI;'ﬂ“'.I ‘DU‘-_E.LVJ'\JELU.UIH
- Coated Collector, Calendered
urry CoatedElectrode Electrode

Final Electrode

EMMC ASBL

Dry Battery Cell

Battery Cell Assembly Digital Twin (BatCAT)

A

Battery Cell
Assembly Twin



el B Conclusions

EUROMAT

e Commitment pays off in the long run.

e EMMO: based on scientific world-view, commitment to a material-based
world, with common-sensical Perspectives

e A growing ecosystem of Discipline and Domain ontologies

e ELITE makes it more user-friendly, while keeping the foundations.
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And many more...

BIG-MAP

EMMC ASBL
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Semantic Materials Semantichaterials

Semantic data and knowledge
management

OUR CONSORTIUM OUR SOLUTIONS

« Ateam of EMMO authors and experts

« Technology partners & Concentualisationand
« Semantic Materials Workshop 2025 —
* 10 November, 2025 @ e
* Cambridge Silise
- https://semanticmaterials.com i

SemanticMaterials



Thank you!
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