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Context and
Objectives



Why this talk and what you will take
away

Proven Feasibility

Validated mapping choices show STEP-derived OWL
integrates well with existing knowledge graphs.
Automation and Consistency

Transitioned from manual to repeatable transformation
that preserves engineering semantics and handles
complex types.

Intentional Alignment

Using Industrial Data Ontology connects STEP with other
transformed engineering standards creating semantic
continuity across lifecycle data.
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History, Scope, and Global Impact
of ISO/TC 184/SC 4

Establishment and Mandate

Founded in 1984, ISO/TC 184/SC 4 standardizes product data across entire
lifecycles to enhance Industrial data interoperability.

STEP Standards Core

The STEP family (ISO 10303) enables neutral industrial data exchange independent
of software systems, underpinning digital engineering.

Global Reach and Impact

With over 800 standards and broad international participation, SC 4 drives billions in
economic benefits through improved interoperability.

Future Directions

SC 4 advances ontology-based interoperability, digital twins, and data-driven
compliance to lead Industry 4.0 innovations.




Why STEP (ISO 10303) still matters — Example APs and lifecycle
breadth

AP ID NAME WHY IT MATTERS

Unifies product structure, geometry,
and configuration for CAD/PLM
exchange & long-term archiving.

Managed Model-Based 3D

AP242 : :
Engineering

Relates CAD definitions to CAE/FEA
AP209 Multidisciplinary Analysis and Design models & results; preserves design-
to-analysis traceability.

Structures configuration baselines,
AP239 Product Life Cycle Support (PLCS) maintenance, documents, and
approvals across life.
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The modernized STEP Core in
SysML and why XMI matters

Harmonized SysML Core Model

The STEP Core consolidates common semantics into a
single SysML model reusable across multiple Application
Protocols.

XMI Export Advantages
XMI export produces deterministic, parser-friendly
artifacts with stable identifiers and structural consistency.

Rule-Driven Ontology Mapping

Mappings interpret model constructs into OWL 2 DL
classes and axioms, supporting consistent semantic
integration.

N
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Semantic ARCHITECTURE OVERVIEW

STE P an d IDO as Upper Ontology for Alignment of DEXPI, STEP Core and Arrowhead Framework Ontology

the applied
architecture
IN the
validation
UC

UPPER ONTOLOGY

ISO 23726-3 (I DO) Provides shared concepts such as:

& Asset / Equipment g‘ Process

o Function / Capability & Lifecycle Phase

Alignment Layer

@ OWL 2 DL

Industrial Data Ontology
Upper Ontology for Semantic Alignment

. L A
Alignment to IDO ; '

v v

DOMAIN
ONTOLOGIES

Transformed &
Aligned to IDO

@ OWL 2 DL

Arrowhead Framework Ontology

DEXPI Ontology

(Engineering Domain)

STEP Core Ontology

(Automation & loT Domain)

(Product & Asset Domain)

i

Instances added — Separate Knowledge Graphs

,

D =
D

Ontology-Level
Alignments

KNOWLEDGE

GRAPHS
DEXPI Knowledge Graph (KG) STEP Core Knowledge Graph (KG) Arrowhead Knowledge Graph (KG) Minrios defined with
Instances Created per Instances of DEXPI Ontology Instances of Arrowhead Ontology i OWL axioms:
Ontology |+ owliequivalentClass

+ rdfs:subClassOf
* owl:sameAs
+ Property alignments

&%

\ —— = — £y
(7 N\ =\
INTEROPERABILITY STEP Core KG «> SAP (Work Order Management)
& CONSUMERS
b W3C / SPARQL Integration SPARQL & SAP HANA API Integration
Access via W3C . g . : i
Technologies ° SPARQL endpoint for queries @ SPARQL endpoint for semantic queries
@ RDF/OWL data access () SAP HANA API for data exchange
@% ° Semantic visualization in 3D €D Link assets to work orders
o Navigation of plant structure c Lifecycle & maintenance integration
N o 7 \e 2
( . ‘ = @ Semantic interoperability across domains
o TECHNOLOGY STACK | @ OWL 2 DL : < RDF / OWL I <. SPARQL W3C' wa3c standards @ KEY BENEFITS @ Sstandards preserved but aligned
Jl 0 Scalable and extendable architecture =)
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Collaboration touchpoints and the
IDO (ISO 23726) strategy

1 CROSS-STANDARD ALIGNMENT

IDO provides a neutral upper ontology anchoring domain The team shares and refines the Semantic STEP based on IDO
ontologies for seamless cross-standard integration. through international collaboration and community feedback.

ISO 23726-3 International Reviews
X2, INDUSTRIAL DATA ONTOLOGY (1DO)

Presented in global forums
and working group meetings

Upper Neutral Ontology

Tt 7 e T TP T T e T e\ .
anchors & aligns _‘anchors & aligns’_ anchors & aligns IS0 TC]M/_SM eatings
i ¢ Discussion with experts and

standardization bodies

ded L.

Refined with Community Feedback
DEXPI STEP Core Improvements emphasize automation
Ontol ogy Ontol ogy and transparency
- 4
3 GOVERNANCE AND AUTOMATION 4 | BUSINESS BENEFITS =)\
Automated rules and validation ensure transparent, IDO unifies diverse data sources under a shared conceptual
controlled, and consistent ontology lifecycle management. framework, delivering measurable business value.
Transformation Rules SHACL Validation Controlled Versioning REDUCES INTEGRATION RISK
Consistent semantics eliminate mismatches
— ‘ - between standards and systems.
= =B » Ul 4 ACCELERATES ONBOARDING
New systems and data sources can be
Published mapping Shape constraints verify Validated releases ensure connected faster with minimal effort.
rules between data quality and traceable and transparent
standards and IDO conformance automatically ontology versions UNIFIES DIVERSE DATA SOURCES
\ J _ J \. J A shared conceptual framework enables
cross-domain analytics and automation.
o & 7
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Methodology and
POC



Model-to-ontology pipeline:
STEP Core SysML XMl — OWL 2 DL

1

MODEL-TO-ONTOLOGY TRANSFORMATION

SysML XMI Export

Transformation Engine

(STEP_ Core Model)
3 O
</>
- U Parses XMl structure -
XMI
(s e e &
( Source:SysMLtool | Applies mapping &
‘ export (e.g., Cameo) @+ semanticrules
== = )

.

Transforms SysML XMI exports of STEP Core into OWL 2 DL ontology for reasoning and maintainability.

- Benefits

Machine-interpretable
semantics

OWL 2 DL Ontology
(Reasoning & Maintainability),

ROWL2DL‘

— Betat et R
| Class: Asset [
Class: Pump
SubClassOf: Pump T Asset

B

Supports automated
reasoning

Easier maintenance
and evolution

(N DGR

J

&
2 MAPPING AND SEMANTIC HANDLING

Classes & Associations

1

| Generalizations

Interprets model elements, translates semantics, and manages SELECT constructs with robust patterns.

3  SELECT Constructs Handling

(& Validation of sample output Validate approach

& mappings

= \
« SysML Classes | + Generalization maps to E | SELECT | E Translated using:
hasComponent - OWL Classes ‘ rdfs:subClassOf ' (PumpType = | * Union Class (owl:unionOf)
i ' CentrifugalPump '
* Associations Pump rdfs:subClassOf ' OR | * Reified Pattern with
- OWL Properties Equipment | PositiveDisplacementPump) | explicit choice individuals
\ \ J
o
3 TWO-STAGE DEVELOPMENT STRATEGY
Progressive approach from proof-of-concept to fully automated pipeline for repeatable end-to-end builds.
STAGE 1
Semi-Manual Proof of Concept Fully Automated Pipeline
M
~
(& Manual inspection of XMI | A - - @9 =
& Hand-crafted mappings ‘ POC oA ok Automated owL 201 cieo
Transformation Ontology Output Integration
l

(® Repeatable + Scalable e« End-to-End e« Version Controlled
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Example on STEP Core modules -
IndividualPart

bdd [Package] Diagrams [ individuaPart ]J

ndividualAssemblyRelationshipClas

Class = "http://standards.iso.orgliso/ 1! -4000/tech/refdatalcore_v1#a2321940-1302-0135-b552-598f1b1392ae"

ARROWHEAD
fPVN




Cross-Standard
Alignment and
Integration



IDO as the alignment spine across
STEP, DEXPI and Arrowhead

IDO as Harmonizing Ontology
IDO provides upper-level abstractions that harmonize multiple
domain ontologies without losing their specificity.

Cross-Standard Querying
IDO enables efficient cross-standard queries across STEP,
DEXPI, and Arrowhead frameworks by linking related data nodes.

Reduced Integration Complexity
Mapping each standard to IDO once reduces integration debt by
avoiding multiple pairwise bridges.

Simplified Governance and Onboarding
IDO supports documentation and governance through shared
shapes, easing onboarding and stakeholder buy-in.

N
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LIGHTWEIGHT ALIGNMENTS

The Upper Ontology approach enables alignment across large industrial ontologies.
In UC 2.9, limited class alignment already delivered significant interoperability and business value.
This shows that early benefits are achievable without large-scale alignment, with value increasing as alignment expands over time.

ALIGNMENT ACROSS LARGE INDUSTRIAL ONTOLOGIES — BUSINESS VALUE

Ontologie A
ﬁ (e.g,, Engineering / Design)

UPPER ONTOLOGY
(IDO)

ACHIEVED EARLY

g Ontologie B
(e.g,, Operations / Automation)

Interoperability

e

Classes Classes Related data can be
Provides shared (UC.2.9 Example) s S s Wy discovered and connected
5 A ' across ontologies |
semantic anchors & Pump B e ()~~~ L_—-é Equipment ’ ‘
Examples: e N Faster Insights |

Limited Class Aligiment

— Un Motor = (= Control Function
i e = .

— ( = ( = i )
[ 9 ﬁFt{"Ctioj‘ n -l Pipe R _@_ . J. a_h-_.n Production Process ’

Cross-domain queries enable
new analysis and reporting

Lower Integration Risk |

— N .

— P ‘ ( < = . 0

—o rocess /J Instrument " X Maintenance Activity }

/_ —. ;\‘ /‘
L @0 Lifecycle Phase

Benefits delivered without the
effort of full, large-scale alignment

& = - =4 & A )
@ VALUE INCREASES AS ALIGNMENT EXPANDS OVER TIME
Stage 3 :
4 Extensive Alignment :@-
m M Pgigiins: SEREE ' Key Takeway

Business Minimal Alignment Expanded Alignment
e.g., UC29 e : ;
Value (eg ) Full cross-domain interoprability ?lgrg\mﬁc?nt varlue conte reakzed wlnh
Early interoperability ® & maximum business value igitweight slignments, and the value
& quick wins ® //’m; use cases, grows progressively as alignment

®— —— more integrated workflows coverage increases.

Time / Alignment Maturity
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ONTOLOGY AND RUNTIME INTEGRATION

Connecting semantic ontologies with the Arrowhead runtime fabric for intelligent, secure cyber-physical operations

ONTOLOGY AND RUNTIME INTEGRATION

2

KNOWLEDGE-DRIVEN SERVICE DISCOVERY

B )

Connecting ontology layers to the Arrowhead runtime fabric enables Aligning Arrowhead services with IDO domain ontologies enables semantic

seamless service registry and secure microservices interaction discovery based on relationships to assets, documents, and analysis results.

in cyber-physical systems.

SEMANTIC QUERY
ONTOLOGY LAYERS SECURE INTEGRATION (G T L2 Ll (J DISCOVERY RESULTS
/ Find services related to
\ Pump with recent analysis ( Pi Monitoring Servi
| Do ) G ARROWHEAD i e
\ Upper Ontology t — Asset: Pump P-101
; - = = PREFIX ido: <.../ido#> —_—
~. Service Regi PREFIX arrow: <.../arrowhead#>
DEXPI Ontology’ =1 @ SegRty ] g B\ Maintenance Document Service W
Plant & Instrumentation | | > iy + SELECT ?service o >
e = = = WHREE { SAM]  ( Asset: Pump P-101 | |
( Co t ?service arrow:providedFunction ?func . /
| '?‘ ls’:::uct&:\)s:::logy 0 S Orchestratoc J ?func ido:realizesAsset ?asset .
e e e e ?asset a ido:Pump . [ /J Vibration Analysis Service
~ e ?analysis ido:aboutAsset ?asset ;
((' ’)) Arrowhead e Authorization & Security a ido:AnalysisResult ; ._l_ll (_ Analysis: Result #AR-556 | >
‘ Framework Ontology ido:hasTimestamp ?ts . \_ Y,
i 9, \. / = =
) @ J

S DATA SOURCES )< UNIFIED SEMANTIC VIEW *@)° DECISION SUPPORT

OPERATIONAL DECISION SUPPORT

Integration reconciles system design, maintenance history, and real-time telemetry
to provide a unified view for informed operational decisions.

—

System Design
(DEXPI / STEP Core)

K

Maintenance History
(Work Orders & Events)

IDO-Aligned

Anomaly Detection

Knowledge Graph

Telemetry vs. design limits

ke,

Maintenance Planning
History + condition-based

GOVERNANCE AND DEVOPS ALIGNMENT

Proven software practices ensure data quality, control, and trust
through automated governance and DevOps pipelines.

() DATA GOVERNANCE

Standards & Policies
IDO modeling rules, naming,
versioning guidelines

=

Quality & Validation
Automated SHACL constraints
ensure semantic consistency

C/ CI/CD AUTOMATION

O-&-0U-E

* Code & Mapping  Automated SHACL
Repository Build & Test Validation

Deploy to
Runtime

RESULT: TRUSTED & RELIABLE SEMANTIC DATA

— —=
Real-Time Telemetry : Performance Optimization Access & Security
) 5 i A e = . X
(( ), (Arrowhead Services) Pump P-101 @ Data-driven insights ﬁ Controlled permissions and ° Constatent, hiot-aualicy datin production
& 360° operational context audit trails via Arrowhead i i
L ¥ \_ \_ ) L. o Faster delivery with controlled, repeatable releases

4




Demonstration,
Roadmap and Risks



Proposed demo storyline: a single query
across design, config and runtime

LINKING DESIGN 2  CONFIGURATION AND 3 RUNTIME SERVICE 4 |  STRENGTHS OF
TO EQUIPMENT DOCUMENTATION INTEGRATION ’ THE APPROACH
Start with a P&ID tag and resolve it to Traverse configuration of the equipment Use runtime alignment to discover Arrowhead Ensures intelligible engineering semantics,
the equipment instance within the and enrich it with relevant information using service endpoints and operate the configured maintainable alignment, and turns knowledge
DEXPI/STEP knowledge graphs for STEP Core. asset through a single semantic query. into actionable runtime operations.

accurate asset identification.

STEP Core Product Structure (¢p)  Runtime Alignment
P&ID START Intelligible Engineering Semantics

Tag: P-101 e Pump-001 (dexpi:Pump #-101) dexpi:Pump #P-101 e% Clear, domain-specific meaning of assets

Pump in P&ID Components & Relationships 1 alignedwith 1 and their relationships )
- 4 !
Arrowhead Services

7
.

7

J

s N
‘ Maintenance Procedures

Linked work instructions & Service Discovery via Single Que
RESOLUTION * [ = procedures 2 gle Query

’ Maintainable Cross-Domain Alignment
Stable links between DEXPI, STEP Core
i ) L ) SELECT ?service Zendpoint and Arrowhead with minimal coupling
Resolve tag “P-101 WHERE { 7
in knowledge graphs (
In knowledge grap J /\) Simulation Data dexpi:Pump ex:tag "P-101" .
A [ l_l_ll Performance curves, capacities, ?service arrowhead:providesServiceFor Zpump . Actionable Runtime Operations
s T : : : 2
conditions from STEP Core ) . ?service arrowhead:endpoint ?endpoint . Direct transition from design knowledge
I ) to live observation and actuation
EQUIPMENT INSTANCE R /
Documentation Discovered Endpoints
dexpi:Pump #P-101 Specifications, manuals, )

STEP Product: Pump-001

ditachacts Q Q Scalable & Reusable
- 7 Repeatable pattern applicable across
Observation Service Actuation Service fart d ¢
GET /pumps/P-101/tel y | POST /P-101 plants and assetitypes
j h y \

>

END-TO-END FLOW OVERVIEW

/./' BUSINESS IMPACT
alll

P&ID TAG EQUIPMENT INSTANCE CONFIGURATION & DOCS ARROWHEAD SERVICES
0 Faster troubleshooting
dexpi:Pump #P-101 * Maintenance Procedures * Observation Endpoint ° Reduced integration effort
©
O STEP: Pump-001 * Simulation Data * Actuation Endpoint ° Consistent asset context

From design to operation )
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Proposed Further Work: Semantic Enablement of SysML/XMI

with OWL 2 DL

Enable SysML-based standards to participate in the semantic web and digital thread.

e =\ 7 2
e Define SysML/UML -> OWL 2 DL mapping profile (v1) (0/" % of SysML constructs
with OWL mapping
v 2 A SR S 2D
Now e I|dentify semantic gaps in XMl serialization Systy S owL2tL
; : : . E] g Y # of pilot models translated
(0-6 months) e Establish canonical RDF/OWL representation alongside XMl =l ¢ v to OWL
e Select pilot models for semantic translation
P EJ Mapping profile published
(committee draft)
)\ 7,
4 T Vo =\
e Build XMI - RDF/OWL 2 DL transformation pipeline Transformation completeness
= O — (% elements preserved)
R e Introduce SHACL for constraint validation RDF/OWL
3-6 months ; ; .
E e Enable SPARQL querying over SysML-derived models Vi i SHACL coverage of constraints
; : : - SHACL
e Validate model fidelity vs. XMI (semantic equivalence) SPARQL query use cases validated;
MVP stability
- J . J
e N ( M
e Define semantic governance framework (7 Query performance
(URIs, versioning, modularization) ) (latency, scalability)
Voo M WL 2 D Knowl
=T ® Publish ISO Technical Specification: ':dy:del{ gm';.f,g," - “g::,;ﬁg" N
6-12 months - “SysML Models in OWL 2 DL” E%;’ I * Interoperability success
- “Constraint Validation using SHACL” : HEIoSS (Ul andicomains
I igital Twi I
® Define interoperabilit_y patterns with knowledge graphs g::i::m,';‘aﬁ, ’d Adoption: # tools exporting OWL
and external Ontologles (e.g., ISO 15926) %y a[ongside XMI; release cadence
& ) \ &= ,
O KEY MESSAGE Ccﬁ STRATEGIC POSITIONING
@  XMlis a syntax, not a semantic layer. By standardizing an OWL 2 DL “Standardize a semantic representation of SysML models in OWL 2 DL
representation of SysML models, we enable machine-understandable, to complement XM, enabling interoperable, machine-understandable
interoperable engineering data across the digital thread. engineering data across the digital thread.”
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Proposed Further work: Implementation

ARROWHEAD
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— PILOT SCENARIOS —_—
AP239 PILOT

PILOT SCENARIOS

AND SUCCESS METRICS

Select AP239 and AP242 pilot scenarios with
cross-functional teams and measure query latency,
coverage, and defect rates.

AP242 PILOT

AP239 AP242
Product Structure Managed Model
Configuration Based 3D Engineering

Connect design models with
runtime and maintenance

Link equipment data across
DEXPI and STEP Core

\. AN /
— SUCCESS METRICS —
s N NV~ ~N
Query Latency Coverage Defect Rate
<500 ms > 85% < 2%
per typical query of target assets of validated data
. ZAN LN >,

O

2 GOVERNANCE

AND QUALITY CONTROL

Establish governance cadence with rule reviews,
monthly releases, changelogs, and SHACL gates
to enforce quality standards.

_— GOVERNANCE CADENCE —_—

Rule Reviews
Bi-weekly

SHACL Gates @

Automated validation

\ M Changelogs

Transparent history

LN Monthly
E Releases

Versioned drop

—— QUALITY ENFORCEMENT =

ex:PumpShape a sh:NodeShape ;
SHACL sh:targetClass dexpi:Pump ;
Example sh:property [

Gate sh:path dexpi:tagNumber ;
sh:minCount 1 ; sh:maxCount 1 .

_

3 INTEGRATED DEMO
AND NEXT STEPS

Plan first integrated demos and gather consent with
named contacts to start workstreams immediately.

—— INTEGRATED DEMO ROADMAP _

Initial Demo

DEXP| » STEP
Knowledge Graph

= NEXT STEPS B

Identify & Engage Contacts
Confirm named contacts and gather consent

Finalize Demo Scope
E Agree on scenarios, data sets, and success criteria
b‘
9]
-

oill

End-to-End Showcase

Design to Operation
Analytics

Launch Workstreams
Start development and integration immediately

¢ Qutcome
Validated approach, stakeholder buy-in, and

\ momentum for scaled rollout.




Discussion
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