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provide 3D structures in an RDF semantic-friendly format. B‘g“‘LD"td- functions. Realistic requirement checking scenarios are used 1o evaluate and demonstrate the effectiveness of this approach and

indicate query performance. Compared with query techniques developed in the conventional Building Information Modcling
domain, we show the added value of such approach by providing an application example of querying building and regulatory
data, where spatial and logic reasoning can be applied and data from multiple sources ure required. Based on the implementation
and cvaluation work, we discuss the advantages and applicaility of this approach, current issues und future challenges.
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3D Geometry and Semantic Web - Industry Context: GROPYUS

Realitat:
Vielschichtige Beziehungen zwischen Systemen und
in mem Relation das

entlang der Wertschpfungskette.

- Verbindungen von Bauteilen

Nachhaltigkelt, 2.
Domﬂm&)beqrolum Interaktionen
- Circular Guidelines

- Optimierung von Ressourcen

Informationsharmonisierung

Knowledge Graph
Verbindet Daten lusdu Realitat mit dem Cyber

Who/What is Gropyus?
e Construction company / general contractor
e Offers digital, end-to-end solution — from design and

production to assembly and smart building operations,

e 350-440 staff across Europe.

Germany

University of Stuttgart

| C D Institute for Computational
n t Design and Construction

CPS (Cyber Physical System)

Projektion von Informationen flexibel nach Kontext und

Timber Building Design
Robotic Fabrication
Use knowledge graphs for data representation and
integration (using a data fabric architecture)

https://youtu.be/AlJg_KZADb6I?t=1451
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3D Geometry and Semantic Web - Industry Context: GROPYUS

-No explicit room modeling: spatial queries like “which room contains this

device?” were not possible.
-No geometric reasoning: relationships like containment or adjacency could
not be inferred from geometry.
-Ad-hoc geometry formats: custom representations limited interoperability
and reuse.
-No native support for transformations: geometric placements couldn't be
resolved directly in RDF.

-No derived computations: basic metrics like area or volume couldn’t be
calculated or validated.

Requirements:
R1: Support for multiple geometry types (BRep, CSG).
R2: Validation of geometry.
Problem: Geometric Associations Wall R3: Spatial operations (e.g., volume, containment).
interfaces with Rooms and Spaces R4: Scalable modeling across many units (serial production).
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Storing Geometry in Databases

Encoding: Geometric Data Describing: Geometric Metadata Querying: Geometric Operations
Literals (WKT GML) & Ontologies (On- Relationships & Metadata Spatial reasoning and queries (Geo-
toBREP) (OMG, FOG) SPARQL, BimSPARQL)

Comparative Analysis of Approaches for Geometric Data Representation in RDF. by Diellza Elshani, Ali Nakhaee, Anthony A. Arrascue, Haris Isakovic, Navid Hedayati, Janakiram Karlapudi, Thomas Wortmann
LDAC 2025
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Approaches to Representing and Querying Geometry in RDF
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Approaches to Representing and Querying Geometry in RDF

Approach I:

Represent geometry using RDF
(using an ontology or not) but
have no dedicated query
language for that.
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Approaches to Representing and Querying Geometry in RDF

Approach 2: Geometry data is
represented in RDF/OWL and can be
queried using a dedicated query
language within the RDF database,
such as GeoSPARQL or BimSPARQL.
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Approaches to Representing and Querying Geometry in RDF

Approach 3: Geometry is linked from RDF to
external geometry engines or spatial
databases, which handle computation and
validation outside the RDF store.

Geometry
Model

o ‘
 University of stuttgart |1y (DL |CD S ¥ 4> cRrROPYUS

Germany



Approaches to Representing and Querying Geometry in RDF

A) RDF-based Geometry B) Extending Triplestore and C) Integrating RDF-based
Modeling Querying Capabilities Systems with Native Geometry
Stores or Computer-Graphics
Libraries
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Alternative categorizations of RDF geometry exist—such as those
based on data structure or encoding—but they do not address
geometry querying, processing, or scalability, which are the focus of
our work.
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Criteria Used for Evaluation:

Each approach was assessed across the following dimensions:

Expressiveness (ability to represent complex geometry and relationships)
Complexity (ease of use and implementation)

Geometry Support (how geometry is stored/represented)

Geometric Functions (what spatial operations are possible)

Geometry Validation (support for checking geometric correctness)
Scalability (performance with large datasets)

Interoperability (ability to work with external systems)

Standardization (alignment with industry standards)

Range: High, medium, low, none
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Dataset and Systems Involved

Local Placement ID: #140

#65

w

Local Placement ID: #65

#139
ORIENTATION

BUILDING STOREY

e Used a simplified IFC file as a base model for geometry testing
. . A #64
e Model includes walls, spaces, devices, and transformation data W
e Designed and ran custom unit tests on geometric primitives Local Placement ID: #59
e Tested operations like containment, validation, CSG, and transformations -
e Evaluated behavior across multiple tools (e.g., PostGIS, CGAL, Trimesh) ——
(0,2,2)
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Approach I: RDF-based geometry Modelling

ifcOWLRepresentation(CSG-based)

eprefix :<http://www.example.com/> .
eprefix ifc:<https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2_TC1/OWL

:Wall_1 a ifc:IfcwallStandardCase ;
ifc:Representation :WallGeom_1 .

:WallGeom_1 a ifc:IfcProductDefinitionShape ;
A) RDF-based Geometry
Modeling

ifc:Representations :ShapeRep 1 .

:ShapeRep_1 a ifc:IfcShapeRepresentation ;
ifc:Items :Extrusion_1 .

:Extrusion_1 a ifc:IfcExtrudedAreaSolid ;
ifc:SweptArea :RectProfile 1 ;

g ifc:Depth rnxsd:double ;
IFC and ifcOWL

ifc:Extrudedbirection :ZDir .

:RectProfile_1 a ifc:IfcRectangleProfileDef ;
ifc:XDim artxsd:double ;
ifc:YDim artrxsd:double .

GeoSPARQL
(Ontology) GeoSPARQL Representation (WKT-based)

eprefix geo:<http://www.opengis.net/ont/geosparql
gprefix :<http://www.example.com/> .

OntoBREP :Wall_1 a geo:Feature ;
geo:hasGeometry :WallGeom_1 .
:WallGeom_1 a geo:Geometry ;
geo:aswKT Atrgeo:wktLiteral ;
GEOM (Ontol- geo;crs <http://www.opengis.net/def/crs/EPSG/0/4326> .
ogy)

OntoBREP Representation (Topological structure)

@prefix obrep:<http://www.fortiss.org/kb/ontobrep.owl
eprefix :<http://www.example.com/> .

Sweet Ontology

:Wall_1 a obrep:Solid ;
obrep:hasFace :Face_1

:Face_1 a obrep:Face ;
obrep:hasEdgeLoop :Loop_1 .

:Loop_1 a obrep:EdgeLoop ;
obrep:hasDirectedEdge (:Edge_1 :Edge_2 :Edge_3 :Edge_4) .

:Edge_1 a obrep:Edge ; obrep:hasStart :V1 ; obrep:hasiEnd :V2 .
:Edge_2 a obrep:Edge ; obrep:hasStart :V2 ; obrep:hasind :V3 .

:V1 a obrep:Vertex ; obrep:coordinates
:V2 a obrep:Vertex ; obrep:coordinates - 15

<&
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Approach I: RDF-based geometry Modelling

PREFIX : <http://www.bhom.org/>

select distinct ?rooml I
(max(?x) AS ?Max_x) (min(?x) AS ?Min_x)
A) RDF-based.Geometry (max(?y) AS ?Max_y) (min(?y) AS ?Min_y)
Modeling (max(?z) AS ?Max_z) (min(?z) AS ?Min_z)
where {

?rooml a :BH.oM.Architecture.Elements.Room ;

IFC and ifcOWL :BH.oM.Architecture.Elements.Room.Perimeter ?perimeterl .
?perimeterl :BH.oM.Geometry.Polyline.ControlPoints ?controlPointsl .
?controlPointsl ?p ?pointl .

GeoSPARQL FILTER (strstarts(str(?p),"http://www.w3.0rg/1999/02/22-rdf-syntax-ns#_")) .
(Ontology) ?pointl :BH.oM.Geometry.Point.X ?x ; :BH.oM.Geometry.Point.Y ?y ; :BH.oM.Geometry.Point.Z ?z .
}
OntoBREP e
SELECT DISTINCT ?rooml ?room2
WHERE {
GEOM (Ontol- {
ogy) select distinct ?rooml ?room2
(max(?x1) AS ?Max_x1) (min(?x1) AS ?Min_x1)
(max(?yl) AS ?Max_yl) (min(?yl) AS ?Min_y1)
(max(?z1) AS ?Max_z1) (min(?z1) AS ?Min_z1)
Sweet Ontology :
(max(?x2) AS ?Max_x2) (min(?x2) AS ?Min_x2)
(max(?y2) AS ?Max_y2) (min(?y2) AS ?Min_y2)
(max(?22) AS ?Max_22) (min(?22) AS ?Min_z2)
where { 1}
rooml a :BH.oM,Architecture.Elements.Room ;
:BH.oM,Architecture,Elements.Room,Perimeter ?perimeterl .
Comparative Analysis of Approaches for Geometric Data Representation in RDF. by
Diellza Elshani, Ali Nakhaee, Anthony A. Arrascue, Haris Isakovic, Navid Hedayati,
Janakiram Karlapudi, Thomas Wortmann LDAC 2025
: University of Stuttgart |C Institute for Computational 16 c G ROPYUS
g Germany |ntCDC Design and Construction '




Approach I: RDF-based geometry Modelling

A) RDF-based Geometry
Modeling

: University of Stuttgart
Germany

INntCDC IC

Category Expressiveness and In-| Complexity and Ver-| Degree of Standard-| Scalability
teroperability bosity ization

IFC and ifcOWL | Highly expressive, inte-| Supports BRep and CSG | IFC-based, aligned | High complexity, limited
grates BIM and linked | but highly verbose (Low) | with buildingSMART | scalability due to verbosity
data (High) standards (High) (Low)

GeoSPARQL Moderate expressiveness, | Limited validation, moder- | OGC standard, widely | Limited support for spatial

(Ontology) integrates with spatial | ate verbosity (WKT/GML | adopted (High) transformations, lacks full
databases (Moderate) overhead) (Moderate) 3D capabilities (Low)

OntoBREP Detailed boundary repre- | Minimal validation sup-| No official standardiza- | High complexity, low scal-

sentations, moderate inter-
operability (Moderate)

port, high verbosity (Low)

tion (Low)

ability due to boundary
model complexity (Low)

GEOM (Ontol-
ogy)

Covers various geometric
concepts, lacks absolute
coordinates (Moderate)

No validation beyond ba-
sic geometry definitions,
moderate verbosity (Mod-
erate)

No official standardiza-
tion (Low)

Moderate complexity,
moderate scalability,
focuses on structured geo-
metric data (Moderate)

Institute for Computational
Design and Construction

Sweet Ontology

Extensive 3D classification,
moderate interoperability

(High)

Limited validation, moder-
ate verbosity due to classi-
fication details (Moderate)

Widely adopted in the
Earth science commu-

nity (High)

High complexity, moder-
ate scalability (Moderate)
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Approach ll: Extending Triplestore and Querying Capabilities

B) Extending Triplestore and
Querying Capabilities

GeoSPARQL

{/ji‘:?]\ (Query Language)
e« /b

A
; ; BimSPARQL

3

.;2;.:;.-,.;. .
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Approach ll: Extending Triplestore and Querying Capabilities

B) Extending Triplestore and
Querying Capabilities

=2\
.,1’7{/:,‘—«):
@C \ /1%

)

l;’\] Y I
) Zad

‘\(&// )

L Geometry® 4
Model -

”‘:'

~ — LLLLL

Germany

University of Stuttgart |n L C D C | C

GeoSPARQL
(Query Language)

BimSPARQL

Institute for Computational
Design and Construction

Dedicated query languages enable efficient,
domain-specific geometry processing and
semantic inference within RDF systems.

19
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Approach ll: Extending Triplestore and Querying Capabilities

B) Extending Triplestore and
Querying Capabilities ® Enables standardized 2D spatial operations (e.g., intersects, within, distance)

on RDF data, making it effective for geospatial querying and reasoning.
® Supports geometry literals in WKT (geo:wktLiteral) and GML (geo:gmlLiteral)
— WAKT is most commonly used due to simplicity and broad tool support

—— ® Limited 3D geometry support

(Query Language) ® No built-in geometry validation.

BimSPARQL

— ® Supports 3D spatial operations (e.g., intersects, within, distance) aligned with
OGC standards.

- ® Accepts WKT literals for spatial operations, aligned with GeoSPARQL.

. Geometry® 4
Model -

u‘l\u
[

Difficulties to test: outdated and dependent on deprecated SPIN (which is no
~— longer maintained and has been superseded by SHACL, the W3C
recommendation for expressing rules, constraints, and inference in RDF).
® Documented many 3D functions, but missing ones needed for GROPYUS use
case.

University of Stuttgart Institute for Computational 20 “ GROPYUS
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Approach ll: Extending Triplestore and Querying Capabilities

B) Extending Triplestore and
Querying Capabilities

Category Expressiveness and In-| Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
teroperability and Support for Geome- | bosity dardization
try Translation
GeoSPARQL Moderate expressiveness, | Provides spatial opera-| Supports 2D geometries, | OGC standard, | Moderate complexity,
(Query Language) | integrates with spatial | tions (distance, contain-| moderate verbosity (WK-| widely adopted | scales well for 2D spatial
databases (moderate) ment, adjacency) but lacks | T/GML overhead), lacks | (high) data but lacks 3D geome-
volumetric computations | full 3D support (moderate) try processing (moderate)
(moderate)
BimSPARQL High expressiveness for | Allows querying of build-| Supports ~ BIM-related | Not standardized, | High complexity, poor scal-
BIM semantics but not | ing components, spatial | queries but lacks built-in | academic research | ability; no longer main-
standardized (high) reasoning, and limited ge- | 3D validation (low) prototype (low) tained and not functional
he: ROF- = ometric processing (mod- (low)
- bt erate)
e
L Geometry® 4 _l,'_.l" -
Model = | F%—F
-
—__=J
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PostGIS

Shapely

PyVista

Trimesh
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Category Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
operability and Support for Geom- | bosity dardization

etry Translation

PostGIS High expressiveness, | Provides advanced spatial | Supports 2D and limited | OGC standard, | Moderate complexity,
integrates with spatial | queries, but lacks compre-| 3D geometries, moderate | widely adopted | highly scalable for 2D
databases and RDF stores | hensive 3D volumetric pro- | verbosity ~ (WKT/WKB) | (high) but limited scalability for
(high) cessing (moderate) (moderate) complex 3D processing

(moderate)

Shapely Limited to 2D GIS applica- | Basic spatial operations | Supports 2D geometries | Follows OGC Sim-| Low complexity, scales well
tions, high interoperability | (e.g., intersection, union), | only, concise definitions | ple Features stan-| for small datasets but not
with geospatial tools (low) | lacks 3D support (low) (high) dard (high) optimized for large-scale

geometry (moderate)

PyVista High expressiveness for 3D | Includes mesh transforma- | Supports surface meshes | No official standard-| Moderate complexity,
visualization, integrates | tions, smoothing, and re-| and volumetric data, mod- | ization, commonly | highly scalable for large
well with VTK (high) construction but lacks rea- | erate verbosity (moderate) | used in scientific | 3D models in visualization

soning functions (moder- computing (low) and simulation (high)
ate)

Trimesh Moderate expressiveness, | Offers Boolean operations, | Supports triangular | No official standard-| Low complexity, highly
optimized for mesh-based | ray tracing, and collision | meshes only, concise | ization, widely used | scalable for large mesh-
modeling (moderate) detection (moderate) definitions (high) in robotics and 3D | based datasets (high)

modeling (low)

SFCGAL Expressive for solid model- | Provides 3D Boolean oper-| Supports full 3D geome- | Follows OGC spa-| High complexity, scales
ing, tightly integrated with | ations, volumetric compu- | tries, moderate verbosity | tial processing stan-| well for database-driven
PostGIS (high) tations, and spatial valida- | (moderate) dards (high) spatial processing (high)

tion (high)

CGAL Highly expressive, supports | Offers robust Boolean op-| Supports complex 2D and | Well-established High complexity, highly
both BRep and Mesh (high) | erations, spatial reasoning, | 3D geometries, high ver-| in  computational | scalable for precision-

and geometric validation | bosity (low) geometry research | demanding geometry
(high) (high) applications (high)

OpenCascade Extremely expressive, de-| Advanced CAD functionali- | Supports detailed BRep | Industry standard | Very high complexity,
signed for CAD/BIM work- | ties including feature recog- | and CSG models, very | for CAD applica- | highly scalable for indus-
flows (high) nition. Boolean operations. | high verbositv (low) tions (high) trial and large-scale CAD
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Category Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
operability and Support for Geom- | bosity dardization

etry Translation

PostGIS Most 3D functions (e.g., ST_3DDistance, ST_3DWithin) compute distances between

vertices rather than surfaces, leading to inaccuracies when objects are in contact but
their vertices don’t align.

Shapely Limited to 2D GIS applica- | Basic spatial operations | Supports 2D geometries | Follows OGC Sim-| Low complexity, scales well
tions, high interoperability | (e.g., intersection, union), | only, concise definitions | ple Features stan-| for small datasets but not
with geospatial tools (low) | lacks 3D support (low) (high) dard (high) optimized for large-scale

geometry (moderate)

PyVista High expressiveness for 3D | Includes mesh transforma- | Supports surface meshes | No official standard-| Moderate complexity,
visualization, integrates | tions, smoothing, and re-| and volumetric data, mod- | ization, commonly | highly scalable for large
well with VTK (high) construction but lacks rea- | erate verbosity (moderate) | used in scientific | 3D models in visualization

soning functions (moder- computing (low) and simulation (high)
ate)

Trimesh Moderate expressiveness, | Offers Boolean operations, | Supports triangular | No official standard-| Low complexity, highly
optimized for mesh-based | ray tracing, and collision | meshes only, concise | ization, widely used | scalable for large mesh-
modeling (moderate) detection (moderate) definitions (high) in robotics and 3D | based datasets (high)

modeling (low)

SFCGAL Expressive for solid model- | Provides 3D Boolean oper-| Supports full 3D geome- | Follows OGC spa-| High complexity, scales
ing, tightly integrated with | ations, volumetric compu- | tries, moderate verbosity | tial processing stan-| well for database-driven
PostGIS (high) tations, and spatial valida- | (moderate) dards (high) spatial processing (high)

tion (high)

CGAL Highly expressive, supports | Offers robust Boolean op-| Supports complex 2D and | Well-established High complexity, highly
both BRep and Mesh (high) | erations, spatial reasoning, | 3D geometries, high ver-| in  computational | scalable for precision-

and geometric validation | bosity (low) geometry research | demanding geometry
(high) (high) applications (high)

OpenCascade Extremely expressive, de-| Advanced CAD functionali- | Supports detailed BRep | Industry standard | Very high complexity,
signed for CAD/BIM work- | ties including feature recog- | and CSG models, very | for CAD applica- | highly scalable for indus-
flows (high) nition. Boolean operations. | high verbositv (low) tions (high) trial and large-scale CAD
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Approach lll: PostGreSQL, PostGIS

Query  Query History Query Query History

SELECT ST_3DDistance(
'POLYHEDRALSURFACE Z (
(1006, 1100, 11 16 0, 11 06 6, 1 0 0)),
(100, 1100, 110 10, 1 0 10, 1 0 0)),

- 1 SELECT ST_3DDistance(
2 2
3 3
4 4
5 ((11 00, 11 16 0, 11 10 10, 11 @ 10, 11 0 0)), 5
6 6
7 7
8 8
9 9

'POLYHEDRALSURFACE Z (

((L00, 1100, 11 10 6, 11 0 6, 1 0 0)),
((Le e, 1100, 11010, 16 10, 1 6 0)),
((11 ¢ 0, 11 10 ©, 11 10 10, 11 6 10, 11 0 0)),
((1 10 0, 11 160 6, 11 10 10, 1 10 10, 1 10 0)),
((1 0 10, 1 10 16, 11 10 10, 11 6 10, 1 © 10)),
((100, 1100, 11 © 10, 1 © 16, 1 0 0))
'::geometry,

((1 10 0, 11 10 0, 11 10 10, 1 10 10, 1 10 0)),

((1 0 10, 1 10 10, 11 10 10, 11 © 10, 1 © 10)),

(100, 1100, 11 0 10, 1 0 10, 1 0 0))
)'::geometry,

10 'POINT Z (1 5 5) 10 'POLYHEDRALSURFACE Z (

11 '::geometry 1 (000, 100, 1100, 0100, 0 00)),

12 ), 12 ((e00,100,10610, 60 10, 6 6 0)),
13 (10,1100, 110 10, 1 0 16, 1 0 0)),

14 ((e 100, 110 0, 116 10, © 10 16, © 10 0)),
15 ((e © 10, 1 6 16, 1 10 10, 6 10 10, © 0 10)),
16 ((0 @00, 010, 0 10 10, 6 10 6, 0 0 0))
17 )'::geometry

18 );

Data Output  Messages Notifications

S evOvia 8 8 ~

st_3ddistance
double precision

Data Output Messages Notifications

S RvOvie 8 & ~

st_3ddistance
double precision

1 4.999999999999999

PostGIS computes 3D distances using vertices, not full surfaces

Functions affected:

Leads to inaccurate results when nearest points are not vertices

Example: Sphere touching glass wall — expected distance = 0, PostGIS returns =5
Why? No vertex pair is close enough, despite surface contact

University of Stuttgart
Germany

INntCDC IC

Institute for Computational
Design and Construction
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Approach lll: PostGreSQL, PostGIS

Query  Query History Query  Query History
1 SELECT ST_3DDistance 1 SELECT ST_3DDistance(
2 'POLYHEDRALSURFACE Z ( 2 'POLYHEDRALSURFACE Z (
3 ((000,1100, 11100, 121 00, 10 0)), 3 (Lo, 1100, 11 10 0, 11 0 6, 1 6 0)),
AAAAAA 4 (100, 1100, 11010, 10 10, 1 0 0)), 4 (L0060, 1100, 1 10 10, 1 06 10, 1 0 0)),
//? 5 ((11 @ ©, 11 160 0, 11 16 10, 11 € 10, 11 6 0)), 5 ((11 0 0, 11 10 @, 11 10 10, 11 6 10, 11 0 0)),
Vi 6 ((1 10 ©, 11 10 0, 11 10 10, 1 10 10, 1 10 0)), 6 ((1 10 6, 11 10 6, 11 10 16, 1 16 16, 1 16 0)),
A 7 ((1 0 10, 1 10 10, 11 16 10, 11 @ 10, 1 © 10)), 7 ((1 010, 110 10, 11 160 16, 11 6 10, 1 6 10)),
A | 8 ((Loe, 1100, 11 010, 1 6 16, 1 6 0)) = - - - o sa
e | 9 )'::geometry,
/ { 10 'POINT Z (1 5 5)
11 '::geometry
{ 12 ) ;
A
maybe it is a modelling question: Solid vs Polyhedral surfaces
/ v .
/ Data Output Messages Notifications
S RvOvae 8 &~
st_3ddistance
double precision
1 4.999999999999999

PostGIS computes 3D distances using vertices, not full surfaces

Functions affected:

Leads to inaccurate results when nearest points are not vertices

Example: Sphere touching glass wall — expected distance = 0, PostGIS returns =5
Why? No vertex pair is close enough, despite surface contact

2 . . ' ' 2 L
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Category Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
operability and Support for Geom- | bosity dardization

etry Translation

PostGIS Most 3D functions (e.g., ST_3DDistance, ST_3DWithin) compute distances between

vertices rather than surfaces, leading to inaccuracies when objects are in contact but
their vertices don’t align.

Shapely L= P T LV W alld 1 D e 8] | ¥ = 2 a1l r2 - _ 11 et et o SR 1 1 S 1 11

Limited to 2D geometry processing.
5CU|IIC\I y noucralcy

PyVista High expressiveness for 3D | Includes mesh transforma- | Supports surface meshes | No official standard-| Moderate complexity,
visualization, integrates | tions, smoothing, and re-| and volumetric data, mod- | ization, commonly | highly scalable for large
well with VTK (high) construction but lacks rea- | erate verbosity (moderate) | used in scientific | 3D models in visualization

soning functions (moder- computing (low) and simulation (high)
ate)

Trimesh Moderate expressiveness, | Offers Boolean operations, | Supports triangular | No official standard-| Low complexity, highly
optimized for mesh-based | ray tracing, and collision | meshes only, concise | ization, widely used | scalable for large mesh-
modeling (moderate) detection (moderate) definitions (high) in robotics and 3D | based datasets (high)

modeling (low)

SFCGAL Expressive for solid model- | Provides 3D Boolean oper-| Supports full 3D geome- | Follows OGC spa-| High complexity, scales
ing, tightly integrated with | ations, volumetric compu- | tries, moderate verbosity | tial processing stan-| well for database-driven
PostGIS (high) tations, and spatial valida- | (moderate) dards (high) spatial processing (high)

tion (high)

CGAL Highly expressive, supports | Offers robust Boolean op-| Supports complex 2D and | Well-established High complexity, highly
both BRep and Mesh (high) | erations, spatial reasoning, | 3D geometries, high ver-| in  computational | scalable for precision-

and geometric validation | bosity (low) geometry research | demanding geometry
(high) (high) applications (high)

OpenCascade Extremely expressive, de-| Advanced CAD functionali- | Supports detailed BRep | Industry standard | Very high complexity,
signed for CAD/BIM work- | ties including feature recog- | and CSG models, very | for CAD applica- | highly scalable for indus-
flows (high) nition. Boolean operations. | high verbositv (low) tions (high) trial and large-scale CAD
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Category Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
operability and Support for Geom- | bosity dardization

etry Translation

PostGIS Most 3D functions (e.g., ST_3DDistance, ST_3DWithin) compute distances between

vertices rather than surfaces, leading to inaccuracies when objects are in contact but
their vertices don’t align.

Shapely L= P T LV W alld 1 D = 8] | ¥ = 2 LT mY r2 - _ 11 et et o SR 1 1 S 1 11

Limited to 2D geometry processing.
5CU|IIC\I y noucralcy

PyVista . . . . 5 5 . .

Focused on visualization, not geometric validation or reasoning. Not well suited for
semantic or topology-aware modeling.
alc)

Trimesh Moderate expressiveness, | Offers Boolean operations, | Supports triangular | No official standard-| Low complexity, highly
optimized for mesh-based | ray tracing, and collision | meshes only, concise | ization, widely used | scalable for large mesh-
modeling (moderate) detection (moderate) definitions (high) in robotics and 3D | based datasets (high)

modeling (low)

SFCGAL Expressive for solid model- | Provides 3D Boolean oper-| Supports full 3D geome- | Follows OGC spa-| High complexity, scales
ing, tightly integrated with | ations, volumetric compu- | tries, moderate verbosity | tial processing stan-| well for database-driven
PostGIS (high) tations, and spatial valida- | (moderate) dards (high) spatial processing (high)

tion (high)

CGAL Highly expressive, supports | Offers robust Boolean op-| Supports complex 2D and | Well-established High complexity, highly
both BRep and Mesh (high) | erations, spatial reasoning, | 3D geometries, high ver-| in  computational | scalable for precision-

and geometric validation | bosity (low) geometry research | demanding geometry
(high) (high) applications (high)

OpenCascade Extremely expressive, de-| Advanced CAD functionali- | Supports detailed BRep | Industry standard | Very high complexity,
signed for CAD/BIM work- | ties including feature recog- | and CSG models, very | for CAD applica- | highly scalable for indus-
flows (high) nition. Boolean operations. | high verbositv (low) tions (high) trial and large-scale CAD
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Approaches to Representing and Querying Geometry in RDF

Category Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
. operability and Support for Geom- | bosity dardization
C) Integrating RDF-based etry Translation
Systems with Native Geometry PostGIS Most 3D functions (e.g., ST_3DDistance, ST_3DWithin) compute distances between
Stores or Computer-Graphics . . . . . .
Librarias vertices rather than surfaces, leading to inaccuracies when objects are in contact but
their vertices don’t align.
Shapely e L Do e . I PRREEY N g T occ. s , groms ; u
Limited to 2D geometry processing.
sc\)lllcll y noucralcy
PyVista . . . . 5 5 . .
Focused on visualization, not geometric validation or reasoning. Not well suited for
semantic or topology-aware modeling.
[ = I | |
— Trimesh Designed for triangle meshes, not high-level BIM elements or hierarchical models.
L a .
“ = o Lacks support for geometric semantics (e.g., wall vs. door).
= L
E— T :
T
‘ SFCGAL Expressive for solid model- | Provides 3D Boolean oper-| Supports full 3D geome- | Follows OGC spa-| High complexity, scales
Geometry ing, tightly integrated with | ations, volumetric compu- | tries, moderate verbosity | tial processing stan-| well for database-driven
Model PostGIS (high) tations, and spatial valida- | (moderate) dards (high) spatial processing (high)
tion (high)
CGAL Highly expressive, supports | Offers robust Boolean op-| Supports complex 2D and | Well-established High complexity, highly
both BRep and Mesh (high) | erations, spatial reasoning, | 3D geometries, high ver-| in  computational | scalable for precision-
and geometric validation | bosity (low) geometry research | demanding geometry
(high) (high) applications (high)
OpenCascade Extremely expressive, de-| Advanced CAD functionali- | Supports detailed BRep | Industry standard | Very high complexity,
signed for CAD/BIM work- | ties including feature recog- | and CSG models, very | for CAD applica- | highly scalable for indus-
flows (high) nition. Boolean operations. | high verbositv (low) tions (high) trial and large-scale CAD
29
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Approaches to Representing and Querying Geometry in RDF

Degree of Stan-| Scalability
dardization

Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-
operability and Support for Geom- | bosity
etry Translation

Most 3D functions (e.g., ST_3DDistance, ST_3DWithin) compute distances between
vertices rather than surfaces, leading to inaccuracies when objects are in contact but

Category

C) Integrating RDF-based
Systems with Native Geometry
Stores or Computer-Graphics
Libraries

PostGIS

their vertices don’t alif_gn.

PR IO W T 1 = = f . o PR oY e 11 PaVaYallit J 1 oo 1 1

Shapely
Limited to 2D geometry processing.

SCUTTICTNy (IMoucratcy

PyVista . . . . . . . .
Focused on visualization, not geometric validation or reasoning. Not well suited for

semantic or topology-aware modeling.

[ = I | |

Trimesh

Designed for triangle meshes, not high-level BIM elements or hierarchical models.

Lacks support for geometric semantics (e.g., wall vs. door).
| | [ e | [

SFCGAL provides standard compliant geometry types and operation. SFCGAL is a C++
wrapper library around CGAL, but unlike CGAL it uses WKT.

|l.§'
)
LLLLL

SFCGAL

Geometry
Model

University of Stuttgart
Germany
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CGAL

Highly expressive, supports
both BRep and Mesh (high)

Offers robust Boolean op-
erations, spatial reasoning,
and geometric validation

(high)

Supports complex 2D and
3D geometries, high ver-
bosity (low)

Well-established
in  computational
geometry research

(high)

High complexity, highly
scalable for precision-
demanding geometry
applications (high)

OpenCascade

Extremely expressive, de-
signed for CAD/BIM work-
flows (high)

Advanced CAD functionali-
ties including feature recog-
nition. Boolean operations.

Supports detailed BRep
and CSG models, very
high verbositv (low)

Industry standard
for CAD applica-
tions (high)

30

Very high complexity,
highly scalable for indus-
trial and large-scale CAD
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Approaches to Representing and Querying Geometry in RDF

Category Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
’ operability and Support for Geom- | bosity dardization
C) Integrating RDF-based etry Translation
Systems with Native Geometry PostGIS Most 3D functions (e.g., ST_3DDistance, ST_3DWithin) compute distances between
Stores or Computer-Graphics . . . . . .
Librarias vertices rather than surfaces, leading to inaccuracies when objects are in contact but
their vertices don’t align.
Shapely s L3 Ay _—I1C > D = =0 2z = =3 LainY s -1l et et o 1 1 SRt 1 11
Limited to 2D geometry processing.
> 6CUIIICI.I y rnouct dlCI
J PyVista . . . . . . . .
Focused on visualization, not geometric validation or reasoning. Not well suited for
semantic or topology-aware modeling.
[ I | |
— Trimesh Designed for triangle meshes, not high-level BIM elements or hierarchical models.
11111 o .
“ £k Lacks support for geometric semantics (e.g., wall vs. door).
LLLLA
‘ SECEAL SFCGAL provides standard compliant geometry types and operation. SFCGAL is a C++
Geometry ) X .
Model wrapper library around CGAL, but unlike CGAL it uses WKT.
| | | | |

CGAL . . . . q . .

Offers robust and precise geometric algorithms, including 3D mesh validation,
containment, and volume computation.

OpenCascade Extremely expressive, de-| Advanced CAD functionali- | Supports detailed BRep | Industry standard | Very high complexity,
signed for CAD/BIM work- | ties including feature recog- | and CSG models, very | for CAD applica- | highly scalable for indus-
flows (high) nition. Boolean operations. | high verbositv (low) tions (high) trial and large-scale CAD
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Approaches to Representing and Querying Geometry in RDF

C) Integrating RDF-based
Systems with Native Geometry
Stores or Computer-Graphics
Libraries

lllkll
)
LLLLLI

Geometry
Model

University of Stuttgart
Germany

| C D Institute for Computational
n t Design and Construction

Category Expressiveness and Inter- | Processing Capabilities | Complexity and Ver-| Degree of Stan-| Scalability
operability and Support for Geom- | bosity dardization
etry Translation
PostGIS Most 3D functions (e.g., ST_3DDistance, ST_3DWithin) compute distances between
vertices rather than surfaces, leading to inaccuracies when objects are in contact but
their vertices don’t align.
Shapely s L3 Ay _—I1C > D = =0 2z = =3 LainY s -1l T atatal e 1 1 SRt 1 11
Limited to 2D geometry processing.
6CUIIICI.I y rnouct dlC[
PyVista . . . . . . . .
Focused on visualization, not geometric validation or reasoning. Not well suited for
semantic or topology-aware modeling.
[ I | |
Trimesh Designed for triangle meshes, not high-level BIM elements or hierarchical models.
Lacks support for geometric semantics (e.g., wall vs. door).
| | [ e | [
SECEAL SFCGAL provides standard compliant geometry types and operation. SFCGAL is a C++
wrapper library around CGAL, but unlike CGAL it uses WKT.
| | | | |
CGAL . . . . q . .
Offers robust and precise geometric algorithms, including 3D mesh validation,
containment, and volume computation.
i i i i i
OpenCascade

Complex, but works. Supports advanced 3D modeling, Boolean operations, geometry
validation, and solid construction; ideal for CAD-grade workflows.
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Detailed Evaluation of Approaches

Benchmark

Expressiveness

Complexity

Geometry Support

Geometrical Functions

Geometry Validation

Scalability

Interoperability

Standardization

: University of Stuttgart
Germany

INntCDC IC

RDF-based Geometry Descriptions
Eg: ifcOWL

Highly expressive for BIM data with rich semantics but
verbose for geometry.
Complex due to IFC-to-OWL translation and reasoning

over large datasets.

Mirrors IFC schema but verbose; limited efficiency for
complex geometries.

No native geometrical functions.

No inherent validation capabilities.

Limited scalability due to RDF verbosity and
computational overhead.

Strong semantic interoperability; challenges with
consistent geometric representation.

Benefits from IFC and OWL standards; requires ongoing
standardization efforts.

Institute for Computational
Design and Construction

Non-RDF Geometry as RDF Literals
Eg: GeoSPARQL

Supports rich spatial vocabulary for 2D
geometries and relationships.
Easy for basic queries; advanced spatial

reasoning can be challenging.

Supports 2D geometries (points, lines,
polygons); lacks 3D support.

Comprehensive 2D functions (buffers,

intersections, distances); lacks 3D functions.

No built-in validation; some

implementations integrate external tools for

2D.

Scales well with optimized RDF stores;
performance varies with implementation.

Interoperable via OGC standards for data
exchange.

Well-established by OGC with active
development.

0,2,2)

Linking to Non-RDF Geometry Files 1
Eg: PostGIS

0,0,2) - Polygon B

0,1,1
Extensive geometric data types with ‘ .

Point P

additional attributes for geographic ‘ l©.2,0
features. | - i 2,2,0

| Polygon A J

(0,0,0)
Simple for basic tasks; advanced

functionalities require deeper knowledge. 2/0,0)

Robust 2D geometry support with some 3D

functionality. (010) (10 10)

Extensive 2D functions; growing 3D

capabilities but still limited. Polygon A

Built-in 2D validation; limited support for 3D
integrity checks.

(00) (10 0)

Highly scalable with spatial indexing and
PostgreSQL integration.

Adheres to OGC standards, enabling broad
system integration.

Strong alignment with OGC standards;
stable implementation.
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Evaluation of Approaches

RDF-based Geometry Modeling:
Represents geometry directly in
RDF using vocabularies like
ifcOWL or GeoSPARQL; highly
expressive but lacks processing
and validation capabilities.

University of Stuttgart
Germany

INntCDC ICD

Institute for Computational
Design and Construction

. Geometry® J

Model =

e

4

Extending Triplestore and
Querying Capabilities:

Adds spatial functions to RDF triplestores
(e.g., GeoSPARQL) to enable geometry
querying; supports some in-graph
computations, some limited to 2D. But
they are an efficient method to query.

Geometry
Model

Integrating RDF-based Systems with Native
Geometry Stores or Graphics Libraries:
Links RDF to external systems like PostGIS or CGAL
for advanced geometry processing; offers strong 3D
support but requires integration, propagating data,
where data might be disconnected / challenges with
depended parameters.

34
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Summary: Bridging Geometry Processing and RDF

e Dedicated query languages like GeoSPARQL or BImSPARQL enable efficient, domain-specific geometry processing
and semantic inference within RDF systems.

e External geometry libraries like CGAL and OpenCascade offer good support for 3D operations (They enable
precise validation, Constructive Solid Geometry (CSG), and spatial analysis beyond RDF-native capabilities).
However, they remain separate from RDF, requiring external integration.

e SPARQL can be extended with custom functions to invoke geometry processing as needed. This creates a
scalable and flexible pathway to support advanced geometry in RDF-based systems.
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