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Abstract
This paper proposes a topology-driven semantic integra-
tion approach to align as-is and to-be BIM models in
building renovation scenarios. Starting from independent
IFC files, a surface-based topological analysis infers phys-
ically meaningful contacts between envelope objects us-
ing coplanarity, opposite orientation, vertical overlap, and
an overlap-coverage metric. The detected adjacencies are
then represented as cross-model semantic relations by in-
stantiating bot:Interface links between the correspond-
ing bot:Element individuals in a dedicated knowledge
graph, preserving model independence. The resulting
topology enables cross-model SPARQL queries to extract
and aggregate energy-related data at the envelope-system
level without IFC merging or manual data preparation.

Introduction
Building renovation workflows increasingly rely on Build-
ing Information Modeling (BIM) based digital represen-
tations to support design, analysis, and decision-making
processes (Han et al., 2025; Ismail et al., 2017). In prac-
tice, however, renovation projects are typically character-
ized by multiple BIM models representing different project
phases, such as the existing (as-is) condition and the pro-
posed retrofit (to-be) intervention. These models are of-
ten developed at different time stages, so they are simulta-
neously independent of each other, stored in separate IFC
files, and lack explicit machine-interpretable semantic re-
lationships that describe how the introduced objects phys-
ically relate to the existing building (Pauwels and Terkaj,
2016; Rasmussen et al., 2017).
This fragmentation represents a significant challenge for
automatic data analysis by machines, such as the extraction
of energy assessment for the envelope system. While the
physical reality of a renovated building envelope is com-
posed of coherent construction systems (e.g., walls up-
graded with insulation layers), this coherence is not ex-
plicitly represented in conventional BIM models. As a re-
sult, properties relevant for performance evaluation are dis-
tributed across independent models, preventing automated
system-level reasoning and requiring manual interpreta-
tion, model merging, or ad hoc data preparation.
Existing approaches to BIM-based analysis often assume
that relevant relationships are already encoded within a

single model or can be derived through explicit seman-
tic links. However, such assumptions rarely hold in ren-
ovation scenarios, where as-is and to-be models remain
semantically detached. Geometry-based methods can de-
tect spatial proximity or collisions, but they typically do
not provide a structured mechanism to transform geomet-
ric evidence into persistent, machine-interpretable rela-
tions suitable for higher-level analysis (Gan et al., 2022).
Conversely, ontology-based approaches offer rich seman-
tic representations, yet they rely on the availability of ex-
plicit relationships that are not present in independent BIM
models (Karmakar and Delhi, 2023; Moreira, 2024).
This paper addresses this gap by proposing a geometry-
driven and ontology-based approach for aligning indepen-
dent as-is and to-be BIM models through surface-level
topological analysis and semantic linking. Rather than
merging models or imposing predefined semantic struc-
tures, the proposed method infers physically meaningful
adjacency relations directly from geometric surface evi-
dence and explicitly encodes them as semantic relations,
reusing the Building Topology Ontology (BOT) and Build-
ing Element Ontology (BEO). In this way, objects that are
fragmented across different models but belong to the same
physical construction system can be coherently related in a
machine-interpretable manner.
The main contribution of this work lies in enabling cross-
model reasoning over building envelope systems with-
out compromising model independence. By transform-
ing geometric contact evidence into explicit semantic con-
structs, the proposed approach allows distributed BIM data
to be aggregated, queried, and exploited for performance-
oriented analyses, such as energy evaluation(Utkucu et al.,
2025; Massafra et al., 2024). The approach is demon-
strated through a case study focusing on envelope retrofit,
showing how independent BIM models can be seman-
tically linked to support automated data extraction and
downstream simulation workflows.
The paper is structured as follows. Section Methodology
presents the proposed methodology, including geometry-
driven topological analysis and semantic enrichment. Sec-
tion Topological analysis and overlap metrics formalizes
the algorithm for the analysis of objects surface-based
matching and the associated overlap metric. Section Case
study and results reports the case study and discusses the



results, while the final sections address semantic linking,
energy-oriented data exploitation, and future work.

Background
Topology in BIM
Several studies have investigated the representation of
topological relationships within BIM models to support ad-
vanced querying, navigation, and analysis tasks. Graph-
based approaches encode building components and their
relations as nodes and edges, allowing the computation
of shortest paths, connectivity patterns, and higher-level
structural properties (Han et al., 2025). Graph databases
have been used to transform IFC models into object graphs,
supporting advanced querying, algorithms, and topologi-
cal analysis in IFC versions (Ismail et al., 2017). In par-
allel, IFC-based graph data models use weighted graph
principles and automatic algorithms to extract and query
topological relationships among 3D elements more effi-
ciently than traditional 2D/3D representations (Khalili and
Chua, 2015). More recent work has introduced the notion
of Topological BIM (TBIM), a space-oriented BIM repre-
sentation tailored for building performance management;
TBIM relies on topological and conditional modeling prin-
ciples to derive semantically enriched information models
to build performance simulation (Massafra et al., 2024).
Graph-based topological models have also been used to
support semi-automated dataset generation for residential
buildings, showing that explicit spatial graphs can serve as
a robust backbone for downstream analytical tasks (Mas-
safra, 2025).
Beyond purely topological representations, several ap-
proaches leverage geometry-based techniques—such as
surface adjacency, coplanarity, and contact area analy-
sis—to infer spatial relationships between building ele-
ments. These methods extend graph-based BIM repre-
sentations by incorporating geometric evidence to identify
physically compatible interfaces between components, for
instance, in modular or surface-driven modeling strategies
(Gan et al., 2022). However, geometry-based inferences
are typically applied within a single BIM model and pro-
duce transient results that are not persisted as explicit se-
mantic relations, limiting their applicability to cross-model
renovation scenarios.

BIM-to-RDF
The translation of BIM data into semantic representations
has been extensively explored as a means to improve in-
teroperability, data integration, and querying capabilities.
Ontologies such as IfcOWL enable a comprehensive map-
ping of the IFC schema into RDF triples, supporting for-
mal reasoning and semantic querying. Pauwels and Terkaj
(2016) formalized a standardized EXPRESS-to-OWL con-
version procedure specifically targeting IFC, producing a
recommendable ifcOWL ontology in OWL2 DL that bal-
ances fidelity to the original schema with practical usabil-
ity. Due to the size and complexity of full IFC-to-RDF
mappings, several lightweight ontologies have been pro-

posed to represent core aspects of building topology and
element classification in a more tractable way; notable ex-
amples include BOT and BEO ontologies, which focus re-
spectively on spatial/elementary topology and on reusable
element taxonomies (Rasmussen et al., 2017). More re-
cently, domain-specific performance ontologies like the
Holistic Building Performance Ontology (HBPO) provide
unified schemas to connect BIM data with multi-domain
building performance simulation tools (acoustics, light-
ing, energy) (Utkucu et al., 2025). In the Linked Build-
ing Data (LBD) context, these ontologies are combined
with IFC and other domain schemas to support data-driven
modeling of building topology, while frameworks such as
Onto4Reuse address ontology reuse and alignment across
BIM-related domains (Moreira, 2024). In parallel, seman-
tic enrichment has been proposed as a strategy to recon-
struct implicit or missing information in IFC-based mod-
els, particularly where exported data lack the relational
structure needed for higher-level reasoning. Rule-based
enrichment techniques infer missing topological relations,
reorganise building hierarchies, and support automated
code compliance checking by encoding domain knowledge
as declarative rules (Karmakar and Delhi, 2023). Never-
theless, most of these semantic approaches assume that
relevant relationships are explicitly present in the source
models, or can be directly mapped from the IFC schema,
and do not tackle the derivation of new topological re-
lations from geometric evidence, nor the reconstruction
of topology between independent as-is and to-be models.
These approaches confirm that BIM models often lack ex-
plicit relational topology and that enrichment is necessary
to make such information machine-interpretable. How-
ever, existing semantic enrichment methods are typically
domain-specific, rely on rule sets tailored to particular use
cases (e.g. regulatory checking or asset management), and
operate on single BIM models. As a result, they offer lim-
ited support for renovation workflows in which as-is and
to-be models are authored independently, stored in sepa-
rate IFC files, and need to be semantically linked through
derived topological relations.

Research gaps and research questions
The literature review highlights significant advances in
graph-based BIM representations, geometry-driven spatial
analysis, and semantic enrichment techniques. However,
these approaches are typically developed in isolation and
do not fully address renovation workflows characterized by
the coexistence of independent as-is and to-be BIM mod-
els. In particular, there is a lack of methods capable of
deriving persistent, machine- interpretable adjacency re-
lations from geometric evidence and exploiting them for
system-level performance analysis.
This research addresses the following questions:

• RQ1: How can adjacency relations between indepen-
dent BIM models be inferred from surface-level geo-
metric evidence?

• RQ2: How can such relations be semantically created



without model merging?
• RQ3: How can the resulting semantic model support

performance-oriented data extraction?

Methodology
The proposed methodology enables the identification and
semantic formalization of cross-model adjacency relations
between building envelope objects belonging to indepen-
dent as-is and to-be BIM models, which are typically dis-
connected in renovation workflows. The approach com-
bines geometry-driven topological analysis with seman-
tic knowledge graph representation, enabling aggregation
of relevant properties (e.g., thermal transmittance) at the
envelope-system level, despite their distribution across
separate IFC files. This enables the use of domain-specific
analysis tools (e.g., energy simulation software) to evalu-
ate renovation scenarios without requiring the IFC model
to be merged.
The proposed method transforms geometric surface-
contact evidence into semantic envelope systems, thereby
enabling the integration of distributed BIM data for energy
performance evaluation. By decoupling geometric anal-
ysis from semantic representation, the approach preserves
model independence while supporting cross-model reason-
ing and system-level assessment.
As illustrated in Figure 1, the workflow is structured into
four main steps: independent IFC model, geometry-driven
topological analysis and semantic translation, semantic en-
richment through topological relation, and data extraction
for domain-specific analysis.

Step 1 – Independent IFC model.

The IFCas−is model is analysed and a corresponding
IFCto−be model is generated. Both models are treated as
independent data sources, each containing specific objects
and performance-related properties associated with differ-
ent project phases. The objects of both models lack explicit
relationships that a machine can interpret.

Step 2 – Geometry-driven topological analysis and seman-
tic translation.

• Step 2.a – Surface-based topological analysis.
A geometry-driven topological analysis is performed
on the geometric representations of the as-is and to-
be models to identify surface-level contact evidence
between envelope objects. Topological adjacency is
inferred from geometric conditions, including the de-
tection of coplanar and oppositely oriented surfaces
exhibiting a significant overlap area. This process
produces a set of candidate adjacency relations ex-
pressed as pairs of element identifiers (GUID) and as-
sociated overlap metrics.

• Step 2.b – Semantic representation of BIM data.
In parallel, the IFCas−is and IFCto−be models are in-
dependently translated into RDF reusing BOT and
BEO ontology, generating two separate knowledge
graphs (KG) that preserve the original model struc-

ture, geometry references, and performance-related
properties.

Step 3 – Semantic enrichment based on geometry-driven
topological analysis.

The geometric adjacency evidence obtained in Step 2.a
is subsequently materialized as new semantic rela-
tions between the KGas−is and KGto−be generated in
Step 2.b. Specifically, adjacency relations are instan-
tiated as topological relations using the BOT ontology
(e.g., bot:Interface), enabling the formal representa-
tion of cross-model envelope systems. This step represents
the transition from geometry-driven evidence to explicit,
machine-interpretable topological knowledge that can be
queried, reasoned upon, and exploited in downstream anal-
yses.

Step 4 – Data extraction for domain-specific analysis.

The enriched knowledge graph is queried using SPARQL
to retrieve envelope-system-level data, including thermal
properties originating from both the as-is and to-be mod-
els. These data are then provided as input to external en-
ergy analysis software to support detailed performance as-
sessment of renovation strategies.

Topological analysis and overlap metric
This section builds upon the geometric processing and
semantic preparation steps introduced in the previous
methodology, focusing on the formal definition of topo-
logical analysis and its associated overlap metric. In the
proposed approach, topological analysis is not assumed
as an input condition but is derived from geometric sur-
face evidence through a geometry-driven inference pro-
cess. The objective is to identify physically meaningful
adjacencies between building objects belonging to inde-
pendent IFCas−is and IFCto−be models.

Geometry-driven topological analysis
Geometry-driven topological analysis is defined as the pro-
cess of identifying adjacency relations between objects be-
longing to independent BIM models based on geometric
surface evidence. Rather than relying on predefined se-
mantic links or model merging, adjacency is inferred by
analysing the spatial configuration and mutual compatibil-
ity of envelope surfaces.
This geometry-driven topological analysis enables the cre-
ation of cross-model relations that are not explicitly repre-
sented in the original IFC data, but are essential for system-
level reasoning in renovation workflows.

Geometric preprocessing and surface abstraction
Each target building object (e.g., wall) is first converted
from its native IFC geometric representation into a trian-
gulated surface mesh. This tessellation step is required to
homogenize heterogeneous IFC geometry definitions (e.g.,
swept solids, boundary representations) into a common
computational format suitable for surface-based analysis.
Formally, each object Ob j is represented as a set of trian-
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Figure 1: Methodology

gular faces:

T (Ob j) = {tk | tk = (vk1,vk2,vk3)} (1)

where vki ∈ R3 are the triangle vertices expressed in a
shared world coordinate system.
To reduce the computational complexity of subsequent op-
erations, an axis-aligned bounding box (AABB) B(Ob j) is
computed for each object and used for broad-phase spatial
filtering. Only object pairs whose bounding boxes inter-
sect are considered for further analysis.
For each triangle tk, fundamental geometric descriptors are
computed, including surface normal, area, and support-
ing plane. Individual triangles are then aggregated into
macro-faces representing extended planar surface regions
by grouping coplanar triangles with similar orientation.
Each macro-face f is characterized by a unit normal n f ,
a supporting plane π f , a total area A( f ), and a vertical ex-
tent [zmin,zmax].
This surface abstraction step provides a compact and se-
mantically meaningful representation of envelope geome-
try, enabling robust surface-level comparison across inde-
pendent models.

Surface compatibility conditions

Let fa and fb be two macro-faces belonging respectively to
an as-is object Ob jas−is

i and a to-be object Ob jto−be
j . The

two surfaces are considered topologically compatible only
if the following geometric conditions are simultaneously
satisfied.

Opposite orientation

The two surfaces must face each other, ensuring the physi-
cal plausibility of a contact interface:

∠(n fa ,−n fb)< εθ (2)

where n fa and n fb denote the unit normal vectors of the
two macro-faces.

Coplanarity

The supporting planes of the two surfaces must coincide
within a geometric tolerance:

dist(π fa , fb)< εd (3)

where π fa denotes the plane associated with fa and the dis-
tance is evaluated using a point of fb.

Vertical overlap

To exclude geometrically coplanar but vertically mis-
aligned surfaces, a vertical overlap constraint is intro-
duced:

min(za
max,z

b
max)−max(za

min,z
b
min)> τz (4)

where [za
min,z

a
max] and [zb

min,z
b
max] represent the vertical ex-

tents of the two macro-faces.
Together, these conditions ensure that only surface pairs
capable of defining a physically meaningful interface are
retained for further evaluation.

Overlap metric definition
For each pair of geometrically compatible macro-faces, a
quantitative overlap metric is computed to assess the ex-
tent of the contact. Each surface is projected onto a local
two-dimensional coordinate system defined on its support-
ing plane. The union of projected triangles forms a planar
polygon representation Pf for each macro-face.
The effective contact surface area is computed as:

A∩( fa, fb) = area(Pfa ∩Pfb) (5)

To provide a normalized and scale-independent measure,
an overlap ratio is defined as:

ρ( fa, fb) =
A∩( fa, fb)

A( fa)
(6)

The overlap ratio expresses the proportion of the as-is sur-
face that is covered by the to-be surface, enabling a quan-
titative comparison between different contact configura-
tions.



Decision rule for adjacency inference
A topological adjacency relation between two objects
Ob jas−is

i and Ob jto−be
j is inferred if at least one pair of their

macro-faces satisfies the overlap condition:

∃( fa, fb) s.t. ρ( fa, fb)≥ τ (7)

where τ is a user-defined threshold controlling the mini-
mum required contact significance.
This rule allows multiple Ob jto−be

j to be associated with
a single Ob jas−is

i , resulting in a one-to-many topological
matching configuration. The inferred adjacency relations
constitute the basis for subsequent semantic enrichment.
Topological matching is thus formulated as a geometry-
driven inference process, in which surface overlap metrics
provide both qualitative adjacency relations and quantita-
tive evidence supporting system-level aggregation.

Semantic linking and data exploitation
The set of inferred adjacency relations produced by the
geometry-driven topological analysis is subsequently ma-
terialized in a semantic knowledge graph. To man-
age the complexity of IFC representations, the mod-
els are translated reusing the BEO ontology, which
provides a lightweight taxonomy for objects such as
beo:Wall and beo:Insulation, facilitating more ef-
ficient SPARQL querying compared to the direct trans-
lation of the EXPRESS schema into IfcOWL which
could generate millions of RDF triples. Each objects
pair (Ob jas−is

i ,Ob jto−be
j ) is mapped to its correspond-

ing RDF individuals using the IfcGlobalUniqueId as a
linking key. To maintain ontological correctness—given
that bot:adjacentElement is formally restricted to
Zone-to-Element relations—the physical contact between
the Ob jas−is

i and Ob jto−be
j is represented through the

bot:Interface class. This approach allows for the cre-
ation of a topological ”bridge” between the two mod-
els, where a single interface instance is declared as
bot:interfaceOf both the existing objects and the new
retrofit objects. The inferred relations are asserted in a
dedicated KG that operates as a federated layer over the
original KGas−is and KGto−be. This architecture preserves
the integrity of the original BIM data while enabling the
explicit representation of cross-model adjacencies derived
from geometric evidence. This semantic enrichment en-
ables advanced cross-model querying of envelope systems
through SPARQL. By relating objects coming from in-
dependent IFC models into a KG, specific data (e.g., U-
values) can be structured, extracted, and used as input data
for domain-specific simulation tools.

Case study and results
As a case study, a typical building envelope retrofit
scenario was considered, featuring an existing wall with
an opening (a window), as illustrated in Figure 2. Despite
its simplicity, the case study already includes relevant
complexities, such as multiple elements, the presence of

an opening, and partial geometric misalignments (e.g., ver-
tically offset objects). These aspects allow demonstrating
the method’s ability to correctly identify meaningful ad-
jacencies while effectively excluding false positives. The
IFCas−is model represents the existing state, characterized
by a multi-layered composition (internal plaster, masonry,
and external plaster). The IFCto−be model includes
only the retrofit objects, namely an external insulation
system applied to the existing wall and a final plaster finish.

as-is model

to-be model

object limit
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Figure 2: CaseStudy

To evaluate the proposed geometry-driven topological
analysis, the retrofit objects were intentionally modeled as
separate objects (Ob jto−be

1 , Ob jto−be
2 , Ob jto−be

3 , Ob jto−be
4 ,

and Ob jto−be
5 ) and some with a vertical offset relative to

the existing objects (Ob jto−be
6 ). This modeling choice was

adopted to test the algorithm’s ability to distinguish be-
tween geometrically coplanar surfaces but with vertically
misaligned surfaces and those with physically significant
adjacencies, ensuring that only overlapping object surfaces
are identified as valid contacts.
The case study was designed as a simplified yet representa-
tive scenario that reflects common building envelope ren-
ovation scenarios. Although limited in scale, it provides
a controlled setting to evaluate the proposed method be-
fore its application to larger and more complex case stud-
ies within the ongoing research project.
Both models were exported using a shared coordinate sys-
tem in IFC 4.3 ADD2 format and subsequently processed
using a custom Python code (Python 3.10) to perform the
geometry-driven topological analysis. In parallel, the IFC
models were translated into lightweight semantic represen-
tations based on the BOT and BEO ontologies with the
IFCtoLBD converter (Oraskari et al., 2024). The reuse of
these ontologies provides a more compact and tractable
structure compared to full ifcOWL representations, en-
abling efficient graph-based data management for the reno-
vation process. The resulting RDF graphs were stored and
queried using an Ontotext GraphDB.

Geometric matching results
The geometry-driven topological analysis was executed
automatically on the two IFC models described in the pre-



vious section, following the methodology steps presented
in the section Topological Analysis and Overlap Metric.
The algorithm successfully identified the contact surfaces
between existing objects (Ob jas−is

1 and Ob jas−is
2 ) and new

retrofit insulation objects (Ob jto−be
1 , Ob jto−be

2 , Ob jto−be
3 ,

Ob jto−be
4 , and Ob jto−be

5 ), while correctly excluding non-
relevant surfaces (Ob jto−be

6 ).
No false-positive adjacencies were detected between geo-
metrically coplanar but vertically misaligned surfaces (Fig-
ure 3).
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Figure 3: Geometry-driven topological analysis results.

The two existing walls of the IFCas−is model were found
to be adjacent to objects in the IFCto−be model. In
the scenario visible in Figure 2, a single existing object
(Ob jas−is

1 ) was correctly associated with four different ob-
jects (Ob jto−be

1 , Ob jto−be
2 , Ob jto−be

3 , and Ob jto−be
4 ), corre-

sponding to the segmented area around the window open-
ing. For all four objects, the coverage ratio computed with
respect to the Ob jto−be

j surfaces exceeded 94%, indicating
that each retrofit object is almost entirely supported by the
existing wall, despite covering only a limited portion of its
surface.
On the other side, a one-to-one correspondence between an
existing object (Ob jas−is

2 ) and a retrofit object (Ob jto−be
5 ),

with surface coverage ratios close to 100% on both sides,
reflecting a full surface alignment.
The geometry-driven topological analysis results are sum-
marized in Table 1, which respectively illustrate the contact
surfaces identified between the existing objects (Ob jas−is

i )
and the retrofit objects (Ob jto−be

j ), including the corre-
sponding surface coverage ratios for each detected adja-
cency. The results confirm that only geometrically and
vertically aligned surfaces are selected, while areas asso-
ciated with openings or without existing objects behind
are correctly excluded. Furthermore, the results confirm
the ability of the proposed algorithm to identify meaning-
ful adjacency relations across independent IFC models and
to quantify their geometric consistency through surface-
based overlap metrics.

Semantic linking results
The adjacency relations inferred at the geometric level
were automatically generated in a dedicated RDF case-
study graph (KGlink). Starting from the set of matched

object pairs produced by the geometry-driven topological
analysis, the linking process was executed automatically.
Each pair of matched objects was identified across the
independent KGas−is and KGto−be using the IfcGlobalId
as a unique linking key. For each identified contact, a
bot:Interface individual was automatically instantiated
in KGlink and asserted as bot:interfaceOf both the
existing bot:Element and the corresponding retrofit
bot:Element. This approach enables the explicit and
ontologically consistent representation of object-to-object
adjacencies across independent BIM models.
All interface instances and their properties were generated
directly from the output of the geometry-driven algorithm,
ensuring full traceability between geometric evidence and
semantic assertions (Figure 4). The resulting structure
transforms a set of geometrically fragmented objects
into a coherent, machine-interpretable system in which
individual components are explicitly related through
formal semantic constructs, thereby enabling consistent
reasoning, querying, and exploitation via SPARQL.
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:Obj_2^(as-is)

beo:Covering
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:Obj_2^(to-be)

beo:Covering
bot:Element

:Interface_05
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:Obj_5^(to-be)

beo:Covering
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Figure 4: Ontology-based adjacencies as bot:Interface
instances linking as-is and to-be objects.

Energy-oriented data extraction
The semantic linking introduced in the previous step
enables the formulation of cross-model SPARQL queries
that directly operate on physically meaningful object-
to-object relations. By exploiting the bot:Interface

individuals created in KGlink, existing and retrofit objects
that are physically adjacent in the renovated envelope can
be queried jointly, despite originating from independent
KGas−is and KGto−be representations.
In this context, energy-related properties are retrieved by
traversing the bot:interfaceOf relations and accessing
the property states associated with the linked objects.
Specifically, the thermal transmittance values of both
the as-is and the to-be objects are extracted through
their respective IFC property representations, using the
IfcGlobalId as a stable linking key. This allows the
selective retrieval of thermal properties only for object
pairs that have been previously identified as physically
adjacent through geometry-driven analysis.
As a result, thermal transmittance values that are dis-
tributed across separate BIM models can be aggregated at



Table 1: Geometry-driven topological analysis results with objects GUID and surface coverage ratios.

GUID Ob jas−is
i GUID Ob jto−be

j Surface Coverage Ratios

3CFf4AGlbEchvmFeRIHcCG 2FAjB5xJr21RdQcsKQE3TQ Coverage Ob jas−is
1 : 13.29%

Coverage Ob jto−be
1 : 100%

3CFf4AGlbEchvmFeRIHcCG 2FAjB5xJr21RdQcsKQE3UZ Coverage Ob jas−is
1 : 3.71%

Coverage Ob jto−be
2 : 100%

3CFf4AGlbEchvmFeRIHcCG 2FAjB5xJr21RdQcsKQE3Ut Coverage Ob jas−is
1 : 5.91%

Coverage Ob jto−be
3 : 100%

3CFf4AGlbEchvmFeRIHcCG 37NopSpLj37vnjyCBTBUoN Coverage Ob jas−is
1 : 40.14%

Coverage Ob jto−be
4 : 94.77%

3320QKjsPDs8e51pe4k$Fe 2ew7MBEPb01OZYaDjw2rmp Coverage Ob jas−is
2 : 100%

Coverage Ob jto−be
5 : 99.56%

the level of the renovated envelope assembly. The query
returns, for each interface, the identifiers of the connected
objects and their corresponding thermal transmittance
values, providing a structured and machine-interpretable
dataset that can be directly consumed for system-level
energy performance evaluation. This demonstrates how
geometry-derived semantic relations act as an enabling
layer for performance-oriented data extraction without
requiring IFC model merging or manual data preparation.
Importantly, the query operates at interface level rather
than at individual object level, implicitly shifting the
data extraction perspective from single BIM objetcs to
physically reconstructed envelope systems. The query
is independent of specific IFC schemas or modeling
conventions and can be reused across different renovation
scenarios, provided that geometry-derived interfaces have
been materialized in the linking graph. In this context, a
SPARQL query was defined to retrieve, for each detected
interface, the identifiers of the connected as-is and to-be
objects with their associated thermal transmittance val-
ues (Listing 1). The query selectively extracts thermal
properties only for object pairs that have been previously
identified as physically adjacent through geometry-driven
analysis, ensuring that energy-related data are aggregated
at the envelope-system level rather than at individual
object level.

Discussion
The case study demonstrates the effectiveness of the pro-
posed approach in identifying physically meaningful adja-
cency relations between objects belonging to independent
BIM models and in enabling their subsequent semantic in-
tegration for performance-oriented analyses. Despite the
limited scale of the test scenario, the results confirm the
robustness of the geometry-driven topological analysis in
accurately detecting real physical contacts while systemat-
ically excluding irrelevant adjacencies, such as geometri-

PREFIX r d f : <ht tp : //www.w3 . org /1999/02/22= rd f=syntax=ns#>
PREFIX bot : <h t t p s : // w3id . org / bot#>
PREFIX props : <ht tp : // l bd . a rch . rwth=aachen . de/ props#>
PREFIX opm : <h t t p s : // w3id . org /opm#>
PREFIX schema : <ht tp : // schema . org />
SELECT DISTINCT ? i n t e r f a c e ?guidA ?U A ?guidB ?U B
WHERE {

? i n t e r f a c e a bot : I n t e r f a c e .
? i n t e r f a c e bot : i n t e r f a c eO f ?objA , ?objB .
FILTER (STR( ?objA ) < STR( ?objB ) )
?objA props : g l o b a l I d I f c R o o t ?gA .
?gA opm : ha sP r op e r t yS t a t e ?sA .
?sA schema : v a l u e ?guidA .
?objB props : g l o b a l I d I f c R o o t ?gB .
?gB opm : ha sP r op e r t yS t a t e ?sB .
?sB schema : v a l u e ?guidB .
?objA ?pA ?propA .
FILTER(CONTAINS(LCASE(STR(?pA) ) , ” t h e rma l t r a n sm i t t a n c e ”) ) .
?propA opm : ha sP r op e r t yS t a t e ?psA .
?psA schema : v a l u e ?U A .
?objB ?pB ?propB .
FILTER(CONTAINS(LCASE(STR(?pB) ) , ” t h e rma l t r a n sm i t t a n c e ”) ) .
?propB opm : ha sP r op e r t yS t a t e ?psB .
?psB schema : v a l u e ?U B .

}
ORDER BY ?guidA

Listing 1: SPARQL Code for extracting thermal transmittance
values

cally coplanar but non-touching surfaces and regions asso-
ciated with openings.
A key contribution of the proposed method lies in its ability
to operate across independent as-is and to-be models with-
out requiring prior alignment, model merging, or manual
re-modelling. Through geometry-driven topological anal-
ysis and semantic linking, the method explicitly encodes
which objects from different models are physically related
in the built environment. This capability is particularly rel-
evant in renovation scenarios, where the physical reality of
the building envelope is distributed across multiple BIM
representations that remain semantically disconnected in
conventional workflows.
By creating object-to-object adjacencies as explicit seman-
tic relations, the method enables the reconstruction of co-
herent envelope systems that exist in reality but are not di-
rectly represented in the virtual models. In practice, mul-
tiple retrofit components, such as insulation panels, can be
correctly interpreted as belonging to the same functional



wall assembly, despite being modeled as separate objects
in the to-be model. This transformation allows the machine
to reason about which objects jointly contribute to the same
physical construction package, overcoming a well-known
limitation of geometry-only or model-centric BIM analy-
ses.
From a data exploitation perspective, this semantic recon-
struction directly supports the automated extraction and
aggregation of performance-related properties. System-
level data, such as thermal transmittance (U-values), can
be computed by combining properties originating from dis-
tinct models but semantically linked through the identified
interfaces. As a result, the output of the proposed work-
flow constitutes a ready-to-use, structured dataset that can
be consumed by external energy simulation engines and
emerging Digital Twin platforms, without additional man-
ual interpretation or data preparation.
More broadly, the approach contributes to bridging the gap
between raw geometric evidence and higher-level seman-
tic representations that are required for advanced analysis
and decision-making. This enables comparison of renova-
tion strategies, supporting building-level decision-making.
By making physical relationships between independently
modeled objects explicit and machine-interpretable, the
proposed method enhances interoperability, traceability,
and automation in renovation-oriented BIM workflows.

Conclusion
This paper presented a geometry-driven and ontology-
based approach to identify and semantically represent ad-
jacency relations between independent BIM models in ren-
ovation scenarios, enabling cross-model reasoning and re-
construction of envelope systems without model merging.
By combining surface-based topological matching with se-
mantic linking through the BOT ontology, the proposed
method enables the explicit representation of physical re-
lations not encoded in BIM data, allowing fragmented ob-
jects to be integrated into coherent building systems.
The case study demonstrates the robustness of the ap-
proach in detecting adjacencies while excluding irrelevant
configurations. It further shows that fragmented retrofit ob-
jects can be correctly interpreted as part of coherent enve-
lope systems, reflecting real construction logic rather than
the modeling constraints of individual BIM models.
Through the creation of object-to-object adjacencies as
machine-interpretable semantic relations, the proposed
workflow bridges the gap between raw geometric evidence
and structured semantic data. This enables the automated
aggregation and extraction of performance properties, sup-
porting system- and building-level performance analysis
and enabling comparison of alternative renovation scenar-
ios, while providing a ready-to-use input for energy sim-
ulation, and emerging Digital Twin platforms, without re-
quiring manual model alignment or re-authoring. In con-
clusion, the proposed approach enables a shift from object-
to system-level reasoning, which is essential for supporting
renovation decision-making processes.

Despite the promising results, some limitations can be
identified. The accuracy of the geometry-driven topolog-
ical analysis depends on the quality of the IFC geomet-
ric representations, which may vary across authoring tools
and levels of detail. Furthermore, the present validation is
limited to a small-scale case study and does not provide
a comprehensive evaluation of computational performance
on large and highly detailed models. Future research will
focus on validating the approach on larger and more com-
plex case studies, such as multi-wall assemblies, multiple
openings, and non-orthogonal geometries, as well as on
systematically evaluating its computational performance
and scalability in real-world renovation scenarios.
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