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Abstract

Industrial deliverables in the AEC/FM sector are increasingly specified, validated, and
governed by open standards. However, the machine-readable delivery specifications rarely
propagate intact into the real-time collaborative 3D scene descriptions required by digital
twins, XR, large-scale simulation, and visualization. This paper proposes a pipeline that
transforms industrial deliverables into semantically faithful, queryable, and render-ready
open scene descriptions. Unlike existing workflows that focus on geometric translation
via connectors or intermediate formats, the proposed pipeline aligns defined delivery
specifications with schema-aware USD composition so that contractual semantics remain
executable in the scene. The pipeline comprises delivery specification, which records
required objects, attributes, and provenance as versioned rule sets; semantically bound
scene realization, which builds an open scene graph that preserves spatial hierarchy and
identifiers, while linking rich properties through lightweight references; and interactive
sustainment, which lets multiple engines render, analyze, and update the scene while
allowing rules to be re-applied at any time. It presents a prototype and roadmap that
make open scene description a streaming-ready execution layer for building deliverables,
enabling consistent semantics, and reuse across diverse 3D engines.

Keywords: openBIM; OpenUSD; information delivery; 3D visualization; integration

1. Introduction
Information deliverables in architecture, engineering, construction (AEC) and facility

management (FM) are expressed as explicit machine-readable specifications [1]. Models,
attributes, and their relationships are defined so that they can be validated and traced
throughout the project lifecycle. In parallel, real-time and collaborative three-dimensional
scenes have become the operational substrate for digital twins and large-scale visualiza-
tion [2]. However, once data are mapped into the scene graphs that support real-time
environments, governed information specifications seldom persist in a verifiable form.
The resulting scenes often lack the semantic structure that was present at the point of
contractual delivery [3]. Prevailing practice treats the problem as one of model translation.
A model is exported from an authoring tool, converted through one or more intermediates,
and imported into a three-dimensional engine. This is effective for producing renderable
geometry, but it does not preserve the organizing principles of the original information de-
liverables. When delivery requirements evolve, the pipeline is re-run or patched, resulting
in duplicated effort and erosion of trust in the scene as an authoritative representation [4].
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An operational scene used downstream should instead be derived under the same deliv-
ery specification that governed the upstream model [5]. This calls for a conceptual shift:
from converting one file format into another to transforming an industrial deliverable
into a scene description that retains identity, hierarchy, and semantics, while remaining
lightweight for real-time use and open to heterogeneous engines [6].

Information-centric initiatives in both building open standards and graphics commu-
nities are converging. The Information Delivery Specification (IDS), released by buildingS-
MART, turns project delivery rules into machine-readable form so that the specifications
that govern model hand-over can also guide validation in real-time scenes [7–10]. On the
graphics side, Pixar’s Universal Scene Description (USD) defines composition, layering,
and referencing mechanisms that guarantee deterministic scene semantics across plat-
forms [11,12]. Building on this foundation, Pixar, Adobe, Apple, Autodesk, and NVIDIA,
together with the Joint Development Foundation, launched the Alliance for OpenUSD
to drive standardization and cross-industry adoption [13]. Early results show rapid up-
take: OpenUSD, often deployed through NVIDIA Omniverse, enables a federated design
that keeps BIM semantics intact while offering real-time rendering and AI-assisted work-
flows [3,14].

In this paper, conventional data fidelity is understood as the preservation of geometric
accuracy and attribute values at the time of conversion between formats. By contrast, we
use semantic continuity to denote not only geometry and properties but also delivery-
side semantics: stable identifiers, spatial and system hierarchies, and the rule context
expressed in information-delivery specifications, such that the same checks can be replayed
on downstream representations. Without such semantic continuity, real-time scenes cannot
be treated as authoritative views of contractual deliverables, and interoperability remains
limited to visual consistency. Framing the pipeline in these terms allows the scene to remain
an executable view of the delivery contract over time, rather than a detached snapshot of
the source file. Accordingly, this study addresses the following research questions:

Q1: How can information-delivery specifications be used to drive scene construction
so that semantic continuity across identifiers, hierarchies, and rule context is preserved in
real-time 3D environments?

Q2: Can a specification-driven pipeline achieve practical performance while retaining
more delivery semantics than existing connector- and converter-based workflows used in
AEC/XR?

To answer these questions, we develop a specification-driven pipeline that treats
information deliverables as a scene contract and derives a semantics-bound USD repre-
sentation from them. The pipeline combines hierarchy-preserving mappings to maintain
delivery semantics in a lightweight engine-agnostic scene, and we implement and evaluate
this design on real project models against representative connector- and converter-based
workflows. The structure of the paper is as follows: Section 2 reviews related efforts in
information exchange and open scene description. Section 3 elaborates the stages of the
proposed pipeline. Section 4 describes the prototype implementation and its evaluation on
representative architectural, electrical, and steel-structure datasets. Section 5 discusses the
limitations and future work.

2. Related Works
2.1. Data Schema and Information Delivery Specifications

IFC, as the core specification for data exchange in the engineering domain, defines the
geometry, semantics, properties, and interrelationships of building components, thereby
facilitating information integration and reuse across the building lifecycle. IFC supports
multiple geometric representations, including BRep, Swept Solid, and CSG, and possesses
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strong semantic expressiveness [15]. It has also expanded to support infrastructure, geo-
graphic information systems (GIS), as well as temporal and spatial representations [16].
Major AEC software platforms have incorporated extensive support for the IFC standard.
According to IFC standardization research, the schema is evolving from IFC2x3 to IFC4x3
and further to IFC5, which will enhance integration with other domains such as Life Cycle
Assessment (LCA), FM, and GIS systems [17,18]. As BIM data coupling across disciplines
becomes stronger, the generic attributes in source models can be further pruned and refined
to improve interoperability [19,20].

IDS and bSDD (buildingSMART Data Dictionary) have been incorporated into the
openBIM standards framework, working in close coordination with IFC to address its short-
comings in data validation and semantic consistency. Numerous studies have analyzed
the extensibility of the IFC schema and the technical integration pathways with IDS and
bSDD. IDS can precisely define which elements, properties, and validation rules a model
should contain at a given project stage, thereby enabling automated compliance checking,
and has been gradually applied in scenarios such as urban regeneration and prefabricated
construction [21]. IDS can simplify model compliance checking, particularly demonstrating
broad applicability in rule-based building code evaluations such as accessibility and fire
resistance [10]. In addition, Zhu (2024) proposed an “intelligent review framework” that
combines semantic ontologies with IDS-based validation methods to address semantic
conflicts and information redundancy currently present in BIM deliveries [22]. There is also
research that focuses on integrating circularity assessment indicators into BIM by using
IDS to define property requirements, thereby enhancing delivery consistency in sustainable
design scenarios [9].

As a semantically neutral dictionary, Data Dictionary provides IFC entities with unified
URIs, class definitions, language mappings, and property standards, improving terminol-
ogy consistency across different regions and software platforms. This data dictionary
is highly coupled with the IFC Schema and IDS specification, becoming one of the key
infrastructures for the semantic enrichment and extensibility. Research has shown that
bSDD demonstrates value in scenarios such as heritage conservation, data integration,
and sustainable building assessment [23–25]. Studies indicate that integrating bSDD into
automated compliance-checking workflows can ensure data consistency, particularly in
the connection of component libraries, product data, Environmental Product Declarations
(EPDs), and LCA models [26].

2.2. Open Scene Description

Amid rising demand for cross-disciplinary digital twins and real-time visualization,
long-standing 3D interchange formats show clear limits: (i) inconsistent carriage of rich
heterogeneous scene semantics across tools, leading to metadata loss in downstream
pipelines [3]; (ii) inadequate support for voxels, point clouds, field data, ultra-large multi-
source assets, and long-chain provenance [27]; and (iii) absence of native mechanisms for
parallel collaboration and change management [28]. In workflows that integrate multiple
standards across engineering, manufacturing, and media, these gaps cause interoperability
conflicts and semantic loss.

To address these challenges, recent research and industrial practice have converged
on the OpenUSD approach. This class of frameworks emphasizes complete declarative
serialization of digital scene elements, using an extensible type of system to unify the geom-
etry, materials, animation, physics, and temporal data [29]. Non-destructive composition
serves as the core mechanism: through combinations of referencing, variants, overrides,
on-demand loading, and namespaces, multi-source assets can be assembled, trimmed, and
reused within a single scene graph. Unlike linear “write-and-overwrite” file workflows, this
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model enables multiple participants to edit slices of a scene in parallel on separate branches,
while preserving the provenance and minimal-diff representations at composition time,
thereby reducing redundant duplication [30,31]. At the engineering level, OpenUSD imple-
ments sparse overrides and layered composition to enable fine-grained, non-destructive
edits at the hierarchy level; employs variants and instancing to balance parametric design
exploration with memory and storage for large structures; enforces consistent units, precise
time sampling, comprehensive metadata, and asset resolution for cross-system consistency;
extends via schemas and bindings to integrate domain-specific data for mechanics, simula-
tion, rendering, and sensing; and provides loosely coupled paths to real-time rendering
and physics backends to meet low-latency needs from preview to delivery [27,30,32]. These
capabilities support a shift from file exchange to scene collaboration. From a software-
ecosystem perspective, sustained governance by cross-industry alliances is moving open
scene description from organization-specific practice to a shared substrate for cross-domain
collaboration [33,34]. Standardized interfaces and compliance constraints improve align-
ment with engineering data standards and quality-assurance workflows [35]. Coupled
with real-time collaboration and physics-based simulation, OpenUSD is enabling high-
fidelity digital twins and automated pipelines across sectors, supporting multi-disciplinary
semantic alignment and spatiotemporal coordination in AECO, closed-loop validation in
manufacturing and robotics, and asset-management continuity with parallel authoring in
content production [36].

2.3. Existing BIM-to-Real-Time Scene Workflow

Although the IFC open exchange standard has been implemented, a systematic se-
mantic mapping and composition mechanism targeting USD remains lacking (Figure 1).
There are three principal pathways for converting AEC data schema to USD (Figure 2):
(i) connector-based conversion via BIM authoring tools, (ii) platform-mediated conver-
sion within a USD-centric collaboration environment, and (iii) transcodings that proceed
through intermediate exchange formats.

 

Figure 1. USD/IFC cross-ecosystem in different application domains.
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Figure 2. Three pathways for converting AEC data schema (IFC) to USD.

A small body of research addresses the real-time collaborative transformation from
BIM to open scene description [37–41]. A common workflow first uses a modeling environ-
ment’s IFC import to map building elements to the host category and attribute system and
adjust the geometric and semantic information according to delivery requirements [42].
It employs an export interface (e.g., the Omniverse Revit Connector) to translate spatial
hierarchy, geometry/materials, and attribute semantics into USD primitives and layered
files, enabling cross-tool collaboration [43]. The main challenges are semantic loss and
incomplete mappings, where custom attributes and parametric relations often degrade;
structural bloat and interaction latency in large models; and visual inconsistencies intro-
duced by repeated format conversions [44]. Omniverse supports the import of IFC files and
converts them into the USD. However, the conversion maps geometric semantics, resulting
in the loss of appearance and material information.

Converting IFC via FBX or OBJ into USD preserves meshes but loses BIM semantics.
CSG or B-rep geometry is tessellated; so, curved and constructive forms may be simplified.
Since FBX and OBJ focus on visual data and carry little standardized domain metadata,
IFC properties, classifications, and spatial hierarchies are often dropped or flattened before
reaching USD.

Overall, the fusion from an engineering data-exchange paradigm to a general scene-
description paradigm remains under exploration. Current practice relies on multi-step
intermediaries, making it difficult to maintain semantic continuity and collaborative con-
sistency across the end-to-end pipeline. Accordingly, this paper investigates the semantic
mapping between engineering data schemas and open scene description, with studies span-
ning specification representation and model quality verification, data extraction, semantic
mapping and transformation, geometric conversion, and appearance material mapping.

Existing IFC-to-USD workflows can be broadly categorized as connector-based,
platform-mediated, or intermediate-format pipelines. Connector-based routes rely on
the host authoring tool’s category system and often re-embed semantics into proprietary
parameter fields (Figure 3). Platform-mediated routes provide convenient IFC and CAD
ingestion but primarily map geometric semantics, with limited control over which con-
tractually required attributes are preserved. Intermediate pipelines that tessellate IFC
into FBX/OBJ before importing into USD-centric tools maximize visual compatibility but
discard IFC property sets and spatial hierarchies. In contrast, the present work positions
filtering and model quality checks at the head of the pipeline and then performs a direct
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schema-aware mapping from IFC to USD while separating the model geometry from the
GlobalId-indexed JSON attributes. This design aims to maintain delivery semantics and
verification context across the full scene lifecycle, rather than treating USD as a geometric
export format.

 

Figure 3. Example using existing converting tools.

3. Methodology
This paper focuses on establishing a bidirectional method for semantic alignment

and scene composition (Figure 4). The core elements are mapping entities and relations
to an extensible schema, harmonizing attributes and measurements, preserving assembly
and instancing structures, and enabling traceable representations. Building on these,
the pipeline (Figure 5) advances AEC practice from file-level exchange to scene-level
interoperability and collaboration. Instead of treating USD as a simple export target, the
USD stage is derived from and remains explicitly linked to the governing information-
delivery specification.

 

Figure 4. Specification-driven pipeline in this study.
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Figure 5. IFC2USD methods used in this study.

A compliant data model is established by formalizing information-delivery require-
ments into machine-checkable specifications and running checks on engineering models.
Under this compliance premise, engineering semantics are projected into scene semantics:
spatial hierarchy and element relationships are preserved as a layered structure; geometry is
normalized to mesh-based scene primitives; appearance properties are mapped to material
and shading descriptions; and a model–data separation strategy maintains attribute data
as external structured files linked back to the scene.

3.1. Data Models and Specification Expressions for 3D Scene Delivery

Information Delivery Specification (IDS), developed by buildingSMART International
(bSI), is an open-standard approach that defines information requirements for building
and infrastructure projects in a machine-readable form, ensuring that delivered IFC data
meet specified quality and completeness criteria [7]. Traditional verification relied on
manual comparison against BIM data standards in Excel or PDF, which is inefficient and
error-prone. By offering a structured computer-interpretable specification, IDS explicitly
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defines the required entity types, properties, classifications, and constraints that must
appear in the deliverables, enabling automated validation. The core components of IDS
include metadata, description, applicability, and requirements.

This study validates IFC as building deliverables using IDS. The validation workflow
comprises drafting BIM standards, defining the delivery specification, creating and parsing
IFC models, executing automated checks, and generating results. During the IDS definition
phase, new information requirements are specified, and corresponding validation rules
are established. In accordance with project contracts or industry standards, the IFC entity
types, property sets, and property constraints to be checked are defined. As a concrete
example from the school electrical IFC model used in this study, the IDS specification
includes several effective rules: (i) all physical equipment elements must have a non-empty
classification code; (ii) all cable trays (IfcCableCarrierSegment) must have a non-empty
Name field; and (iii) the property on cable trays must take a value from a fixed enumeration
(e.g., {Main, Branch}) and match the declared value type. Only IFC files that satisfy these
and related rules are accepted for subsequent scene composition, so that the USD stage
builds on data that have already passed defined information-delivery checks.

BIM standards are promulgated by public authorities or asset owners, and project
teams execute modeling and downstream applications in reference to these documents.
Rule sets are derived from the standards, either authored manually or configured in
dedicated tools, and exported for machine use. As IDS presumes syntactically valid
schema-conformant IFC as input and does not perform baseline model validation, IFC
deliverables should be generated by certified software prior to IDS-based quality checks.
This ensures that the deliverables meet the requirements for semantic completeness, spatial
hierarchy, geometric validity, and compliance with applicable specifications.

3.2. Semantic Binding
3.2.1. Spatial Hierarchy Mapping

Mapping BIM semantics to USD is essential for transforming BIM data into visualiza-
tion and interactive scenarios. The core challenge is reconciling the engineering rigor of
building information models with the flexibility required for real-time rendering, bridging
heterogeneous data models to achieve interoperability.

In the proposed pipeline, IFC’s project breakdown structure (IfcProject, IfcSite, IfcBuild-
ing, IfcBuildingStorey, IfcElement) is preserved and mapped one-to-one to a USD hierarchy.
IFC entities without geometry are mapped to Xform prims, while geometry-bearing entities
are mapped to a combination of Xform prim and Mesh prim. The Xform prim organizes
and controls the scene hierarchy; the Mesh prim stores the geometry and material bindings.

Dependency relationships between elements are also reflected. For example, doors
and windows in IFC are hosted by walls via IfcOpeningElement. In the USD hierarchy, after
mapping an IfcWall to its Xform and Mesh prims, the corresponding IfcOpeningElement
is mapped to its own Xform prim at the same level as the wall’s geometric prim, and the
IfcDoor is placed as a child Xform + Mesh under that opening node.

As illustrated in Figure 6, the semantic mapping and scene composition result in a USD
prim structure where the IfcWallStandardCase “Basic Wall” Xform Prim has, as its immediate
children, one Body Mesh Prim and four IfcOpeningElement Xform Prims. Expanding any
IfcOpeningElement Xform Prim reveals its child level containing the IfcDoor’s Xform Prim
and Mesh Prim.
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Figure 6. IFC to USD structure mapping.

3.2.2. Geometric Information

The IFC standard constructs 3D solid models using approaches such as boundary rep-
resentation, swept representations, and constructive solid geometry. For geometry-related
content, USD represents scene elements as polygonal meshes with associated transforms
and attributes. In the proposed pipeline, IFC geometry is tessellated into triangle meshes
and written as USD Mesh prims, while keeping the overall element extents and shapes con-
sistent with the source model. Tessellation parameters are selected to balance the curvature
fidelity and data volume, so that small and curved components (e.g., door handles) are
preserved without noticeable artefacts, but the resulting USD meshes remain lightweight
enough for real-time use. The focus is on ensuring that the geometric representation in
USD remains compatible with real-time engines, while preserving the semantics of the IFC
elements at the level required by the information-delivery specification, rather than on the
specifics of any particular meshing library or API.

3.2.3. Appearance Attribute Mapping

IFC provides a material representation that covers geometric materials and textures
while maintaining traceability. Elements are linked to material definitions via associations
that can describe layered assemblies, parametric profiles, mixed-material constituents, or
single-material assignments. Rendering styles are attached through IfcStyledItem, and for
the scenarios used in this study, we focus on surface styles (IfcSurfaceStyle) that define
colors and transparency for visible model surfaces.

USD, by contrast, employs a physically based rendering (PBR) material model in which
appearance is described by a small set of parameters such as base color, metallic, roughness,
and opacity. In the proposed pipeline, IFC surface-style information is mapped to these
USD PBR descriptors, so that basic appearance semantics are transferred consistently
across engines (Figure 7). Because most AEC authoring workflows do not export full
texture maps into IFC, the mapping concentrates on commonly used attributes (e.g., surface
color and transparency) and provides a reusable bridge from IFC material constructs to
USD materials.
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Figure 7. Geometric rendering materials and textures are associated with IfcStyledItem.

(1) Material Mapping Basics

Within IfcSurfaceStyleShading, IfcSurfaceStyleRendering defines additional material at-
tributes, which are mapped to the predefined properties of the USD Material prim (Figure 8).
The mapping rules from IFC model to USD appearance properties are as follows:

 

Figure 8. Material attributes mapped to the USD Material prim.

- The base color of a Material prim defines the material’s fundamental color. In the
IFC, the SurfaceColour attribute under IfcSurfaceStyleRendering specifies the RGB color
used for surface rendering. When converting from IFC to USD, the RGB values of
SurfaceColour in IfcSurfaceStyleShading can be mapped to the base color RGB values of
the Material prim.

- Transparency is a key visual attribute that determines an object’s see-through level
(commonly for glass). The field ranges from 1.0 (fully transparent) to 0.0 (fully opaque);
if unspecified, the default is 0.0 (opaque). During the process, the transparency value
defined in IfcSurfaceStyleRendering is used to set the Material prim’s opacity property,
preserving the intended appearance.

- For other predefined Material prim properties, such as Metallic and Roughness, default
values of 0.0 and 0.5 are assigned, respectively.

(2) Texture Assignment

Material mappings are defined by the IFC class, with support for rules derived from
data standards. Based on an IFC class and specific attribute fields, parameters such as the
base color, transparency, metallic, roughness, and texture maps can be specified. Different
textures and maps are assigned for different IFC classes. To meet project visualization
requirements, users may author an .mtlx file that declares parameters and texture references.
In this work, base color, specular_color, metalness, and diffuse_roughness with their texture
files are mapped to the USD Material prim’s Base Color, Opacity, Metallic, Roughness,
and Diffuse Map (Figure 9). Materials are bound per class by attaching them to the
material:binding relationship on the target Mesh prims, thereby specifying which material
is applied to each mesh.
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Figure 9. Develop materials and maps to USD.

3.2.4. Attribute Binding

Considering that attributes may be lost when USD data are integrated with other
systems and that some third-party systems do not support reading USD attributes, this
work adopts a model–data separation strategy to balance the attribute completeness and
engineering flexibility for downstream integration. In IFC, the GlobalId is inherited from
the root entity and is expressed as a GUID with global uniqueness, serving as the persistent
identifier across projects, software platforms, and lifecycle stages. It ensures global trace-
ability and is the basis for object identification in data exchange. IFC entities are bound to
USD prim nodes, while preserving each element’s GlobalId. Semantic attributes are then
extracted and written to structured JSON files, achieving model–data separation that is
well-suited for data analytics, cross-platform exchange, and digital-twin applications.

Using IfcOpenShell, the IFC file is loaded, and all element entities are iterated to
extract basic attributes such as the GlobalId, Name, and ObjectType. In accordance with
the information delivery specification, the process traverses the IfcRelDefinesByProperties
relationships, matches property-set names, extracts the corresponding properties, and
exports them to a JSON file. During the geometric conversion described earlier, GlobalId
and Name are written to both the Xform prim and the Mesh prim to provide persistent
identifiers for subsequent cross-platform exchange or system-integration development.
Downstream applications can therefore synchronize USD geometry with the external JSON
attributes by joining on the shared GlobalId, allowing attribute updates to be propagated
by editing the JSON records while keeping the USD geometry unchanged. In summary,
IFC hierarchy information is bound to USD Xform prims, geometric representations to
Mesh prims, material and surface styles to Material prims, while semantic attributes are
exported to external JSON files indexed by GlobalId.

3.3. Prototype Design

The development in this study adopts a client–server architecture and is organized into
three layers (Figure 10): the resource layer, the algorithm layer, and the application layer.
The resource layer comprises the imported IFC model data and material definition files,
as well as the exported USD models and attribute files. The algorithm layer includes IFC
data ingestion, semantic-mapping rules, scene composition implemented via the USD API,
and GlobalId-indexed attribute export. The application layer supports path configuration,
executes model conversion, and visualizes conversion progress. The overall architecture is
shown in the figure below.
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Figure 10. Client–server architecture and tool developed in this study.

4. Experiment
This study is grounded in the Technical Guidelines for Modeling and Delivery of

Existing Significant Buildings—Building Engineering Volume issued by the Shenzhen
Housing and Construction Bureau, which specify component naming, classification codes,
component numbering, coordinate requirements, delivery accuracy for component-level
model units, and component-level attribute tables for the target delivery scenarios Multiple
software models are converted and tested to assess feasibility and implementation effec-
tiveness. Tests are conducted on IFC models exported from Revit and Tekla across civil,
MEP, and steel-structure disciplines, with analyses focusing on the visual quality, model
size, and attribute completeness (Tables 1 and 2 and Figure 11).

Table 1. Data used in case study experiment.

No Project Type Discipline Model Size Entity Count

1 Commercial Building Civil Work 20.80 MB 1203

2 School Electrical 4.00 MB 1314

3 An Airport Runway Structure 1.19 MB 1005

Table 2. Component-level model unit attribute information table based on Shenzhen Engineering
Construction Delivery Standard (● = required, # = optional).

No. Info Category Info Name Detailed Design Unit

1 Identity Info Name ● /

2 Identity Info Code ● /

3 Location Info Building Unit Name ● /

4 Location Info Floor ● /

5 Location Info Space Name ● /

6 Location Info Base Point Coordinate X ● m

7 Location Info Base Point Coordinate Y ● m

8 Location Info Base Point Coordinate Z ● m
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Table 2. Cont.

No. Info Category Info Name Detailed Design Unit

9 Location Info Footprint Length ● mm

10 Location Info Footprint Width ● mm

11 Location Info Footprint Height ● mm

12 System Info System Category Level 1 ● /

13 System Info System Category Level 2 ● /

14 System Info System Category Level 3 ● /

15 Technical Info Model/Specification ● /

16 Technical Info Fire Rating ● /

17 Technical Info Enclosure Protection ● /

18 Technical Info Material ● /

19 Technical Info Mass ● kg

20 Technical Info Installation Method ● /

21 Technical Info Installation Height ● m

22 Manufacturing Info Manufacturer Name # /

23 Manufacturing Info Product Standard ● /

24 Manufacturing Info Certification Scheme ● /

25 Manufacturing Info Date of Manufacture # /

26 Manufacturing Info Ex-Factory Price # /

 

 

Figure 11. Model used in case study experiment using IFC model viewer.
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4.1. Model Checking

Before scene generation, a machine-verifiable quality check is performed on the IFC
models intended for 3D scene delivery based on IDS, providing trustworthy semantics
for scene composition. The IDS and IFC files are loaded to run entity scanning and
property validation, identifier consistency (unique GlobalId, compliant naming), spatial
hierarchy, geometric validity (closed solids, coherent units and coordinates), and standards
conformance, which matches to IDS expressions or enumerations, as well as materials and
properties meeting specified rules. Files that pass are labeled and proceed to the next stage
with required data locked for USD semantic mapping and binding.

4.2. Visual Performance

Table 3 summarizes the visual results obtained by mapping IFC models to USD
with the proposed system. IFC models were inspected in Autodesk Viewer [45], and
the generated USD scenes were viewed in NVIDIA Omniverse [46] and Unreal Engine
5 [47]. Surface color and transparency values were extracted from IFC and mapped to PBR
materials using the USD Preview Surface model. In addition to overall visual inspection,
targeted checks were performed on geometric and material fidelity. For the commercial
building model, small and curved elements such as door handles and locks showed no
mesh breakage or visibly faceted circular parts, indicating tessellation quality sufficient
for the intended application scenarios. For glass elements, IFC parameters (e.g., Surface
Color = (0, 128, 192), Transparency = 0.9) were mapped to an equivalent base color and
opacity in USD, and side-by-side rendered views showed visually faithful reproduction.

The system supports defining material-mapping rules by IFC class, allowing the
mappings to be specified according to data the standards and visual-platform require-
ments. Users can customize materials and textures and bind them by class. In the steel-
structure test scenario, a brushed stainless-steel preset (from an AMD GPU Open Ma-
terialX library, provided as a .mtlx file with base_color (0.53, 0.51, 0.50), metalness = 1,
diffuse_roughness = 0.5) was assigned to columns and beams and mapped to USD Preview
Surface shaders (Figure 12). These class-based mappings demonstrate that the pipeline
preserves the spatial hierarchy, geometry, and appearance attributes in the USD scenes
without observable geometric degradation.

 
Figure 12. Texture maps and rendering effective of the USD model.
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Table 3. Data models and scene composition results.

Model IFC Model in AUTODESK Viewer USD in Omniverse/Unreal Engine

Civil Works Model

   

MEP Model

 
 

Tekla Steel Structure
Model

 
 

4.3. Model Volume

.usda is a readable text format, convenient for review and debugging but larger and
slower to read and write. It is an optimized binary format—smaller and faster to load,
suitable for asset publishing and large scenes; .usd is a generic suffix that can denote either
ASCII or binary encoding. In this work, the system exports .usd for digital-asset publishing
and BIM platform applications; for manual inspection, the binary layer can be converted to
.usda text with supporting tools for viewing and fine-tuning.

After semantic mapping and scene composition, the resulting USD datasets were
substantially reduced in size. While preserving the intended semantic structure, the pipeline
employs binary encoding to achieve smaller files and faster I/O and exports attribute
data separately to further decrease USD payloads. Because the dataset size is coupled
to the use context, scene composition should select an encoding strategy appropriate to
the application, balancing the readability, file size, and read and write performance to
achieve optimal results while expressing the IFC semantics. To provide a lightweight
indication of conversion performance, three representative case-study models were also
converted using four different IFC-to-USD workflows (IFC → Revit → USD, IFC → CAD
Converter → USD, IFC → FBX/OBJ → USD, and the proposed IFC → IFC2USD pipeline).
All tests were executed on the same workstation (12th Gen Intel Core i9-12900H CPU,
NVIDIA GeForce RTX 3070 Ti Laptop GPU with 8 GB VRAM, 16 GB RAM). The proposed
pipeline achieves comparable or lower end-to-end conversion times than the multi-stage
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alternatives, while avoiding intermediate exchange formats and preserving IDS-validated
identifiers and attributes for downstream use.

4.4. Model Properties

The system preserves each element’s unique identifier GlobalId (GUID), extracts
semantic attributes with precision, and generates structured JSON data, making the model–
data separation suitable for data analytics, cross-platform exchange, and R&D on visual
platforms. Using Microsoft Visual Studio, the exported JSON files can be loaded to inspect
per-element attributes and compared against the GUID and associated properties shown
in Viewer for the IFC file. For the school electrical model, the exported JSON attributes
were cross-checked against the IFC metadata for the required property sets defined by
the project’s delivery specification, and no missing fields were observed for the targeted
business attributes. In parallel, spot checks on the USD Xform hierarchy confirmed that
the project–site–building–story–element chain inherited from IFC was preserved for the
sampled elements. The JSON output includes GUID, ObjectType, identification data,
dimensional annotations, model properties, constraints, and related attributes. For example,
in the school electrical model, each JSON record starts with a small header containing ‘IfcId’,
‘GlobalId’, ‘Name’, and ‘ObjectType’, followed by grouped key–value pairs for the relevant
property sets. The system preserves the attribute integrity while providing flexibility for
subsequent engineering application.

4.5. Comparison with Existing IFC → USD Methods

In addition to runtime and file-size measurements (Tables 4 and 5), the compar-
ison in this section also treats semantic retention as a small benchmark across five
criteria—identifier preservation, hierarchy consistency, geometric completeness, material
mapping, and attribute retention—using a three-level scale for each workflow. Existing IFC
to USD workflows provide good geometric translation but only partial semantic retention.
In the BIM to USD route, the IFC file is first reinterpreted by software and then exported;
so, attribute fields and parts of the original IFC hierarchy may be dropped or remapped
to tool-specific categories, and the resulting USD scene follows the software’s internal
structure rather than the delivery hierarchy. The Omniverse CAD Converter to USD path
preserves the overall project–site–building–story structure and is convenient for mixed
CAD/IFC ingestion, but it does not fully use IFC’s native hierarchy, introduces generic
nodes, and, in the version tested for this study, does not export attributes; appearance se-
mantics are also incomplete, as glass elements in the building model retained only the RGB
color while losing IFC transparency due to USD opacity mapping. The IFC to FBX/OBJ
to USD path relies on intermediate formats that were designed for mesh exchange; so,
component hierarchies are flattened, properties and classifications are discarded, and ma-
terials must be re-authored or provided via separate files, resulting in limited semantic
continuity and lower overall efficiency. By contrast, the proposed IFC2USD tool starts
from delivery specification-validated IFC, maps the spatial hierarchy one-to-one to USD
Xform prims, derives Mesh prims and PBR parameters from IFC surface styles, and exports
attributes as GlobalId-indexed JSON instead of embedding them in the scene. As summa-
rized, the schema-aware pipeline achieves comparable or lower conversion times than the
multi-stage workflows while maintaining a more complete set of delivery semantics for
downstream use. In qualitative terms, this comparison acts as a small benchmark across
identifier preservation, hierarchy consistency, geometric completeness, material mapping,
and attribute retention, where only the proposed IFC2USD route maintains all five aspects
simultaneously for the case-study models.
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Table 4. Data size comparison for different conversion workflows.

Project Type Software Discipline IFC Model Size

IFC → USD Workflows
USD Size

IFC → Revit
→ USD

IFC → Omniverse CAD
Converter → USD

IFC → FBX/OBJ
→ USD

IFC → IFC2USD
→ USD

Commercial Building Revit Civil Work 20.80 MB 10.5 MB 14.0 MB 8.7 MB 11.4 MB

School Revit Electrical 4.00 MB 0.4 MB 1.62 MB 0.9 MB 1.24 MB

An Airport Runway Tekla Structure 1.19 MB 0.7 MB 0.6 MB 1.9 MB 0.5 MB

Table 5. Performance before and after conversion for different models.

Type Discipline
IFC → USD Workflows

IFC → Revit
→ USD(s)

IFC → Omniverse CAD Converter
→ USD(s)

IFC → FBX/OBJ
→ USD(s)

IFC → IFC2USD
→ USD(s)

Commercial Building Civil Work 37 38 12 10

School Electrical 17 9 5 4

Airport Runway Structure 7 4 7 3

5. Conclusions
openBIM addresses data standards and semantic consistency within AEC deliverables,

whereas OpenUSD excels at cross-domain cross-tool collaboration and efficient composition
of complex 3D scenes. Fusing the two enables interoperability that goes beyond geometry,
allowing BIM data to be transmitted and utilized in 3D environments in accordance with
information-delivery requirements. Recent industry developments, including the liaison be-
tween IFC and USD and early IFC5 work that explores USD-inspired mechanisms, suggest
a complementary pattern of IFC as the authoritative data and USD as the operational scene;
the proposed pipeline provides a project-level realization of this direction for digital-twin
and XR workflows.

This study develops a specification-driven IFC to USD pipeline that treats information-
delivery requirements as a scene contract and prioritizes semantic continuity. IDS-validated
IFC models are checked and normalized and then mapped into a USD scene graph, where
spatial hierarchy is preserved via Xform prims, geometry is expressed as Mesh prims, PBR
appearance is derived from IFC surface styles, and semantic attributes are externalized
as GlobalId-indexed JSON. Across three representative case-study models and multiple
workflows, the results show that this schema-aware route achieves comparable or lower
conversion times, produces lighter USD payloads under binary encoding, and retains
identifiers, hierarchies, geometry, materials, and attributes more completely than connec-
tor and converter-based alternatives. In this sense, the research questions of whether
delivery specifications can drive semantically continuous scenes and whether this can be
achieved with practical performance for AEC/XR workflows, are positively answered at
the prototype scale.

Several limitations remain. The current evaluation is restricted to three medium-scale
models from civil, electrical, and steel-structure disciplines and to a unidirectional IFC
to USD flow; larger multi-discipline federated models and round-tripping back to IFC
will require further integration with authoring tools. Dynamic scene streaming, multi-
user editing, and version control across USD layers are also not yet addressed. Future
work will therefore extend testing to larger and more diverse datasets and BIM platforms,
integrate MaterialX/OpenPBR libraries more systematically, and deploy the pipeline within
digital-twin platforms to assess its behavior under continuous update and operational use.
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