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Abstract

Building information modeling (BIM) based on the Industry Foundation Classes (IFC)
standard contains rich geometric and semantic information for representing building
structures. However, most IFC viewers focus primarily on three-dimensional visualiza-
tion and provide limited support for spatial relationship analyses. This paper presents
XeoBIM Viewer, an IFC-based BIM viewer that supports spatial analysis through inte-
grated visualization and graph-based representation. The system extracts spaces, bound-
aries, and openings from IFC data and derives spatial relationships through a geometric
analysis of opening-to-space and space-to-space connectivity. These relationships are rep-
resented as a graph model, where spaces are nodes and openings are edges, enabling an
intuitive analysis of spatial adjacency and connectivity. XeoBIM Viewer integrates a three-
dimensional BIM model view, story-based two-dimensional floor plan view, and space
relationship graph view within a unified interface. These views are interactively synchro-
nized, enabling users to explore building spatial structures from multiple perspectives.
The proposed system was validated using real-world IFC building models with different
levels of complexity. The experimental results demonstrate that XeoBIM Viewer can ef-
fectively extract spatial information, generate floor plans, construct accurate space con-
nectivity graphs, and provide reliable spatial relationship analysis.

Keywords: BIM viewer; Industry Foundation Classes (IFC); spatial relationship graph

1. Introduction

Building information modeling (BIM) is a key technology for the integrated use of
information across the design, construction, and maintenance phases of the construction
industry. The Industry Foundation Classes (IFC) standard is widely adopted as a repre-
sentative open standard to ensure interoperability among BIM data and preserve both
geometric and semantic building information [1]. IFC data contain not only geometric in-
formation but also semantic information such as spaces, stories, openings (e.g., doors,
windows, and curtain walls), and their relationships, enabling the analysis of building
spatial structures, circulation paths, and visual characteristics. Recent studies have further
demonstrated that IFC serves not only as a neutral data exchange standard but also as a
semantic information model supporting intelligent analysis, digital twins, and infrastruc-
ture management. For example, Xu et al. proposed a bridge information model-based se-
mantic segmentation framework that integrates multisensor information with infrastruc-
ture information models for the semantic interpretation of bridge components [2].
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Sharafat et al. developed IFC-based information modeling frameworks for tunnel infor-
mation modeling and BIM-GIS integration, demonstrating that IFC semantic information
can effectively support visualization, interoperability, and infrastructure management
[3,4]. Furthermore, Buruzs et al. proposed an IFC semantic enrichment approach that gen-
erates IfcSpace entities and accessibility graphs for room classification [5], whereas Zhao
et al. presented an IFC-based indoor space extraction method that automatically con-
structs topological graph models representing connectivity among indoor spaces [6].
These studies highlighted the growing importance of the semantic interpretation and
graph-based representation of IFC data.

However, existing IFC-based BIM viewers are primarily designed for three-dimen-
sional (3D) geometric visualization and have limitations in systematically analyzing spa-
tial semantic information such as the adjacency relationships between spaces, access struc-
tures, and boundary conditions. In particular, although the opening elements connecting
spaces play a critical role in accessibility and circulation analyses, most viewers do not
provide intuitive functions for interpreting these relationships from a spatial perspective.
Previous studies have explored the extraction of indoor spatial information from IFC data
[6], semantic enrichment of IfcSpace entities using graph-based approaches [5], and IFC-
based semantic information integration for infrastructure applications [3,4]; however, the
capabilities of existing viewer systems remain limited.

This paper proposes XeoBIM Viewer, an IFC-based BIM viewer that can interpret
spatial, boundary, and opening information from IFC data and visualize spatial relation-
ships through 3D models, two-dimensional (2D) floor plans, and graph structures. In ad-
dition to serving as a simple 3D visualization tool, the proposed system supports spatial
analysis and interpretation. Unlike conventional IFC viewers that primarily emphasize
geometric visualization, the proposed system integrates semantic interpretation with
graph-based spatial representation while preserving IFC entity identifiers, thereby ena-
bling intuitive analyses of adjacency, accessibility, and circulation relationships. Ulti-
mately, this paper aims to establish a foundation for an analysis-oriented BIM viewer that
can be applied to architectural design reviews, space utilization assessments, evacuation
planning, and circulation analysis.

The proposed XeoBIM Viewer integrates IFC-based spatial information extraction,
geometric relationship analysis, graph construction, and multi-view visualization within
a unified framework. First, geometric and semantic information is extracted from IFC
building models, including spaces, stories, and opening elements such as doors, windows,
and curtain walls. Second, story-based sectional boundaries are generated from the ex-
tracted geometry, and spatial relationships are identified through geometric analysis, in-
cluding opening-to-space associations and direct room-to-room adjacency. Third, the
identified relationships are transformed into a semantic space—connector graph, where
spaces are represented as nodes and opening elements or adjacency relationships are rep-
resented as graph edges, enabling an intuitive analysis of spatial connectivity and acces-
sibility. Fourth, the generated information is integrated into a synchronized 3D BIM, 2D
floor plan, and graph-based visualization environment, enabling users to explore building
spatial structures from multiple perspectives. The proposed system was validated using
IFC building models with different levels of complexity; specifically, the processing per-
formance and accuracy of the generated spatial relationship graphs were evaluated. The
experimental results demonstrated the effectiveness, robustness, and applicability of the
proposed approach for IFC-based spatial analysis and visualization.

2. Literature Review

This section reviews previous studies on BIM-based spatial information representa-
tion and analyses. The functionalities and limitations of IFC-based BIM viewers are
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examined, and spatial network models (SNMs) representing relationships between spaces
are discussed.

2.1. IFC-Based BIM Viewers

IFC is widely used as an international standard to support interoperability among
BIM data. Based on this standard, various BIM viewers have been developed to visualize
and review building models. Existing IFC-based BIM viewers have evolved primarily
around functions such as 3D geometry visualization, object property inspection, section
generation, and visibility control [7,8]. These functions have been considered effective for
fundamental applications such as design reviews and clash detection [9]. In addition,
some viewers provide collaborative features, including annotation, issue management,
and model comparison, thereby expanding their application scope.

However, most IFC viewers focus on the representation of individual objects and,
therefore, have limitations in systematically analyzing the relationships between spaces
or the internal spatial structure of buildings. In particular, spaces are typically represented
as independent objects or are accessible only through attribute information, whereas
structural relationships mediated by opening elements such as doors and windows are
not explicitly interpreted. Consequently, the semantic information embedded in IFC data
remains largely at the level of visual representation, limiting its use in higher-level appli-
cations such as spatial structure and circulation analyses. Furthermore, these viewers of-
ten fail to adequately reflect spatial usage characteristics by integrating factors such as
connectivity, accessibility, and visual continuity between spaces. These limitations also
restrict applications such as evacuation route and user-behavior analyses in complex
buildings.

Existing IFC viewers also differ in terms of operating system support and source-
code availability. Many commercial viewers are primarily available in Windows-based
environments, whereas support for macOS and Linux is often limited [10]. Although sev-
eral free viewers are available, their licensing terms may restrict functional extensions or
modifications to analysis algorithms. Open-source IFC viewers have also been developed;
however, most of them focus primarily on visualization and property inspection, and ad-
vanced analytical capabilities such as spatial topology analysis and network-based struc-
tural interpretation are often insufficiently implemented [11,12]. Consequently, limita-
tions exist in implementing customized analytical functions that satisfy diverse user re-
quirements.

Table 1 presents a comparative analysis of existing desktop-based BIM viewers in
terms of platform type, key functionalities, operating system support, licensing conditions,
IFC compatibility, and source-code availability. Web-based BIM viewers and cloud col-
laboration platforms have recently emerged to improve accessibility and collaborative ef-
ficiency. However, their capability to quantitatively analyze spatial relationships or rep-
resent them as network structures remains limited [10,13]. In addition, technical chal-
lenges such as performance degradation when handling large-scale models and the de-
pendence on network-based data transmission remain unresolved.

Table 1. Types and characteristics of BIM viewers.

Viewer (Name) Type Main Features (O] Usage/License = IFC Support Soo Ei:e
- . IFC visualization, property .
BIMvision IFC Viewer [7] Desktop .. . . Windows Free IFC2x3, [FC4 X
viewing, basic analysis
. IFC structure exploration, .
Open IFC Viewer [14] Desktop Windows Free TFC2x3, IFC4x3 X

basic viewing
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BIMcollab ZOOM [9] Desktop Clash detection, issue man- Win/macOS  Freemium IFC4 X
agement
L del viewi -
3DViewStation [15]  Desktop/Web - 8¢ OGS VIEWINE MEAS™ yyin Web  Commercial — IFC2x3, IFC4 X
urement
IFC exploration, property .
xBIM Xplorer [11] Desktop . Windows Free IFC2x3, IFC4 @)
analysis
Cloud collaboration, IFC . .
usBIM.viewer+ [16] Web/Desktop oudco .a c.)ra on Web/Win Freemium IFC4 X
viewing
11 i iew-
BIMData Viewer [17] web  ° aborahoni’n};“’perty VIEWT T Web Free IFC4 X
Trimble Cc[)?;ect Viewer Web/Desktop Collaboration, model sharing Web/Win Freemium IFC4 X
IF i 1 i -
IfcPlusPlus Viewer [18] Desktop C rendering, structural  Win/ma Free [FC2x3, [FC4 O
analysis cOS/Linux
Revizto Viewer [19] Desktop VR-based BIM collaboration Win/macOS Commercial IFC2x3, IFC4 X
Autodesk Viewer [10] Web Cloud-based BIM viewer Web Free IFC2x3, [FC4 X
Solibri Anywhere [8] Desktop Rule—baseiz:s;};eciilz;lg, model Win/macOS Free (viewer) IFC2x3, IFC4 X

“O” indicates supported/available, whereas “X” indicates unsupported/unavailable.

2.2. Spatial Network Models and Graph-Based Representation of Spatial Relationships

An SNM is an analytical framework that abstracts and represents individual spaces
and their relationships within architectural and spatial systems. It encompasses both
graphical and non-graphical representations. The primary objective of SNMs is to simplify
complex spatial structures into interpretable forms, enabling a systematic analysis of con-
nectivity, accessibility, and interactions among spaces.

The theoretical foundation of SNMs is graph theory. Graph theory provides a math-
ematical and visual framework for representing the relationships between objects, where
objects are represented as nodes and relationships as edges. This structure enables effi-
cient quantitative analysis [20] and effectively reveals the interactions among components
within complex systems. Originating from Euler’s solution to the Kénigsberg bridge prob-
lem [21], graph theory has been widely applied in architecture, urban planning, transpor-
tation engineering, and many other engineering disciplines.

Recently, graph-based representations have become an active research topic for ana-
lyzing complex 3D models beyond the architectural domain. Ning et al. [22] proposed a
dynamic clustering framework based on an inertial feature encoder to automatically or-
ganize large repositories of computer-aided design (CAD) models. Their method demon-
strated that learned feature representations can effectively support model retrieval and
organization without relying solely on manually defined geometric rules. Although this
paper focuses on CAD model management rather than BIM analysis, it highlights the in-
creasing importance of structured representations for large-scale 3D model repositories.

Similarly, Wu et al. [2] proposed a graph construction and clustering framework for
no-reference point cloud quality assessment. Their method demonstrates that graph struc-
tures effectively preserve the structural characteristics of complex 3D point clouds and
provide an efficient representation for analyzing geometric relationships. These studies
indicated that graph-based representations continue to play an important role in analyz-
ing 3D spatial structures across various application domains.

Unlike CAD models or point clouds, BIM models inherently contain explicit semantic
information defined by the IFC schema. Spatial entities, such as IfcSpace, and opening
elements, including IfcDoor, IfcWindow, and IfcCurtainWall, explicitly describe the top-
ological relationships among spaces. Consequently, IFC-based graph construction can
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directly utilize semantic relationships instead of relying solely on geometric similarities
or learned feature representations.

In architecture, graph theory has evolved into SNMs that represent the topological
relationships between spaces. These models enable the analysis of spatial connectivity,
accessibility, and movement flows. One representative example is Space Syntax [18],
which represents spaces using axial lines or segments and quantitatively evaluates human
movement patterns and spatial usage through measures such as integration.

SNMs can be classified into several types according to their representation methods
and information levels, as illustrated in Figure 1. The most basic form, the node-edge
model, represents spaces as nodes and relationships as edges. This approach offers com-
putational efficiency and structural simplicity but has limited capability to represent geo-
metric characteristics or detailed relationship attributes. The convex model defines spaces
as convex polygons and represents relationships based on spatial adjacency, thereby in-
corporating some geometric characteristics. However, semantic information regarding re-
lationships remains limited. The convex—edge model explicitly represents spatial bound-
aries as edges to enhance relationship definitions; however, it still has limitations in ex-
pressing complex attributes such as opening types and visual connectivity.

Simplest graphic example Space Relation
Node Convex
E
—edge O_O polygon dge
% Convex Abutment of border
Convex _
polygon lines
Convex—edge % Convex Edge
polygon
Space- % Convex Connector
connector polygon

Figure 1. Spatial network models.

The space—connector model [23] was proposed to address these limitations. This
model preserves spaces like convex polygons, while defining the connecting elements be-
tween spaces, such as doors, windows, and curtain walls, as independent objects. Conse-
quently, it can represent not only the connectivity but also the geometric and visual attrib-
utes of openings, including type, size, location, and permeability. Compared with conven-
tional models, the space—connector model provides enhanced representational capability
and analytical potential. In particular, it enables a more precise analysis of complex spatial
experiences, including mobility, visibility, and spatial openness, and can therefore be re-
garded as an integrated extension of existing SNMs.

2.3. Review of Previous Studies

Previous studies on IFC-based BIM viewers have primarily concentrated on 3D vis-
ualization, property inspection, and model navigation. Although these systems effectively
support geometric visualization and basic BIM review tasks, they provide limited func-
tionality for systematically interpreting the semantic-spatial relationships embedded in
IFC models, including adjacency, accessibility, circulation paths, and boundary condi-
tions.

https://doi.org/10.3390/buildings16153086



Buildings 2026, 16, 3086

6 of 21

Recent BIM studies expanded the application of IFC by extracting spatial semantics,
enriching IfcSpace information, and constructing graph-based spatial representations.
Studies in related domains have demonstrated that feature learning, graph construction,
and clustering techniques are effective for organizing and analyzing large-scale 3D da-
tasets. Nevertheless, these studies primarily focused on model management, semantic en-
richment, or analytical methodologies and rarely provide an integrated visualization en-
vironment that enables users to interactively explore semantic spatial relationships di-
rectly within an IFC-based BIM viewer.

The proposed XeoBIM Viewer addresses these limitations by providing an integrated
framework for interpreting spatial, boundary, and opening information directly from IFC
data. Spatial-opening relationships are modeled using the space-connector concept and
represented through a node-edge graph structure. Furthermore, the system integrates a
3D BIM model, story-based 2D floor plans, and spatial relationship graphs within a uni-
fied interface. By enabling synchronized exploration and analysis across multiple repre-
sentations, XeoBIM Viewer offers a comprehensive BIM viewer environment for spatial
structure analysis, which distinguishes it from previous studies.

3. System Architecture

This section presents the architecture of the proposed XeoBIM Viewer and the meth-
odology used to construct semantic spatial relationships from IFC models. This system
integrates IFC parsing, geometric processing, spatial relationship identification, graph
construction, and visualization into a unified framework. Following an overview of the
system architecture, this section describes the geometric procedures for extracting space
boundaries, identifying opening-to-space and space-to-space relationships, and generat-
ing a semantic space—connector graph for spatial analysis.

3.1. System Overview

XeoBIM Viewer is an IFC-based BIM viewer system that integrates spatial attribute
extraction, relationship analysis, and multi-view visualization, including sectional and
spatial relationship representations. Beyond simple 3D model visualization, the system is
designed to interpret the structural relationships of architectural spaces and enable intui-
tive exploration of spatial configurations. As shown in Figure 2, the system consists of
three layers: (1) an IFC data processing and geometry generation module, (2) a 3D visual-
ization and user interface module, and (3) a spatial interpretation and relationship analy-
sis module based on BIM data structures and geometric information. Although each mod-
ule performs its functions independently using open-source technologies, they are inter-
connected to provide an integrated BIM analysis environment

The IFC data processing and geometry generation module uses an IFC file selected
by the user as input and extracts both geometric and semantic information from the build-
ing model. This module uses the open-source library IfcOpenShell [24], which provides
functionality for IFC file parsing, object information extraction, geometry generation, and
relationship analysis based on the IFC standard. Through this process, not only geometric
representations of building elements but also information related to spaces, stories, open-
ings (doors, windows, and curtain walls), and their relationships are extracted.

The geometric information generated from BIM data through IfcOpenShell, includ-
ing meshes, boundary representations, and bounding boxes, is visualized using Coin3D.
Coin3D [25] is an open-source 3D graphics library based on Open Inventor that efficiently
manages and renders complex 3D objects through a hierarchical scene graph structure.
The geometry generated by IfcOpenShell is converted into Coin3D node structures and
organized into scenes representing stories and spatial configurations, enabling users to
visually inspect the BIM models.
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Buildings 2026, 16, 3086

7 of 21

8 Cross-Platform Framework 3D BIM Model
IFC Data Processing ~- o

+IfcOpenShell-based Object Parsing \ o
\-Geometry Generation ) eL []
3D Visualization _— ~ I ;‘ il

+Coin3D Rendering J Y
*Ul Interaction

A )
Spatial Network Model Analysis Spatial 2D View

«Collision Detection -

‘ + IR f
]
\-Space-Connector Model Network B I A RE JIE L

Graph Modeling Spatial Graph

u
-Node-E.dge Network = S
\-Graphvnz Layout

) ED B3 B3 B3 B B

Figure 2. System architecture of XeoBIM Viewer.

The relationship information extracted through the IfcOpenShell, including spaces
(IfcSpace), stories (IfcBuildingStorey), and openings (IfcDoor and IfcWindow), is typically
interpreted using IFC relationship entities such as IfcRelContainedInSpatialStructure,
IfcRelSpaceBoundary, and IfcRelConnectsElements. Although this approach clearly de-
fines the logical relationships among objects, it does not fully represent the actual physical
adjacency in spaces with complex geometries or across multiple stories. In particular, top-
ological relationships defined in IFC alone may not accurately capture spatial connectivity
in irregular spaces or multi-story penetrations.

To address this limitation, we utilize the 3D geometric information (meshes) gener-
ated by IfcOpenShell to analyze object collisions, physical contact, and accessibility be-
tween spaces. Based on these analyses, spatial relationships are redefined using the space-
connector model. This approach complements IFC semantic relationships and more accu-
rately reflects the actual physical adjacency and connectivity.

The logical relationships among the spatial objects are represented as a node—edge
graph structure and visualized using the open-source software Graphviz [26] for auto-
mated layout and editing. Graphviz automatically arranges spatial relationships as
graphs composed of nodes and edges and provides intuitive visualization through vari-
ous layout algorithms, such as DOT and NEATO. In this paper, each IfcSpace is defined
as a node, whereas the relationships between spaces connected through openings, such as
IfcDoor, IfcWindow, and IfcCurtainWall, are represented as edges. Furthermore, adja-
cency relationships derived from mesh-derived section-boundary and bounding-box
analyses are incorporated, extending the graph representation to include spatial connec-
tivity that cannot be expressed solely through existing IFC relationship entities.

XeoBIM Viewer is implemented using the Qt framework [27] to ensure cross-plat-
form compatibility and extensibility. Qt provides a C++-based cross-platform application
development environment that enables consistent user interfaces and functionalities
across multiple operating systems using a single codebase. The system employs Qt for
user interface design and event handling, providing a consistent execution environment
and user experience across Linux, macOS, and Windows platforms. This cross-platform
architecture broadens the applicability of BIM data analysis and visualization tools while
improving accessibility and usability across diverse user environments. Table 2 summa-
rizes the major system modules, technologies, and libraries employed in each module and
their corresponding core functionalities.
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Table 2. Types and functions of component modules.

Component Modules

Technologies and Libraries Key Features

Used
° Parsing IFC files;
. o Extracting object properties and relationship information;
IFC Data Processing and Ge- . . .
IfcOpenShell e Generating geometric data (Mesh, B-rep, Bounding Box);

ometry Conversion Module

° Processing data based on the IFC standard;

e Integrated extraction of spaces, stories, and openings.

° 3D visualization of BIM models;

. o Scene graph construction;
Coin3D (Open Inventor-

3D Visualization Module . Real-time rendering;
based)
e  Hierarchical scene graph structure;
o Efficient handling of large-scale models.
e  UI composition and event handling;
° Data integration between modules;
User Interface and System In- . . .
Qt . Multi-platform execution environment;

tegration Module

e  Supports Linux/macOS/Windows;

e  Provides consistent UX based on a single codebase.

Spatial and Relationship Anal- IfcOpenShell + Custom Algo-
[ ]

ysis Module

. IFC relationship-based analysis;

. Mesh-based collision/contact analysis;
rithms Redefinition of spatial adjacency;
e Integration of semantic and physical relationships;

o Supports irregular and multi-level structures.

Spatial Graph Modeling Mod-
ule

o Generation of spatial networks (node—edge);
e  Definition of connectivity based on openings;
. Automatic layout (DOT, NEATO);

. Intuitive representation of spatial structures.

Graphviz

3.2. Geometric Extraction of Spatial Boundaries

Geometric relationship analysis begins with the conversion of the IFC building ele-
ments into a triangulated geometry. When an IFC file is loaded, IfcOpenShell parses the
IFC entities and generates world-coordinate triangular meshes by applying the use-
world-coords and TRIANGULATED settings. For each relevant object, the system stores
its IFC STEP identifier, object type, story identifier, mesh vertices, triangle indices, and
axis-aligned bounding box. The objects considered in the spatial analysis are IfcSpace,
IfcDoor, IfcWindow, and IfcCurtainWall.

Story membership is determined before the geometric analysis. Spaces are assigned
to building stories primarily through IfcRelAggregates, whereas other building elements
are mapped through IfcRelContainedInSpatial Structure. If an element is contained in an
IfcSpace rather than directly in an IfcBuildingStorey, the corresponding story can be ob-
tained by tracing the space-to-story relationship. This procedure supports both the IFC4
and IFC2x3 models and provides a consistent story index for the subsequent filtering and
graph-generation processes.

For each story, a horizontal section plane is defined as

Zsection — Zstory + hcut (1)

where zy,,, is the elevation of the corresponding IfcBuildingStorey and h,is the user-
defined cut-plane height. A space is included in the selected story when it is assigned to
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the story or when its 3D bounding box crosses the section plane. In the latter case, the
space is displayed as a dashed boundary to indicate that it spans multiple stories.

The 2D boundary of each space is derived from a triangular mesh in the section plane.
The mesh edges intersecting the plane are converted into planar line segments, spatially
coincident vertices are quantized, and the connected segments are assembled into closed
boundary loops. The vertex-merging tolerance is supplied to the extraction routine as
toll,,. In the current application, the routine is called with

t; = 107* mm ()

This tolerance is used for coordinate quantization and duplicate-vertex suppression
rather than for determining room connectivity. When a valid closed-section loop cannot
be reconstructed, the XY projection of the bounding box of the object is used as a fallback
boundary. The implementation also uses a vertical mesh-selection tolerance of

t, = 50 mm 3)

This 50 mm tolerance accommodates minor discrepancies in mesh coordinates and
floor elevations.

3.3. Candidate Selection Using Three-Dimensional Bounding Boxes

To avoid testing every spatial object against every other object using planar polygon
operations, the system first applies an axis-aligned bounding-box broad-phase test. Let B;
denote the bounding box of object i. An expanded box is defined as

Bl+ = [bi,min — ¢, bi,max + ‘g] (4)
where ¢ is a small geometric expansion value. In the current implementation, the graph-
generation function is called with

£ =0.1mm ®)

The bounding box of an opening element is expanded by ¢, whereas the bounding
box of a space can be expanded independently by the parameter z,. The current interface
passes z, = 0.

An opening-space pair is retained as a candidate when its boxes intersect or when
either box geometrically contains the other within an additional numerical tolerance of

tp, = 1 mm

C(e,s) = Intersect(B}, B) v Contain(Bg, Bf , t,) V Contain(Bs, BY, t},) (6)

This stage is a broad-phase filter. It does not establish a graph edge by itself because
bounding-box overlap can occur even when two objects do not share a meaningful spatial
boundary.

3.4. Geometric Identification of Spatial Relationships

After candidate filtering, the system determines the spatial association between the
opening elements and spaces. Doors are always considered, whereas windows and cur-
tain walls are included according to user-defined analysis options.

For each opening e and candidate space s, the first extracted plan polyline is used.
Before the intersection testing, both polylines are expanded radially from their centroid
using

t, = 1 mm, )

to compensate for small numerical gaps between adjacent boundaries.

https://doi.org/10.3390/buildings16153086
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The adjusted polygons are converted into planar polygon representations, and their
geometric intersection is computed. Because multiple disconnected intersection regions
may exist, the algorithm calculates the total perimeter of all connected intersection poly-
gons, defined as

Py = Z?:1P (Qk): )

where Q, denotes the k-th connected intersection polygon and P(Q,) is its perimeter.
An opening is associated with a space when

Pine = Pt )
where the current threshold is
PIPEMMI = 1000 mm. (10)

If polygon data are unavailable, the algorithm returns the AABB candidate result to
avoid missing valid spatial relationships in incomplete IFC models.
Therefore, the decision rule is

1, Py = 1000 mm,
A(e,s) =41, polygon unavailable and AABB test succeeds, (11)
0, otherwise.

The procedure is independently applied to IfcDoor, IfcWindow, and IfcCurtainWall,
producing an element-to-space mapping

M, ={s; | A(e,s;) = 1}. (12)

When an opening is associated with two or more spaces, all the unique space pairs
are connected to generate graph edges. If only one space is associated, the opening is clas-
sified as an external opening; external doors may also be used as graph-traversal roots.

In addition to opening-mediated connections, the system identifies direct room-to-
room adjacency. This relationship is represented by the link type RoomAdjacency and is
distinguished from accessibility through a door.

For every pair of spaces s; and s; within the analysis set, the algorithm first tests
their expanded 3D bounding boxes.

When both spaces contain valid plan polylines, each polygon is outwardly offset by

t, = 10 mm. (13)

The larger room offset, compared with the 1 mm opening offset, is used to detect
boundaries separated by small modeling gaps or wall-line inconsistencies. The adjusted
room polygons are intersected, and the pair is accepted as adjacent when

Pine = Pryin™, (14)
with
Preom = 1000 mm. (15)

3.5. Space—Connector Graph Construction

The geometric analysis results are transformed into an undirected semantic graph
G = (V,E), where each node represents an IfcSpace, and each edge represents one or more
spatial relationships between a pair of spaces. Each node stores the IFC STEP identifier,
space name, boundary type, and story information, whereas each edge stores the con-
nected space identifiers, associated connector information, and corresponding relation-
ship type.

When multiple connectors exist between the same pair of spaces, they are merged
into a single graph edge and duplicate relationships are removed to avoid redundancy.

https://doi.org/10.3390/buildings16153086
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Opening-mediated connections and direct spatial adjacencies are represented by different
semantic relationship types, enabling multiple relationships between the same pair of
spaces to be integrated into a unified graphical representation.

The graph is visualized using Graphviz, where only IfcSpace objects are represented
as nodes and spatial relationships are displayed as labeled edges according to their con-
nector types, such as doors, windows, curtain walls, or direct adjacency. When multiple
types of relationships exist between the same pair of spaces, they are aggregated into a
single edge.

The graph can be generated for either a selected story or an entire building. In story
mode, only objects belonging to the selected IfcBuildingStorey are included, whereas all
spaces and relationships are retained in the all-story mode. Spaces spanning multiple sto-
ries are represented on each intersecting floor by projecting their section boundaries, en-
abling consistent visualization of double-height spaces and atria.

The current implementation supports story-based filtering and visualization of mul-
tistory spaces but does not semantically reconstruct vertical circulation through building
elements such as stairs, ramps, or elevators. Consequently, cross-story connectivity is rep-
resented only when it can be established through identified spatial relationships.

4. Configuration and Functions of XeoBIM Viewer

This section describes the graphical user interface (GUI) and key functionalities of
XeoBIM Viewer, which was implemented based on the system architecture presented in
the previous section. The visualization process of the IFC data and integration of the spa-
tial relationship analysis functions are explained from the perspective of the user interface.
In addition, the applicability and reliability of the proposed system are evaluated using
IFC models with different levels of complexity, and the accuracy of the generated spatial
relationship graphs is validated through comparisons with manually prepared reference
graphs.

4.1. User Interface

XeoBIM Viewer provides a user interface that integrates multiple visualization views
to enable an intuitive analysis of relationships among spaces (IfcSpace) in IFC-based
building models. Unlike conventional BIM viewers, which primarily rely on a single vis-
ualization view, the proposed system was designed to support the simultaneous analysis
of spatial structures from multiple perspectives. To achieve this, we integrated a 3D BIM
model view, story-based 2D floor plan view, and spatial relationship graph view into a
unified interface, as shown in Figure 3.

The left panel of the interface is organized in a hierarchical tree structure that allows
users to navigate the IFC data hierarchy. Users can explore building objects, such as
IfcBuildingStorey and IfcSpace, in a step-by-step manner. When a specific object is se-
lected, its attribute information, including Globalld, Name, Type, and STEP data, is dis-
played in the lower panel. This tree-based structure facilitates the understanding of both
the semantic hierarchy of BIM data and the relationships among the building objects.

Each visualization view presents information independently while remaining syn-
chronized with user interactions. When a specific space is selected, the corresponding
space is highlighted in a 3D view, its location and adjacency relationships are displayed
in a 2D floor plan view, and the associated nodes and edges are emphasized in a spatial
graph view. This synchronized interaction enables users to understand spatial connectiv-
ity intuitively and effectively analyze complex spatial relationships from multiple per-
spectives.
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Figure 3. User Interface of the XeoBIM Viewer. Green boxes represent spaces, blue boxes represent

windows, red boxes represent doors, and arrows indicate the rela-tionships between spaces.

The interface also provides various analysis functions, including store-level filtering,
object selection, view control (orthographic and perspective projections), and sectioning.
The sectioning function facilitates the examination of internal building structures,
whereas the selective visualization of specific stories or spaces allows users to efficiently
explore complex indoor environments.

The right panel presents a 2D floor plan and a spatial relationship graph based on the
space—connector model. Users can selectively control the inclusion of opening elements,
such as windows and curtain walls, enabling flexible adjustment of the scope of the spatial
connectivity analysis. This functionality plays an important role in analyses using SNMs.

By integrating 3D geometric visualization, 2D spatial representations, graph-based
relationship analysis, and IFC attribute inspection within a single environment, the user
interface of XeoBIM Viewer provides a comprehensive platform for intuitively exploring
and analyzing the structural relationships of architectural spaces.

4.2. Three-Dimensional BIM Model View

The 3D BIM model view serves as the primary visualization environment for exam-
ining the overall geometry and spatial arrangement of an IFC model. Users can freely
explore building structures using standard navigation functions, such as rotation, pan-
ning, and zooming.

The system provides various viewing modes to support different analytical purposes,
as illustrated in Figure 4. The all-levels-non-section view displays the entire building
model, enabling users to understand the overall spatial organization and distribution of
building elements. The all-levels—section view provides a sectional visualization of the
building, enabling users to examine the internal structures and vertical spatial relation-
ships between spaces.

For analyses focused on a specific story, the specific-level-non-section view clearly
presents the spatial configuration of the selected level in a plan form. The specific level-
section view enables the examination of the relationships between the selected story and
the spaces above and below through sectional visualization.
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In addition, the system provides a space-based view for space-level analysis. This
view highlights a selected space within either the entire building model or a specific story.
Through this functionality, users can intuitively identify the location of a space, its rela-
tionship with adjacent spaces, and its connectivity by opening elements such as doors,
windows, and curtain walls.

3D All Levels—Non-Section View
View
Specific Level —Non-Section View Specific Level —Section View
Spatial All Levels—Non-Section View All Levels—Section View
View

Specific Level —Non-Section View Specific Level —Section View

Figure 4. Types of 3D and Spatial Views.

By offering multiple visualization modes at the building, story, and space levels, the
3D BIM model view supports the comprehensive exploration and analysis of architectural
spatial structures from different perspectives.
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4.3. Spatial Data Transformation

To support the use of space—opening relationships in external analysis applications,
XeoBIM Viewer exports the extracted spatial information in 3D DXF, 2D DXF, and DOT
formats, as shown in Figure 5. During conversion, IFC entities are not exported solely as
geometric primitives. Instead, their story assignments, object types, object names, and IFC
entity identifiers are encoded in the output data such that the exported geometry and
graph relationships can be traced back to the original IFC model.

L$LEVEL_1$39$DOOR$8169
L$LEVEL_1$39$DOOR$21821
L$LEVEL_1$39$SPACE$A101$514
L$LEVEL_1$393SPACE$A102$567

3D/2D (dxf)

graph G {
graph [overlap=false, splines=true];
node [shape=ellipse, fontsize=10];
edge [fontsize=8];

n819 [label="Space #819\nA201"];

n1059 [label="Space #1059\nA204"];
n1442 [label="Space #1442\nA202"];
Graph (dot) n3197 [label="Space #3197\nA205"];
n3707 [label="Space #3707\nR301"];

n819 -- n1218 [label="8386:Door"];
n819 -- n1442 [label="16013:Door"];
n819 -- n1059 [label="16115:Door"];
n819 -- n3707 [label="-1:Link"];
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Space #819
A201

8386:Door 6115:Door

Space #1442 Space #1059
A202 A204

Figure 5. 3D/2D spatial data and spatial graph data.

16013:Door -1:Link

Space #3707
R301

The conversion process begins by parsing spatial entities and their relationships us-
ing the IFC model. Each IfcSpace, IfcDoor, IfcWindow, and IfcCurtainWall entity is asso-
ciated with its contained IfcBuildingStorey using IFC spatial containment relationships.
The system then records the object type, object name, and IFC STEP entity identifier, and
contains the story information. The IFC STEP identifier is used as the principal internal
key because it uniquely identifies each entity within the loaded IFC file and enables con-
sistent matching among the 3D model, 2D floor plan, and spatial graph.

In the DXF output, the object information is preserved through a structured layer and
an object-naming convention. The current naming structure follows the following form:

L$<storey_name>$<storey_STEP_ID>$<object_type>$<object_name>$<ob-
ject_STEP_ID>

For example,

L$LEVEL_1$39$SPACE$A101$514

indicates that the exported object is an IfcSpace named A101, assigned to story LEVEL_1,
where 39 is the IFC STEP identifier of the story and 514 is the IFC STEP identifier of the
space. Similarly,

L$SLEVEL_1$39$DOOR$8169

identifies an IfcDoor entity with STEP identifier 8169 located on the same story. This con-
vention allows the story, entity type, semantic name, and IFC source identifier of each
exported object to be recovered directly from the DXF layer or object name without re-
quiring the original viewer.

The 3D DXF output preserves the geometric location and orientation of the spaces
and opening elements in the IFC model coordinate system. Spaces and openings are ex-
ported as separate geometric objects, whereas their common IFC identifiers and story as-
signments are retained in the naming convention. Consequently, an opening can be asso-
ciated with spaces that intersect or contact them during subsequent analysis. This struc-
ture is intended to support geometry-based applications, such as visibility analysis, solar
radiation analysis, and natural ventilation assessment.

The 2D DXF output is generated by projecting the relevant space boundaries and
opening the geometries onto the horizontal plane of each building story. Space boundaries
are organized by stories, whereas doors, windows, and curtain walls are placed in object-
type-specific layers. The same identifiers used in the 3D DXF file are retained in the 2D
output, thereby enabling a direct correspondence between the original IFC entities, 3D
geometry, and story-based floor plan. This organization supports space-oriented analyses,
such as Space Syntax, isovist analysis, and circulation analysis.

Furthermore, the extracted space—opening relationships are exported in the DOT lan-
guage format [26], a standard text-based language for representing graph structures
through explicit node-edge relationships. A graph is generated after identifying the
spaces connected by each opening element. During this process, every IfcSpace is
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converted into a graph node, and each opening-based spatial relationship is represented
as an edge connecting the corresponding nodes. To maintain consistency with the original
IFC model, the node identifiers are derived directly from the IFC STEP identifiers in the
corresponding spaces.

For example,

n819 [label="Space #819\nA201"];

represents the space whose IFC STEP identifier is 819 and whose semantic name is A201.
Similarly,

n819--n1218 [label="8386:Door”];

indicates that the spaces with STEP identifiers 819 and 1218 are connected through an
IfcDoor whose STEP identifier is 8386. In this representation, the two node identifiers pre-
serve the identities of the connected spaces, whereas the edge label stores both the open-
ing identifier and the object type.

The conversion rules used to preserve the IFC information in the DXF and DOT out-
puts are summarized in Table 3. By consistently using the same IFC STEP identifiers
across the XeoBIM Viewer, DXF outputs, and DOT outputs, the generated graph main-
tained an explicit correspondence with the original IFC entities and their geometric rep-
resentations. Consequently, any graph node or edge can be traced directly to an associated
IFC object and its spatial geometry. The exported DOT files can be visualized using graph
layout tools such as Graphviz and KGraphViewer and can also be imported into graph-
analysis libraries for network-based analyses, including centrality analysis, shortest-path
analysis, accessibility evaluation, and other graph-based spatial analyses.

Table 3. Preservation of IFC information during DXF and DOT conversion.

IFC Information DXF Output DOT Output
Story Layer name (LEVEL_1) Preserved through STEP ID
. SPACE, DOOR, WINDOW,
Object type CURTAINWALL Node/edge type
Object name Object name (e.g., A101) Node label
IFC STEP ID Encoded in object name Node ID/Edge label

Space—opening relationship  Shared object identifiers = Edge connecting space nodes

4.4. Validation

To evaluate the applicability and reliability of the proposed XeoBIM Viewer, the sys-
tem was validated using the example IFC models presented in Figures 3-5, as well as an
additional office building IFC model with greater geometric and semantic complexity, in-
cluding stairwells and elevators (Figure 6).

For each model, the following performance indicators were measured:

e  Total processing time (including IFC loading and geometry generation, spatial rela-
tionship extraction, and graph generation);

° Number of identified spaces;

¢  Number of identified openings (doors, windows, and curtain walls).

All performance tests were executed on a hardware platform equipped with an Ap-
ple M1 Pro processor. As summarized in Table 4, the proposed XeoBIM Viewer success-
fully processed IFC models with different levels of complexity. The residential building
model (2.4 MB) containing 21 spaces and 38 openings was processed in 2046 ms, whereas
the more complex office building model (7.2 MB), containing 99 spaces and 171 openings
(102 doors and 69 windows), required 3763 ms. These results demonstrate that the
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proposed system efficiently loads IFC data, extracts spatial relationships, and generates
spatial graphs, while maintaining practical processing performance as model complexity
increases.

Table 4. Validation models and processing performance (executed on Apple M1 Pro).

IFC Size Openings Processing
IT
Model Type 15~ Storeys Spaces — @ = dow  Time (ms)
Residential 24 2 21 14 24 2046 ms
building
Office building 72 2 99 102 69 3763 ms

To evaluate the correctness of the generated spatial relationship graphs, the proposed
method was validated using the residential building and office building IFC models de-
scribed in Section 4.4. For each model, the automatically generated spatial relationship
graph was compared with the corresponding architectural floor plan and a manually pre-
pared reference spatial relationship diagram. Each detected connection was classified as
follows:

e  Correctly identified connection;
e  Missed connection;
e Incorrectly generated connection,

Analysis of the generated spatial relationship graphs showed that, for both the resi-
dential building and office building models, the spatial relationships were correctly gen-
erated according to the information provided in the IFC models. In the residential build-
ing model, no missed connections or incorrectly generated connections were identified.
This is because the stairwell spanning the first and second floors was modeled as a single
continuous space (Figure 7e,f), enabling the proposed method to correctly establish the
vertical spatial relationships between the storeys.

In contrast, although no incorrectly generated connections were observed in the of-
fice building model, several missed connections were identified. These issues were not
caused by the proposed XeoBIM Viewer algorithm but rather by the modeling approach
used in the source IFC model. Specifically, the stairwell was modeled as two separate
spaces on the first and second floors (Figure 7c,d), and no information describing the ver-
tical connectivity between these spaces was defined in the IFC model. Consequently, the
proposed method was unable to infer the vertical spatial relationship between the two
stairwell spaces. Similarly, although the elevator shaft was modeled as a single continuous
space, no door elements connecting the shaft to adjacent spaces were defined (Figure 7a,b).
As a result, the corresponding spatial relationships could not be generated.

These findings indicate that the missed connections observed in the office building
model originated from the IFC modeling strategy rather than from limitations of the pro-
posed algorithm. Specifically, the absence of explicit vertical connectivity between stair-
well spaces and the lack of door elements associated with the elevator shaft prevented the
proposed method from establishing the corresponding spatial relationships. Conse-
quently, the accuracy of the generated spatial relationship graph ultimately depends on
the completeness and consistency of the input IFC model. Missing opening entities, in-
complete space definitions, or inconsistent geometric and semantic representations may
reduce the accuracy of the extracted spatial relationships.
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(a) Small IFC model.

(b) Medium IFC model.
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Figure 6. Test IFC models used for validation.

Nevertheless, the experimental results demonstrate that, for IFC models with well-
defined semantic and geometric information, the proposed approach provides robust and
reliable spatial relationship extraction. Therefore, future work should incorporate a mech-
anism that enables users to manually establish or modify spatial relationships involving
vertically connected spaces, such as stairwells and elevator shafts, thereby compensating
for missing connectivity resulting from differences in IFC modeling practices.
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Figure 7. Spatial relationship issues in vertically connected spaces (stairwells and elevator
shafts).Green boxes represent spaces, blue boxes represent windows, red boxes represent doors, and

arrows indicate the rela-tionships between spaces.

5. Conclusions

This paper proposes XeoBIM Viewer, an integrated BIM viewer that utilizes IFC-
based BIM data to interpret architectural spatial structures and relationships and visual-
izes them intuitively. Unlike conventional IFC viewers, which primarily focus on 3D geo-
metric visualization and provide limited support for spatial relationship analysis, the pro-
posed system semantically interprets spatial structures based on spaces (rooms) and
opening elements, such as doors, windows, and curtain walls. By modeling these relation-
ships using a graph-based approach, the system enables systematic analysis of spatial con-
nectivity, accessibility, and adjacency.
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Furthermore, XeoBIM Viewer integrates a 3D BIM model view, a story-based 2D
floor plan view, and a spatial relationship graph view within a unified multi-view inter-
face. Through synchronized interactions between these views, users can explore and un-
derstand complex architectural spaces from multiple perspectives.

The proposed system was validated using real-world IFC building models with dif-
ferent levels of complexity. The results demonstrate that XeoBIM Viewer can effectively
extract spatial and relationship information from IFC data, generate accurate space con-
nectivity graphs, and represent them through synchronized 3D, 2D, and graph-based vis-
ualizations. In particular, the multi-view interaction framework improves both spatial un-
derstanding and analytical efficiency compared to conventional single-view BIM tools.
These findings suggest that BIM viewers can evolve beyond simple visualization tools
into analysis-oriented platforms that support spatial interpretation and decision making.

However, several limitations remain. Because spatial boundary interpretation and
relationship analysis depend on the quality and level of detail of the IFC models, analyti-
cal accuracy may decrease when incomplete or non-standard IFC data are used. Addition-
ally, performance degradation may occur during graph generation and visualization
when processing large-scale building models, indicating the need for further optimization
for real-time applications.

Future research should focus on extending the graph-based quantitative analysis
functions and improving the performance of large-scale model processing. Furthermore,
integration with digital twins, XR environments, and robotic path planning systems could
enable XeoBIM Viewer to evolve into a BIM-based spatial intelligence platform for ad-
vanced architectural and built environment applications.
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