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Abstract

Indoor navigation in complex public buildings requires more than geometric shortest-path
routing. In multi-level station environments, pedestrian movement is shaped by vertical
connectors, access-control elements, semantic origin-destination regions, congestion, and
heterogeneous walking behaviour. Although IFC BIM provides rich geometric and semantic
information about building elements, it is not directly usable as a navigation or pedestrian
simulation model.

This thesis develops and evaluates a reproducible workflow for transforming IFC BIM data
into a semantically enriched 2.5D indoor navigation graph for congestion-aware pedes-
trian routing and simulation. The proposed workflow interprets movement-relevant IFC
semantics, extracts floor-based walkable layers, samples graph nodes, filters obstacles and
restricted areas, models stairs, escalators, elevators, gates, and platform transitions as seman-
tic graph elements, and uses the resulting graph as the substrate for routing and agent-based
simulation.

The workflow is first checked on a simplified two-floor pilot model and then applied to
Dadongmen Station of Hefei Metro Line 1. The final default station graph contains 18,454
nodes and 134,852 edges across the public Platform, Concourse, and Transport levels. A
sparse semantic-light graph variant is also generated to test the effect of graph abstraction.
Six experiments evaluate static routing, congestion-aware replanning, pedestrian-profile ef-
fects, mixed-agent behaviour, algorithm-threshold sensitivity, and demand-load response.

The results show that the default graph supports station-scale routing and controlled 600s
pedestrian simulation. Static routing exposes connector bottlenecks, while congestion-aware
replanning reduces waiting time and peak queue length but can increase mean and high-
percentile travel time. Elderly agents experience substantially higher travel and waiting bur-
dens than normal agents. The sparse graph remains routable, but produces higher waiting,
larger queues, more rerouting events, and earlier demand-load degradation. These findings
indicate that graph connectivity alone is not sufficient; indoor navigation graphs should also
be evaluated through movement-performance metrics.

The thesis demonstrates that IFC-derived station information can be transformed into a
semantically meaningful 2.5D movement substrate for routing, simulation, congestion-aware
replanning, and graph-design evaluation. The results should be interpreted as controlled
methodological validation rather than calibrated operational passenger-flow prediction.
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1. Introduction

1.1. Background and Motivation

Indoor navigation has become increasingly important in large public buildings such as trans-
port hubs, airports, hospitals, and commercial complexes. Compared with outdoor naviga-
tion, indoor movement takes place in enclosed and highly structured environments, where
circulation depends on doors, corridors, stairs, escalators, gates, and oor-to- oor transi-
tions. In these settings, movement is shaped not only by geometry, but also by semantics,
access conditions, and local operational constraints [Isikdag et al., 2013; Open Geospatial
Consortium, 2020].

This challenge becomes more pronounced in multistorey and high-density environments. In
a station, pedestrians do not simply move along a xed shortest path. Their movement is
in uenced by vertical circulation, bottlenecks, directional restrictions, and temporary con-
gestion. A route that is geometrically short may become inef cient in practice if queues build
up at stairs, escalators, or gates. For this reason, indoor navigation models need to support
not only connectivity, but also movement analysis under realistic circulation conditions [Liu

et al., 2021b; Tan et al., 2025].

Indoor navigation does not have to start from BIM alone. Alternative representations can
be derived from oor plans, point clouds, trajectories, or localization-oriented systems, each
with its own advantages and limitations [Han et al., 2023; Fu et al., 2021; Nikoohemat et al.,
2020; Khan et al., 2022]. Floor plans are widely available but usually provide weaker seman-
tics and limited vertical structure. Point clouds can capture detailed as-is geometry, but they
often require substantial reconstruction and semantic interpretation before a usable naviga-
tion model can be obtained. Trajectory- and localization-based approaches are valuable for
operational guidance, but they typically depend on movement traces, sensing infrastructure,
or real-time positioning support.

Building Information Modeling (BIM), and especially the Industry Foundation Classes (IFC),

is used as the starting point of this thesis because it provides structured information about
indoor geometry, building elements, storeys, spaces, and circulation components [Liu et al.,
2021a; Kang and Li, 2017]. In a station environment, such information is relevant because
pedestrian movement depends on vertical connectors, access-controlled transitions, and se-
mantically distinct circulation elements. However, this does not mean that BIM is assumed
to be the only or universally best source for indoor navigation. Rather, the thesis investi-
gates how IFC BIM, when available, can be transformed into a movement-oriented graph
representation for routing and simulation.

However, IFC is not directly a navigation or simulation model. It is a construction-oriented
data model, and before it can be used for pedestrian routing or congestion-aware simulation,
it must be transformed into a navigable representation that preserves movement-relevant
structure while reducing unnecessary geometric detail.
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Figure 1.1.: From construction-oriented BIM to simulation-ready indoor navigation

Against this background, this thesis studies how IFC BIM can be converted into a seman-
tically enriched 2.5D indoor navigation graph for routing and congestion-aware pedestrian
simulation in a complex station environment (see gure 1.1).

1.2. Problem Statement

Although IFC provides rich geometric and semantic building information, it is not imme-
diately suitable for pedestrian routing or simulation. Raw building models contain many
elements that are irrelevant or ambiguous from a navigation perspective, such as techni-
cal spaces, overhead components, facade elements, and objects that do not directly affect
pedestrian movement. At the same time, movement-relevant structures such as stairs, es-
calators, gates, and oor transitions often require explicit interpretation before they can be
represented in a navigation graph.

This creates two closely related problems. The rst is a modelling problem: how to trans-
form complex IFC data into a graph that represents walkable indoor space in a usable and
consistent way. The second is an analysis and design problem: once such a graph has been
built, how to develop it into a representation that supports not only route computation,
but also plausible movement simulation under congestion and heterogeneous circulation
conditions, and how to evaluate its performance in these tasks.

These problems are especially relevant in multi-level station environments, where routing

is shaped by vertical connectors, local bottlenecks, and uctuating pedestrian density. A

useful graph representation must therefore do more than encode adjacency. It must also
capture movement-relevant semantics, support dynamic route adaptation when local condi-

tions change, and remain suitable for controlled routing and simulation analysis.



1.3. Research Aim and Questions

Accordingly, this thesis does not treat graph construction as an end in itself. Instead, it
studies how IFC BIM can be transformed into a semantically enriched navigation graph that
serves as an operational intermediate representation for routing, congestion-aware replan-
ning, and pedestrian movement analysis (see table 1.1).

Table 1.1.: Conventional indoor routing versus the focus of this thesis.

Aspect Conventional indoor routing This thesis

Input data Floor plans, simpli ed layouts, or Multi- le IFC BIM with detailed
pre-built networks geometry and semantics

Representation Static topological or geometric Semantically enriched 2.5D in-
route network door navigation graph

Focus Shortest-path guidance Routing plus congestion-aware

Vertical circulation

Dynamics

Evaluation

Often simpli ed

Usually static cost model

Route correctness or usability

Explicitly modelled

pedestrian movement analysis
through
stairs, escalators, gates, and oor
transitions

Local congestion can
route adaptation

Travel time, waiting, congestion,
and route change under simula-
tion

trigger

1.3. Research Aim and Questions

The objective of this thesis is to develop and evaluate a reproducible work ow that trans-
forms IFC BIM data into a semantically enriched 2.5D indoor navigation graph and uses
this graph for pedestrian routing, congestion-aware simulation, and movement-performance
analysis in a multi-level station environment.

More speci cally, the thesis aims to:

« transform multi- le IFC BIM into a traf c-relevant and semantically enriched 2.5D
indoor navigation graph;

 use the generated graph as a substrate for routing and graph-based pedestrian simu-

lation;

» implement congestion-aware replanning on top of the generated graph; and

 evaluate how graph design, routing strategy, pedestrian prole, and demand level
affect travel time, waiting, queueing, and route adaptation.

This thesis is guided by the following main research question:

How can IFC BIM be transformed into a semantically enriched 2.5D indoor navi-
gation graph and used to support congestion-aware pedestrian routing and sim-
ulation in a multi-level station environment?

The supporting sub-questions are:
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1. How can multi- le IFC BIM data be transformed into a traf c-relevant and semanti-
cally meaningful 2.5D indoor navigation graph?

2. How do graph construction and semantic modelling choices affect the navigability and
movement-performance behaviour of the resulting graph?

3. To what extent does congestion-aware replanning change pedestrian movement per-
formance compared with xed-routing simulation on the generated graph?

4. How do heterogeneous pedestrian pro les in uence travel time, waiting, and conges-
tion patterns in the station environment?

Figure 1.2 summarizes how the main research question is decomposed into sub-questions
and how these sub-questions are linked to the methodological and experimental evidence

used in the thesis.

Figure 1.2.: Research questions, methodological evidence, and validation logic of the thesis.

1.4. Contributions

The main contributions of this thesis are:

« a reproducible work ow for transforming IFC BIM data into a traf c-relevant indoor
navigation representation;
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» a semantically enriched 2.5D graph model that represents walkable space, vertical
connectors, and movement-related constraints;

» a graph-based simulation setup for testing static routing, congestion-aware replanning,
and heterogeneous pedestrian pro les; and

 an experimental evaluation of how graph modelling, pedestrian heterogeneity, congestion-
aware rerouting, and demand thresholds affect movement performance, queue forma-
tion, and simulation robustness.

1.5. Thesis Structure

The remainder of this thesis is organized as follows. Chapter 2 reviews related work on
BIM-based and non-BIM indoor navigation, indoor graph abstraction, walkable-space ex-
traction, graph-based pedestrian simulation, and congestion-aware replanning. Chapter 3
presents the methodology, including the IFC-to-2.5D graph work ow, graph-based simula-
tion logic, congestion-aware replanning, algorithms, and implementation tools. Chapter 4
introduces the simpli ed pilot case used to check the internal correctness of the work ow
before applying it to the full station case. Chapter 5 de nes the experimental design and
validation strategy, including the common simulation setup, evaluation metrics, and exper-
iments used to test static routing, congestion-aware replanning, pedestrian heterogeneity,
algorithm-threshold sensitivity, and building-capacity response. Chapter 6 presents and dis-
cusses the results, including the generated 2.5D navigation graph and the outcomes of the
experimental comparison. Chapter 7 concludes the thesis, answers the research questions,
summarizes the main contributions and limitations, and outlines future work. Appendix A
provides the reproducibility self-assessment.
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2.1. Indoor Navigation Data Sources

Indoor navigation models can be derived from different types of spatial data. This section
rst reviews BIM- and IFC-based approaches, which are central to this thesis, and then com-
pares them with alternative representations such as oor plans, trajectories, point clouds,
and vision- or localization-based systems.

2.1.1. BIM- and IFC-based Indoor Navigation

Building Information Modeling (BIM), and particularly the Industry Foundation Classes
(IFC), has become an important data source for indoor navigation research because it com-
bines detailed building geometry with rich semantic information about spaces, openings,
circulation elements, and functional components. Compared with conventional geometric
oor plans, IFC provides explicit object-level descriptions of architectural elements such as
walls, doors, stairs, and spaces, which makes it attractive for deriving navigation structures
directly from design or as-built building models [Liu et al., 2021a; Isikdag et al., 2013].

Early work in this area emphasized that BIM is not only a geometric model but also a se-
mantic model that can support navigation-oriented reasoning. A representative example is
the BIM-oriented model proposed by Isikdag et al. [2013], who argued that indoor naviga-
tion requires more than metric geometry and should incorporate semantically meaningful
entities such as transitions, access constraints, and user-relevant spatial interpretations. This
perspective remains highly relevant: for indoor routing, a wall is not merely a polygonal
boundary, and a stair is not merely a 3D solid; both must be interpreted according to their
navigational role.

Subsequent studies increasingly focused on transforming IFC into graph-based or space-
based navigation representations. One major line of work converts IFC building elements
into IndoorGML-compatible structures, thereby shifting from construction-oriented object
modeling to navigation-oriented spatial abstraction (see gure B.1). IndoorGML was explic-
itly designed by OGC to represent indoor space for navigation using geometric, topologi-
cal, and semantic relationships rather than detailed architectural components alone [Open
Geospatial Consortium, 2020; Kang and Li, 2017]. In this context, IFC provides the source
semantics, while IndoorGML or graph models provide the navigable abstraction. Tools such
as IFC2IndoorGML demonstrate that IFC-to-IndoorGML conversion is feasible in practice
and can automate part of this transformation pipeline [Diakite et al., 2022].

Another line of research aims to perform path planning directly on simpli ed represen-
tations derived from BIM. For example, Liu et al. [2021a] reviewed IFC-supported indoor
navigation studies and showed that the literature spans route planning, evacuation, accessi-
bility analysis, and emergency response, but also noted that many approaches remain tightly
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coupled to speci ¢ applications or building assumptions. Similarly, lightweight BIM-based
path planning approaches have attempted to reduce the computational burden of operating
on highly detailed BIM models by deriving simpli ed network structures for routing [Liu

et al., 2021c]. These studies highlight a recurring trade-off: the richer the BIM semantics and
geometry, the higher the potential realism, but the greater the need for abstraction before
routing or simulation becomes computationally manageable.

Despite this progress, several limitations remain common in IFC-based indoor navigation
research. First, many studies stop at connectivity extraction, IndoorGML conversion, or
static route computation, and therefore do not fully address how the resulting graph can
support later movement analysis under congestion or heterogeneous circulation conditions
[Liu et al., 2021a]. Second, the semantic richness of IFC does not automatically translate
into navigable space. In practice, substantial preprocessing is required to distinguish public
circulation from technical rooms, overhead objects, facade components, and other elements
that are geometrically present but irrelevant to pedestrian movement. Third, vertical circula-
tion elements such as stairs, escalators, elevators, and gates are often more dif cult to encode
than ordinary horizontal walkable space because they introduce directionality, accessibility
constraints, and potential bottleneck effects.

These limitations help explain both the research gap and the rationale for the present thesis.
For a complex multi-level station environment, BIM is a particularly useful starting point be-
cause it provides explicit representations of storeys, spaces, stairs, escalators, and other cir-
culation elements that are central to pedestrian movement. Compared with representations
that must infer such structure from geometry or observations alone, BIM makes it possible
to build a semantically controlled navigation model earlier and more directly. However, this
advantage is only realized if the BIM is systematically Itered and transformed into a graph
representation that is suitable for movement analysis. The contribution of this thesis is there-
fore not merely to derive connectivity from IFC, but to develop a reproducible BIM-to-graph
work ow in which semantic preprocessing, graph construction, and later congestion-aware
movement analysis are explicitly linked.

2.1.2. Alternative Indoor Navigation Representations

Indoor navigation does not depend exclusively on BIM or IFC. In many practical settings,
detailed building information models are unavailable, incomplete, outdated, or dif cult to
access. As aresult, a substantial body of research has explored alternative indoor navigation
representations derived from oor plans, topological structures, trajectories, point clouds,
and sensor-driven systems. These approaches demonstrate that indoor navigation can be
supported by multiple forms of spatial abstraction, each with different strengths in terms of
geometric delity, semantic richness, update cost, and computational ef ciency (see gure
2.2).

One important family of methods derives navigation structures from architectural oor
plans rather than BIM. In such approaches, the main task is usually to recover navigable
space and topological relations from 2D geometric drawings that contain walls, doors, corri-
dors, and room boundaries, but lack explicit spatial semantics and connectivity descriptions.
For example, Han et al. [2023] proposed a navigation-oriented topological model construc-
tion algorithm for complex indoor space based on building plans, with the goal of recovering
polygonal space entities and their topological relationships. Their work highlights a prac-
tical reality: many indoor environments still rely on oor plans as the primary available
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Figure 2.1.: UML diagram of IndoorGML Navigation module [Open Geospatial Consortium,
2020]



2. Related Work

source, and navigation models must therefore be reconstructed from geometry and inferred
adjacency rather than directly extracted from semantically structured building models.

A related line of work focuses on generating route networks from geometric oor-plan struc-
tures using corridor axes or skeleton-like representations. Lewandowicz and Lisowski [2019]
proposed a modi ed methodology for generating indoor navigation models based on oor
plans and medial-axis-inspired transformations. The appeal of this type of representation
lies in its simplicity: instead of preserving all geometric detail, the navigable environment is
reduced to route-like centerlines or simpli ed corridor structures that are directly suitable
for path computation. However, such representations often work best in corridor-dominant
layouts and may require additional processing to handle wider open areas, irregular spaces,
or complex vertical circulation elements.

Beyond design documents, another class of non-BIM methods reconstructs indoor naviga-
tion graphs from movement data. Fu et al. [2021] presented an automated approach for
constructing indoor 3D navigation graphs from large-scale low-frequency indoor trajecto-
ries without relying on auxiliary building data. Their work ow includes trajectory simpli-
cation, oor-plan extraction, and inter- oor topological connection detection. Trajectory-
driven approaches are attractive when large volumes of positioning traces are available,
because they can capture how people actually move through space rather than how a build-
ing was originally designed. At the same time, the resulting graphs are highly dependent on
trajectory coverage, positioning error, and sampling density, which can limit completeness
in less frequently visited areas or at constrained vertical connectors.

Indoor navigation representations can also be derived from point clouds and reconstructed
building geometry. Nikoohemat et al. [2020] introduced a work ow that reconstructs 3D
building models from indoor point clouds and extracts ne-grained navigation networks
for path planning. Their method additionally reconstructs obstacles and stairs, enabling
multistorey routing based on as-observed spatial structure rather than design semantics.
Point-cloud-based work ows are valuable in scan-rich contexts and for existing buildings
without reliable BIM, but they usually require substantial geometric reconstruction before
a usable navigation structure can be obtained. Compared with BIM-derived methods, they
often begin with richer as-is geometry but weaker native semantics.

A broader stream of research addresses indoor navigation from the perspective of localiza-
tion and user guidance systems rather than explicit building information models. Vision-
based indoor navigation is one clear example. Khan et al. [2022] reviewed the state of the
art in vision-based indoor navigation and showed that indoor navigation systems may also
be organized around image recognition, camera-based localization, marker-based guidance,
or wearable/mobile-device feedback rather than pre-existing architectural models. From
this perspective, the navigation representation is not always a conventional building graph
extracted from spatial data; instead, it may be embedded in localization pipelines, visual
landmarks, or sensor fusion frameworks. Such systems are highly relevant for real-world
navigation services, but they address a somewhat different problem from the one studied in
this thesis, which focuses on deriving a reusable navigation graph directly from building-
scale spatial data (see table 2.1).

Taken together, these non-BIM approaches show that indoor navigation can be supported
by multiple representational paradigms. Floor-plan-based methods are widely applicable

when only drawings are available; trajectory-based methods are data-driven and behavior-
sensitive; point-cloud-based methods are suitable for as-is reconstruction; and vision-based

10






	Introduction
	Background and Motivation
	Problem Statement
	Research Aim and Questions
	Contributions
	Thesis Structure

	Related Work
	Indoor Navigation Data Sources
	BIM- and IFC-based Indoor Navigation
	Alternative Indoor Navigation Representations

	Navigation Graph Modelling
	Indoor Graph Abstraction and Semantic Modelling
	Traversable Space Extraction and Walkability Constraints

	Pedestrian Movement Analysis
	Pedestrian Routing and Graph-based Simulation
	Congestion-aware Routing and Dynamic Replanning

	Research Gap

	Methodology
	Methodological Framework
	IFC semantic interpretation
	2.5D abstraction
	Graph-based pedestrian simulation
	Congestion-aware replanning

	Tools and Implementation Environment
	Code availability and reproducibility material

	Chapter Summary

	Case Study
	Source Data
	Case Selection Rationale
	Spatial Scope
	Origin–Destination Semantics
	Pilot Outputs and Relation to the Full Workflow
	Chapter Summary

	Experimental Design and Validation
	Validation Strategy
	Experimental Setup
	Graph input
	Agent settings
	Routing strategies
	Simulation horizon, time step, and agent status definitions
	Output recording

	Evaluation Metrics
	Graph-level metrics
	Movement-performance metrics
	Congestion and queue metrics
	Robustness and capacity metrics

	Experimental Design
	Experiment A: Baseline Static Routing and Simulation
	Experiment B: Static versus Congestion-aware Replanning
	Experiment C: Single-profile Pedestrian Comparison
	Experiment D: Mixed-agent Simulation with Implemented Pedestrian Profiles
	Experiment E: Algorithm-threshold Sensitivity Analysis
	Experiment F: Building Capacity and Agent-load Threshold Test

	Chapter Summary

	Results and Discussion
	Outputs of the IFC-to-Graph Pipeline
	Resulting 2.5D Navigation Graph
	Experimental Results
	Experiment A: Baseline Static Routing and Simulation
	Experiment B: Static versus Congestion-aware Replanning
	Experiment C: Single-profile Pedestrian Comparison
	Experiment D: Mixed-agent Simulation with Implemented Pedestrian Profiles
	Experiment E: Algorithm-threshold Sensitivity Results
	Experiment F: Building Capacity and Agent-load Threshold Results

	Overall Discussion
	Feasibility of the IFC-to-2.5D graph workflow
	Effectiveness of congestion-aware replanning
	Influence of pedestrian heterogeneity
	Algorithmic sensitivity versus building capacity
	Limitations of the results

	Chapter Summary

	Conclusions and Future Work
	Conclusion
	Answers to the Research Questions
	Main Contributions
	Limitations
	Future Work

	Reproducibility self-assessment
	Marks for each of the criteria
	Self-reflection

	Some UML diagrams
	Statement on the Use of AI-assisted Tools
	GitHub Copilot
	ChatGPT
	Figure-generation support
	Gemini and presentation preparation
	Author responsibility


