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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 floor-to-floor 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 fixed shortest path. Their movement is
influenced by vertical circulation, bottlenecks, directional restrictions, and temporary con-
gestion. A route that is geometrically short may become inefficient 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 floor 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 figure 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 floor transitions often require explicit interpretation before they can be
represented in a navigation graph.

This creates two closely related problems. The first 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 fluctuating 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, simplified layouts, or ~Multi-file 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 simplified

Usually static cost model

Route correctness or usability

pedestrian movement analysis
Explicitly modelled through
stairs, escalators, gates, and floor
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 workflow 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 specifically, the thesis aims to:

¢ transform multi-file IFC BIM into a traffic-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

e evaluate how graph design, routing strategy, pedestrian profile, 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-file IFC BIM data be transformed into a traffic-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 fixed-routing simulation on the generated graph?

4. How do heterogeneous pedestrian profiles influence 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.

Main research question

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

\ v
v v v v
e A
RQ1 RQ2 RQ3 RQ4
IFC BIM - 2.5D Graph design affects Congesltmn-avxlrare Pedestrian
navigation graph movement behaviour? repiannm_g Vf) fixed heterogeneity effects?
routing?

\ l l lg l j
r 3
oo semantic = » : ® ) :

E oo preprocessing Q::\ graphjvarlant. 0/—) stat{c Vs ; \ [ Y S,ng.|e_pr0f,[e
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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 workflow for transforming IFC BIM data into a traffic-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 profiles; 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 workflow, graph-based simula-
tion logic, congestion-aware replanning, algorithms, and implementation tools. Chapter 4
introduces the simplified pilot case used to check the internal correctness of the workflow
before applying it to the full station case. Chapter 5 defines 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.






2. Related Work

2.1. Indoor Navigation Data Sources

Indoor navigation models can be derived from different types of spatial data. This section
first reviews BIM- and IFC-based approaches, which are central to this thesis, and then com-
pares them with alternative representations such as floor 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
floor 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 figure 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 simplified 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 specific 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 simplified 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 difficult 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 filtered 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
workflow 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 difficult to
access. As a result, a substantial body of research has explored alternative indoor navigation
representations derived from floor 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 fidelity, semantic richness, update cost, and computational efficiency (see figure
2.2).

One important family of methods derives navigation structures from architectural floor
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 floor plans as the primary available
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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 floor-plan struc-
tures using corridor axes or skeleton-like representations. Lewandowicz and Lisowski [2019]
proposed a modified methodology for generating indoor navigation models based on floor
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 simplified 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 workflow includes trajectory simpli-
fication, floor-plan extraction, and inter-floor 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 workflow that reconstructs 3D
building models from indoor point clouds and extracts fine-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 workflows 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
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Figure 2.2.: Indoor navigation representations across data sources and abstraction levels

methods are closely tied to real-time localization and user interaction. However, these al-
ternatives also clarify the specific niche of the present thesis. This work is concerned with
the transformation of semantically rich IFC BIM into a simulation-ready 2.5D graph repre-
sentation. Therefore, the goal is not to argue that BIM-based approaches are universally su-
perior, but to show that, for a complex multistorey station environment with heterogeneous
circulation elements and the need for graph-based pedestrian simulation, IFC provides a
particularly strong basis for building a semantically enriched navigation model.

2.2. Navigation Graph Modelling

After a suitable data source has been selected, the next challenge is to transform indoor space
into a representation that is usable for routing and movement analysis. This section reviews
graph abstraction strategies, semantic modelling choices, and the extraction of traversable
space from building geometry.

2.2.1. Indoor Graph Abstraction and Semantic Modelling

Most indoor navigation methods eventually rely on some form of graph abstraction (see ta-
ble 2.2). The reason is practical: raw building geometry is too detailed for efficient routing,
while purely geometric models often do not encode the relations that navigation actually
needs. A graph offers a compact structure in which nodes and edges can represent spaces,
transitions, and movement constraints in a form suitable for path computation and simula-
tion [Open Geospatial Consortium, 2020; Liu et al., 2021a].

The main design question is not whether to use a graph, but how much of the indoor
environment should be preserved in that graph. Some models are strongly topological and
represent rooms, corridors, and doors as abstract connections. These models are efficient,
but they may oversimplify movement in large open areas or around complex circulation
elements. Other models are more geometric and retain visibility, orientation, or local route

11
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Table 2.1.: Typical characteristics of indoor navigation inputs discussed in the literature.

Input type Main available in- Typical additional Common limita- Example refer-
formation processing tion for navigation ences
modelling
IFC BIM Building geometry Semantic filtering Construction- [Liu et al.,
and object seman- and graph abstrac- oriented structure 202la; Isikdag
tics tion is not directly et al, 2013;
navigable Diakite et al.,
2022]
Floor plans 2D layout geom- Connectivity infer- Limited native se- [Han
etry and room ence and transition mantics and weak et al., 2023;
boundaries detection vertical representa- Lewandowicz
tion and Lisowski,
2019]
Trajectories Observed move- Coverage analysis Incomplete spatial [Fu et al., 2021]

Point clouds

Vision / local-
ization systems

ment traces and
implicit route us-
age

As-is 3D geometry

Landmarks, im-
ages, and user
position cues

and graph recon-
struction

Reconstruction,
segmentation, and
obstacle interpre-
tation
Localization, scene
interpretation, and
guidance logic

coverage and de-
pendence on tra-
jectory density
Weak native se-
mantics and heavy
preprocessing

Often focused on
assistance  rather
than reusable
spatial graph con-
struction

[Nikoohemat
et al., 2020]

[Khan et
2022]

al.,
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structure. For example, Zhou et al. [2022] proposed a hierarchical indoor visibility-based
graph to improve route guidance in multi-storey buildings, partly to address the limited
geometric precision of simpler topological models.

IndoorGML formalizes this idea by representing indoor environments through cells, bound-
aries, and their topological relations, while also allowing semantic interpretation and multi-
layer modelling [Open Geospatial Consortium, 2020]. This is important because navigation
is rarely defined by adjacency alone. In practice, the same physical connection may have dif-
ferent meanings depending on use conditions: a stair and an escalator both connect floors,
but they do not impose the same movement cost, directionality, or accessibility constraints.
Graph semantics therefore matter as much as graph topology (see figure 2.3).

Recent work has made this point more explicit. Hamzei et al. [2024] argued that indoor
graph models often separate route computation from richer spatial understanding, and pro-
posed a model that captures both route and configurational information. In a similar vein,
semantics-based network construction methods emphasize that a navigable indoor graph
should encode not only connectivity, but also the functional role of spaces and transitions
[Zhu et al., 2025]. For navigation tasks beyond static shortest paths, this becomes even more
important.

For this thesis, graph abstraction is treated as a modelling step rather than a neutral con-
version step (see figure 2.4). The aim is not simply to extract connectivity from IFC, but to
construct a graph that remains close enough to pedestrian movement conditions while still
being computationally manageable. This is why the graph must carry semantic information
about walkable areas, vertical connectors, gates, directionality, and other movement-relevant
constraints. In other words, the graph is not only a routing structure; it is also the basis for
later pedestrian simulation.

Table 2.2.: Typical graph abstraction strategies in indoor navigation research.

Representation =~ What is typically Typical advantage  Typical limitation Example refer-
represented ences
Room-level Rooms or spaces as Compact structure Coarse treatment of [Open
topological nodes, transitions for route search local circulation and ~ Geospatial
graph as edges open areas Consortium,
2020; Kang
and Li, 2017]
Visibility / ge- Geometric route Better support for More complex con- [Zhou et al,

ometric graph

structure, visibility,
or local line-of-
sight relations

local route realism

struction and higher
geometric sensitiv-

ity

2022, Hamzei
et al.,, 2024]

Grid / raster Regular cells or Simple movement High computational [Xie et al,
model voxels represent- discretization and cost at fine resolu- 2024]

ing traversable local update logic  tion

space
Semantically Walkable floor Balances route Requires explicit [Zhu et al,
enriched 2.5D structure with structure, seman- modelling decisions 2025; Liu
graph explicit connectors tics, and simula- during preprocess- et al., 2021a]

and movement tion usability ing

semantics
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Figure 2.4.: Abstraction ladder from building model to simulation-ready graph

2.2.2. Traversable Space Extraction and Walkability Constraints

A navigation graph is only useful if it represents space that is actually traversable. For
this reason, indoor navigation research often includes an explicit step that converts building
geometry into walkable or free space. This step is not trivial. A building model contains
many elements that define space geometrically but should not become part of the navigation
network, such as facade skins, overhead components, technical rooms, or furniture-like ob-
stacles. The key task is therefore not only to detect connectivity, but to distinguish navigable
space from non-navigable space.

Several studies have approached this problem through free-space extraction. Diakite and
Zlatanova [2016] argued that navigation should be based on the extraction of free space
from BIM rather than on the direct use of building elements alone. Their work shows
that walkable space is better understood as the residual space left after relevant obstacles
and enclosing structures have been considered. This idea is important because it shifts the
modelling focus from objects to movement.

A related issue is that walkability depends on human use conditions rather than geometry
alone. Zhen et al. [2020] proposed a human-oriented method for generating comfortable
navigable space by considering user dimensions and interactions with indoor objects. Their
work makes a useful distinction: a path may be geometrically possible but still too narrow
or inconvenient for realistic movement. In other words, traversability is constrained by
clearance, not just by topological reachability.

Obstacle treatment is therefore central to indoor navigation modelling. Xu et al. [2017]
showed that indoor path planning can change substantially when obstacles are explicitly
considered instead of relying on simplified open-floor assumptions. This matters partic-
ularly in complex interiors, where local objects and partitions influence route availability

15



2. Related Work

and detour cost. Similar observations appear in point-cloud-based reconstruction work-
flows, where obstacle detection is necessary before a navigation model can be derived from
scanned geometry [Nikoohemat et al., 2020].

These studies are directly relevant to this thesis. The graph used here is not generated from
all IFC elements equally. It is built from a filtered representation of public circulation space,
together with movement-relevant barriers and connectors. This means that walkability must
be defined through several constraints: whether a storey or subspace is publicly accessible,
whether a building element acts as a barrier at pedestrian level, whether sufficient clear-
ance is available, and whether doors, stairs, escalators, or gates provide valid transitions.
Traversable space extraction is therefore a core modelling step in the pipeline, not a minor
preprocessing detail.

2.3. Pedestrian Movement Analysis

Once a navigation graph has been constructed, it can be used not only for shortest-path rout-
ing, but also for graph-based pedestrian simulation and adaptive routing under changing lo-
cal conditions. This section reviews work on pedestrian routing, simulation, and congestion-
aware replanning.

2.3.1. Pedestrian Routing and Graph-based Simulation

After a navigation graph is constructed, it can be used in two related but different ways. In
the simpler case, the graph supports route computation between an origin and a destination.
In the broader case, it becomes the movement structure for pedestrian simulation, where
multiple agents move simultaneously, compete for space, and generate local congestion. In
this setting, the quality of the graph is not judged only by connectivity, but also by whether
it supports plausible movement patterns under load (see algorithm 2.1).

Recent work shows a clear shift from static indoor routing toward more dynamic and
simulation-oriented applications. For example, Valizadeh et al. [2024] developed an end-
to-end indoor navigation framework based on BIM, GIS, and augmented reality, where a
graph-based route network is generated from the building model for pedestrian guidance.
Their work still focuses mainly on route generation and guidance, but it reflects the broader
trend that indoor graphs are increasingly treated as reusable operational structures rather
than one-off geometric outputs. Similarly, Zhang et al. [2025] proposed a BIM- and AR-
based indoor navigation system for pedestrians and argued that semantic information is
important for practical route planning and instruction generation.

In parallel, recent evacuation and safety studies have increasingly coupled graph-based rout-
ing with dynamic building conditions. Wong and Lee [2023] presented an indoor naviga-
tion and information-sharing system for collaborative fire emergency response, where route
guidance is linked to changing conditions and participant roles. Tan et al. [2025] proposed a
digital-twin-enabled evacuation guidance framework that updates evacuation routes in real
time according to the current hazard state. These studies are not identical to the present the-
sis, but they show that indoor routing is moving beyond fixed shortest-path analysis toward
adaptive route support under evolving conditions.
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Recent simulation work points in the same direction. Senanayake et al. [2024] reviewed
pedestrian evacuation studies from 2013 to 2023 and showed that agent-based models are
now widely used to represent heterogeneous behaviour, local interactions, and changing en-
vironments. At the same time, newer modelling frameworks increasingly connect routing,
sensing, and digital representations of buildings. For example, Xie et al. [2024] proposed a
voxel-based 3D indoor model for evacuation simulation that explicitly represents navigable
surfaces and vertical connectivity, while Bhardwaj et al. [2024] introduced a 3D indoor navi-
gation framework for fire evacuation dynamics that combines dynamic hazards with indoor
route planning.

For this thesis, the main point is more limited. The graph is not used only to compute one
shortest route, but also to support repeated movement simulation under different scenar-
ios. Agents are assigned origins and destinations, move on the graph in discrete time, and
may experience waiting or rerouting when local congestion emerges. This remains a simpli-
fied form of pedestrian simulation, but it is sufficient for the purpose of this work: to test
whether a semantically enriched 2.5D graph derived from IFC can support both routing and
congestion-aware movement analysis in a complex station environment.

Algorithm 2.1: Conceptual workflow for constructing a simulation-ready indoor
graph from building data

Input: Indoor building data (e.g. IFC BIM, floor plan, or reconstructed geometry)
Output: Navigation graph suitable for routing and movement analysis

1 Identify walkable and non-walkable space;

2 Detect transitions such as doors, stairs, escalators, and gates;

3 Filter irrelevant or inaccessible elements;

4 Construct a navigation graph at a chosen abstraction level;

5 Attach movement-relevant semantics to nodes and edges;

6 Use the graph for route computation or simulation under scenario-specific

conditions;

2.3.2. Congestion-aware Routing and Dynamic Replanning

Static indoor routing assumes that the best path can be determined in advance from a fixed
network and a fixed cost model. This is often sufficient for simple wayfinding, but it is
less suitable once pedestrian density changes over time or local bottlenecks appear. In such
cases, the shortest geometric path may no longer be the fastest or most reliable one. Recent
work therefore treats indoor routing as a dynamic problem in which route cost depends on
current conditions rather than geometry alone [Liu et al., 2021b; Wong and Lee, 2023; Tan
et al., 2025].

A useful distinction is between hazard-aware rerouting and congestion-aware rerouting. In
emergency studies, route updates are often driven by fire, smoke, or other environmental
risks. Recent digital-twin-based systems follow this logic and update evacuation guidance in
real time according to changing building conditions [Tan et al., 2025]. In everyday pedestrian
navigation, however, the main issue may be crowding rather than hazard. Here, rerouting is
triggered by queues, blocked passage, or anticipated delay at downstream connectors (see
figure 2.5).
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Figure 2.5.: Static routing versus congestion-aware rerouting on an indoor graph

This second line is closer to the focus of this thesis. Liu et al. [2021b] studied crowd-aware
indoor path planning and showed that indoor paths should be evaluated by travel time
under crowd conditions rather than by length alone. The general idea is consistent across
this kind of studies: routing should respond to conditions on the network, not only to its
static layout.

For this thesis, congestion-aware replanning is used in a limited but practical sense. Agents
are first assigned routes on the 2.5D graph, but route choice can be revised when local con-
gestion makes the current path less attractive. The purpose is not to model full behavioural
adaptation. It is to test whether a semantically enriched graph derived from IFC can sup-
port basic dynamic rerouting and whether this improves overall movement performance
compared with static routing. This question is directly linked to the experimental compari-
son later in the thesis.

2.4. Research Gap

The literature shows clear progress in indoor navigation from several directions. BIM- and
IFC-based studies have demonstrated that building models provide useful geometry and
semantics for deriving indoor navigation structures. Other work has shown that indoor
routing can also be built from floor plans, trajectories, point clouds, or localization systems.
In parallel, recent studies on dynamic routing and evacuation have moved beyond static
shortest-path computation and started to consider changing indoor conditions.

However, three gaps remain.

First, many BIM-based studies still focus on connectivity extraction, model conversion, or
route generation, while giving less attention to how the resulting graph supports later move-
ment analysis. A navigation graph is often treated as an end product, rather than as a
simulation-ready structure with explicit movement constraints.

Second, the transformation from BIM to navigable graph is often under-specified. In com-
plex buildings, this transformation requires more than extracting doors and room adjacency.
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It also requires filtering public circulation space, handling barriers and overhead objects, val-
idating connectors, and deciding how stairs, escalators, gates, and other circulation elements
should be represented in the graph. These modelling choices can affect route quality and
simulation outcomes, but they are not always discussed in a systematic way.

Third, recent work on dynamic indoor routing has shown the value of real-time or condition-
aware path updates, yet this line of work is often separated from BIM-based graph construc-
tion. As a result, there is still limited work that connects semantically filtered IFC input,
explicit 2.5D graph modelling, and congestion-aware pedestrian simulation within one re-
producible workflow.

This thesis addresses these gaps by developing a pipeline that starts from IFC BIM, con-
structs a semantically enriched 2.5D indoor navigation graph, and then evaluates this graph
through routing and congestion-aware pedestrian simulation in a complex station environ-
ment. The focus is not only on extracting connectivity, but on testing whether the resulting
graph is suitable for movement analysis under realistic circulation constraints.
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3. Methodology

This chapter presents the methodology used in this thesis. Its purpose is to define the
general workflow for transforming construction-oriented IFC BIM data into a semantically
enriched 2.5D indoor navigation graph and for using this graph as the basis for graph-based
pedestrian simulation and congestion-aware replanning.

The chapter does not report experimental results. Instead, it establishes the methodological
basis for the validation work in Chapter 5 and the results in Chapter 6. The central idea is
that the navigation graph is not treated as the final output of the thesis. Rather, it is an inter-
mediate representation that enables movement analysis. The methodology therefore links
three components: semantic interpretation of IFC data, construction of a 2.5D navigation
graph, and graph-based pedestrian simulation under static and congestion-aware routing
strategies.

3.1. Methodological Framework

The proposed workflow can be understood as a transformation from building information
to movement analysis. The input is a multi-file IFC BIM model, which contains detailed
geometric and semantic information about the station environment. The intended output is
a semantically enriched 2.5D indoor navigation graph that can support routing, agent-based
pedestrian simulation, and congestion-aware replanning.

At a high level, the workflow consists of six linked stages. First, the IFC model is interpreted
and filtered from a navigation perspective. This stage identifies relevant building levels,
public circulation areas, barriers, and vertical connectors. Second, walkable geometry is
extracted from the traffic-relevant subset of the BIM data. Third, walkable nodes are sampled
on each selected public level. Fourth, a 2.5D navigation graph is constructed by connecting
nodes within each level and adding explicit inter-level connector edges. Fifth, the graph is
used for origin—destination routing and graph-based pedestrian simulation. Sixth, static and
congestion-aware routing strategies are compared through controlled experiments.

Figure 3.1 illustrates the overall methodological framework. The left part of the work-
flow concerns representation and graph construction, while the right part concerns routing,
pedestrian movement simulation, and evaluation. This distinction is important because the
thesis is not only concerned with whether a graph can be generated from IFC BIM, but also
with whether the generated graph can support meaningful movement analysis.

The methodology is deliberately modular. Each stage produces intermediate outputs that
can be inspected before the next stage is executed. This is necessary because errors in
IFC interpretation, walkable-space extraction, or connector modelling can propagate into
routing and simulation results. The modular structure also supports reproducibility: the
same input data, configuration settings, and processing scripts can be reused to regenerate
the navigation graph and simulation setup.
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3. Methodology

Overall methodological framework from IFC BIM to congestion-aware pedestrian simulation

Methodological workflow
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Figure 3.1.: Overall methodological framework from IFC BIM to congestion-aware pedestrian
simulation. The workflow converts construction-oriented BIM data into a semantically
enriched 2.5D navigation graph and then uses this graph for routing, simulation, and
comparative validation.

3.1.1. IFC semantic interpretation

IFC BIM provides detailed object-level information about building components, but it is
not directly organized as a pedestrian navigation model. Building elements such as walls,
slabs, stairs, spaces, gates, and doors are represented according to construction and asset-
management logic rather than according to pedestrian traversability. Therefore, the first
methodological step is to reinterpret IFC semantics from a movement perspective.

This thesis distinguishes between four navigation-relevant semantic categories. First, storey
information defines the vertical organization of the building and provides the basis for sepa-
rating movement into floor-based layers. Second, walkable surfaces such as public floor slabs
and circulation spaces define where horizontal movement may occur. Third, barriers and
restricted areas such as walls, technical rooms, track areas, and inaccessible spaces define
where movement should be blocked. Fourth, connectors such as stairs, escalators, elevators,
gates, and platform doors define transitions between floors or between functional movement
zones.

This semantic reinterpretation is necessary because the presence of an IFC object does not
automatically indicate its navigation role. A slab may be geometrically present but not
publicly accessible; a wall may act as a hard obstacle; a gate may act as a controlled transition
rather than a simple barrier; and a stair or escalator must be represented as an inter-level
connector rather than as ordinary geometry. Similar issues are discussed in previous BIM-
based indoor navigation studies, where IFC is treated as a rich but construction-oriented
source that must be transformed into a navigation-oriented representation before routing
can be performed [Isikdag et al., 2013; Liu et al., 2021a; Diakite et al., 2022].
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3.1. Methodological Framework

The output of this step is therefore not yet a graph. It is a filtered and movement-oriented
interpretation of the IFC model, in which building elements are classified according to their
role in pedestrian movement. This semantic interpretation provides the basis for walkable-
space extraction and graph construction in the following steps.

3.1.2. 2.5D abstraction

The navigation model in this thesis is represented as a 2.5D graph. This means that hor-
izontal movement is modelled on floor-based walkable planes, while vertical movement is
represented through explicit inter-level connectors. The model is therefore more detailed
than a purely topological room-adjacency graph, but less complex than a full 3D free-space
navigation model (see figure 3.2).

The choice of a 2.5D abstraction follows from the movement structure of multi-level indoor
environments. Pedestrians normally move on floors, platforms, concourses, and corridors,
and change height only through specific elements such as stairs, escalators, and elevators.
Representing the whole building as full 3D navigable space would introduce unnecessary
geometric complexity for graph-based routing and simulation. Conversely, representing the
station as a simple 2D or room-level graph would lose important information about vertical
circulation, connector bottlenecks, and local route choices.

In this thesis, the 2.5D abstraction is defined as follows. Public levels are represented as
two-dimensional walkable layers. Stairs and escalators are represented as sloped connector
chains between layers. Elevators are represented as vertical connectors. Other transition
elements, such as gates or platform doors, are represented as semantic graph elements that
may affect route cost, accessibility, or local capacity. This interpretation is consistent with
the broader idea that indoor navigation requires a graph abstraction that preserves both
topology and movement-relevant semantics [Kang and Li, 2017; Zhou et al., 2022; Hamzei
et al., 2024].

From 3D IFC geometry to 2.5D walkable layers

A key step in the methodology is the conversion from 3D IFC geometry to 2.5D walkable
graph layers. The IFC model contains three-dimensional building elements organized ac-
cording to construction logic. The navigation graph, however, requires a movement-oriented
representation in which horizontal walking is defined on floor surfaces and vertical move-
ment is allowed only through valid connectors. This conversion is therefore not a simple
dimension reduction, but a geometric and semantic filtering process.

The first step is storey interpretation. IFC storeys are used to identify the vertical organi-
zation of the station. Each selected public storey is assigned a representative elevation z;,
where [ denotes the level. In the station case, the public movement levels are treated as
separate horizontal graph layers, while non-public or technical levels are excluded from or-
dinary pedestrian movement unless they are needed for interpreting connector continuity.
This preserves the vertical order of the station while avoiding a full 3D free-space search.

The second step is geometric projection. For each selected level, movement-relevant floor
surfaces are projected to the horizontal xy-plane. A point on a 3D floor surface,

p=(xyz),
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is represented in the corresponding walkable layer as

p=(xy2)

where the horizontal coordinates define the planimetric movement position and z; stores the
level elevation. In this way, the geometry is simplified for graph construction while the level
identity and vertical separation are retained.

The third step is walkable-area derivation. For each public level /, a candidate walkable
polygon W; is obtained from the movement-relevant floor or circulation area P; by removing
barriers and restricted regions:

W; =P\ (BjUR;),

where B represents physical barriers such as walls, columns, and obstacle footprints, and R
represents restricted or non-public areas such as technical rooms, track areas, or other spaces
not intended for ordinary pedestrian movement. Elements that are geometrically present in
the IFC model but irrelevant to pedestrian-level movement, such as overhead components
or facade detail, are ignored in this step.

The fourth step is node sampling and clearance filtering. Candidate nodes are sampled on
each walkable polygon using the selected grid resolution. A candidate node is retained only
if it lies inside the valid walkable area and satisfies the clearance threshold from barriers and
restricted regions. This prevents the graph from placing nodes directly on walls, inside ob-
stacles, or in spaces that are too close to non-traversable geometry. Each retained node stores
its horizontal coordinates, level elevation, level identifier, and semantic attributes. The sam-
pling resolution controls the trade-off between geometric fidelity and computational cost.
In this thesis, 0.5m is used as the default sampling interval for the main graph. This res-
olution is chosen because it provides a human-scale representation of walkable space and
connector surroundings while keeping the graph size manageable for repeated simulation
experiments. A coarser 0.75m sparse graph is generated separately to evaluate the sensitiv-
ity of the results to graph abstraction.

The fifth step is horizontal edge construction. Candidate edges are created between neigh-
bouring nodes on the same level. An edge is retained only if the line segment between the
two nodes stays within the walkable area and does not cross barriers or restricted regions.
This line-of-sight validation prevents the graph from connecting nodes through walls or
across inaccessible spaces.

The final step is connector integration. Stairs and escalators are not flattened into ordinary
floor edges. Instead, they are represented as sloped connector chains between levels. Eleva-
tors are represented as vertical connector relations. For each connector, the lower and upper
endpoints are projected or snapped to the nearest valid graph nodes on the corresponding
levels. The resulting connector edges store connector type, directionality where relevant,
level transition, and movement cost. This allows the graph to preserve the 3D function of
vertical circulation while remaining a 2.5D movement model.

This procedure makes the 2.5D abstraction reproducible. The horizontal part of the graph
is generated from projected and filtered walkable layers, while the vertical part is generated
from explicitly modelled connectors. The result is therefore not a generic 2D projection of
the IFC model, but a semantically filtered 2.5D graph that preserves the movement-relevant
structure of the original 3D station model.
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3.1. Methodological Framework

The main advantage of this abstraction is that it balances geometric detail, semantic richness,
and computational usability. The resulting graph can represent multi-level movement and
connector-specific constraints while remaining compact enough for repeated routing and
agent-based simulation. The graph-construction procedure is summarized in Algorithm 3.1.
The algorithm abstracts the implementation into semantic filtering, walkable-space extrac-
tion, node sampling, connector modelling, and graph validation steps.

Elevator

MOVEMENT OCCURS ON FLOOR-BASED
SURFACES, NOT IN FREE 3D SPACE

Figure 3.2.: Definition of the 2.5D abstraction used in this thesis. Horizontal movement is
represented on floor-based walkable planes, while stairs and escalators are represented as
sloped inter-level connectors and elevators as vertical connectors.

3.1.3. Graph-based pedestrian simulation

After the 2.5D navigation graph has been constructed, it is used as the movement substrate
for pedestrian simulation. In this thesis, simulation is performed on graph nodes and edges
rather than in continuous physical space. Agents are assigned origins and destinations,
compute routes on the graph, and move along graph edges in discrete simulation time.

This modelling choice reflects the purpose of the thesis. The goal is not to reproduce de-
tailed microscopic pedestrian behaviour at the body-interaction level. Instead, the simula-
tion is used to test whether a BIM-derived 2.5D graph can support interpretable movement
analysis. The main observed phenomena are route use, travel time, waiting time, queue
formation, connector load, and route redistribution under congestion.

In the graph-based simulation, each edge represents a possible movement relation. Edge
length, connector type, accessibility, and congestion state can influence movement cost.
Agents may wait when the next node or connector is occupied or when a connector ca-
pacity constraint is reached. This allows the simulation to represent bottlenecks at stairs,
escalators, gates, or other constrained transitions without requiring a full continuous-space
pedestrian model.

Graph-based and agent-based approaches are widely used in indoor routing and evacuation
analysis because they provide a practical link between spatial representation and movement
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Algorithm 3.1: IFC-to-2.5D navigation graph construction

10
11

12

13

14

Input: Multi-file IFC BIM data, selected public levels, grid resolution, clearance
threshold
Output: Semantically enriched 2.5D navigation graph for routing and movement
analysis
Load IFC files and extract storeys, floor surfaces, obstacles, and connector
candidates;
Identify public circulation levels and exclude non-public or technical levels from
ordinary pedestrian movement;
Classify BIM elements into walkable surfaces, barriers, restricted areas, and vertical
or access-control connectors;
Project selected public floor surfaces to level-based xy-walkable layers while
retaining the representative level elevation z;
Derive walkable polygons W; = P; \ (B; U R;) by removing barriers and restricted
areas from public floor areas;
Sample candidate graph nodes inside each walkable polygon using the chosen grid
resolution;
Remove candidate nodes that violate clearance or accessibility constraints;
Connect neighbouring nodes within each level only if the connecting segment
remains inside the valid walkable polygon;
Validate connector candidates such as stairs, escalators, elevators, gates, and
platform doors;
Snap connector endpoints to the nearest valid graph nodes;
Add inter-level connector edges and assign connector type, directionality, and
movement attributes;
Validate graph connectivity and retain the navigation-relevant connected
component;
Attach semantic attributes to nodes and edges, including level, connector type,
accessibility, and movement cost;
Return the semantically enriched 2.5D navigation graph;
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behaviour [Senanayake et al., 2024; Xie et al., 2024; Bhardwaj et al., 2024]. In this thesis, the
graph-based simulator is used as an evaluation layer: it tests whether the constructed navi-
gation graph is useful not only for shortest-path routing, but also for controlled pedestrian
movement analysis.

3.1.4. Congestion-aware replanning

The final methodological component is congestion-aware replanning. Static routing com-
putes a route from an origin to a destination using fixed graph costs. This is useful as a
baseline, but it does not account for congestion that develops during simulation. In a station
environment, fixed shortest-path routing can concentrate many agents on the same stair,
escalator, gate, or corridor, causing local waiting and queue formation.

Congestion-aware replanning extends the static routing model by allowing route choice to
respond to changing network conditions. In this thesis, congestion is represented through
graph-level signals such as node occupancy, connector load, waiting time, and downstream
crowding. These signals can increase the temporary cost of congested parts of the graph
or trigger route recalculation for selected agents. The replanning mechanism therefore tests
whether alternative routes can reduce waiting and queue pressure, even when they are
geometrically longer.

This distinction between geometric shortest path and movement-efficient path is important
for congestion-sensitive indoor environments. Previous studies have shown that indoor
routing should consider crowd conditions and changing local constraints, rather than relying
only on static geometric distance [Liu et al., 2021b; Wong and Lee, 2023; Tan et al., 2025]. The
present thesis adopts this idea in a limited but controlled way: the aim is not to model full
behavioural adaptation, but to evaluate whether a semantically enriched 2.5D graph derived
from IFC can support dynamic route updates.

The comparison between static routing and congestion-aware replanning forms one of the
main experimental tests in Chapter 5. If congestion-aware replanning reduces waiting time
or maximum queue length while maintaining high arrival rates, this indicates that the
graph is suitable for more than static connectivity analysis. It can also support movement-
performance evaluation under changing local conditions. The graph-based simulation and
replanning logic is summarized in Algorithm 3.2. The same 2.5D graph is used for both
static and congestion-aware routing; the difference is whether graph costs and agent paths
are updated during the simulation.

3.2. Tools and Implementation Environment

The implementation of this thesis was carried out in a Python-based environment. The work-
flow combines BIM parsing, geometric processing, graph construction, agent-based simula-
tion, and result visualization. The implementation was organized as a modular pipeline
so that each processing stage could be inspected separately before being used in the next
stage.

Table 3.1 summarizes the main tools used in the thesis and their roles in the workflow.
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Algorithm 3.2: Graph-based pedestrian simulation with congestion-aware replan-

ning

=Y
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10
11

12

13
14

15

16

17

18

19

Input: 2.5D navigation graph, origin-destination pairs, agent profiles, routing

strategy, simulation horizon

Output: Agent trajectories, travel times, waiting times, queue metrics, connector

loads, and reroute counts

Initialize agents with origins, destinations, departure times, and profile-specific
movement parameters;

Compute an initial shortest path for each agent using the static graph cost;

Initialize occupancy, waiting-time, queue-length, and reroute counters;

for each simulation time step do

Spawn agents whose departure time has been reached;

for each active agent do

if the agent has reached its destination then
L Mark the agent as arrived and record travel time;

else

Identify the next node or edge on the agent’s current path;

if movement to the next graph position is feasible under occupancy and
connector-capacity constraints then
| Move the agent to the next graph position;

else
Keep the agent at its current graph position and accumulate waiting
L time;
if congestion-aware routing is enabled and a replanning condition is triggered
then
Update temporary graph costs using local occupancy, connector load,
or downstream congestion;
Recompute the path from the agent’s current position to its
destination;
Increment the agent’s reroute counter;

Record network occupancy, queue length, waiting time, connector load, and
arrival status;

20 Export trajectories and aggregate simulation metrics for experimental comparison;
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3.2. Tools and Implementation Environment

Table 3.1.: Main tools and implementation environment used in the thesis.

Category

Tool or environment

Role in the thesis

Programming environ-
ment

BIM processing
Geometry processing

Graph modelling

Simulation

Data storage

Visualization

Writing and documen-
tation

Python, Visual Studio
Code

IfcOpenShell

Shapely, NumPy

NetworkX

Custom Python scripts

JSON, GeoJSON, CSV

Matplotlib, QGIS, ex-
ported figures

Overleaf, LaTeX

Main development environment for the
IFC-to-graph pipeline, pedestrian simula-
tion, and result processing.

Reading IFC files, accessing BIM enti-
ties, extracting storeys, elements, and
geometry-related information.

Processing floor surfaces, obstacles, walk-
able areas, clearance checks, and geomet-
ric relationships.

Constructing the 2.5D navigation graph,
checking graph connectivity, and comput-
ing shortest paths.

Implementing graph-based pedestrian
movement, occupancy checks, waiting
behaviour, and congestion-aware replan-
ning.

Storing intermediate outputs, graph data,
semantic anchors, trajectories, and experi-
mental metrics.

Producing graph visualizations, route
maps, occupancy summaries, queue plots,
and case-study illustrations.

Thesis writing, figure integration, table
formatting, and bibliography manage-
ment.
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The implementation was developed iteratively. First, a simplified two-floor model was used
to test the basic logic of geometric extraction, node sampling, graph construction, and rout-
ing. After the workflow became stable, the method was transferred to a more complex real
station case. This reduced the risk of directly debugging the full workflow on a large and
irregular BIM dataset.

Al-assisted tools were used in a controlled way during implementation, writing, and figure
preparation. GitHub Copilot supported coding and debugging in Visual Studio Code. Chat-
GPT supported language polishing, structural clarification, LaTeX formatting, figure-caption
improvement, and result-interpretation checking. Al-assisted image generation was used for
some schematic explanatory figures, while Gemini was used for presentation preparation
and visual-communication brainstorming. A detailed statement is provided in Appendix C.
All code, figures, experimental outputs, and interpretations were checked and revised by
the author.

3.2.1. Code availability and reproducibility material

The implementation scripts, configuration files, selected processed outputs, and figure-
generation materials are documented in the project repository and online demonstration

page:

https://github.com/SueWang291826/tud-thesis-showcase
https://suewang291826.github.io/tud-thesis-showcase/index.html

The repository and demonstration material are intended to support inspection of the pro-
cessing pipeline, experiment configuration, and result-generation workflow. They include
the main workflow logic for graph construction, routing, simulation, experiment execution,
and visualization where redistribution is allowed.

The raw Dadongmen Station BIM/IFC data are not redistributed because they originate
from professional project data and were used with permission for academic research only.
Therefore, the public material does not provide the full raw station model. Instead, the
thesis provides methodological descriptions, configuration summaries, selected processed
non-sensitive outputs, and figures sufficient to document the workflow and experimental
results.

3.3. Chapter Summary

This chapter defined the methodological basis of the thesis. It described how construction-
oriented IFC BIM is reinterpreted from a navigation perspective, abstracted into a semanti-
cally enriched 2.5D graph, and then used as the substrate for graph-based pedestrian simu-
lation and congestion-aware replanning.

Two conceptual algorithms were provided to make the workflow explicit: one for IFC-to-
2.5D graph construction and one for graph-based simulation with congestion-aware replan-
ning. The chapter also summarized the implementation environment and clarified the con-
trolled use of Al-assisted tools for coding support and writing refinement.

The next chapter presents the simplified pilot case used to check the internal correctness of
the workflow before the full station-scale experimental setup is introduced in Chapter 5.
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4. Case Study

This chapter presents the simplified two-floor model used as the pilot case study in this the-
sis. The role of this case is not to provide the final experimental validation, but to support the
development and checking of the IFC-to-2.5D graph workflow under controlled conditions.
The model is used to test whether the pipeline can extract walkable space, sample valid
nodes, generate graph edges, represent vertical connection, and compute origin—destination
routes before the method is applied to the full station case in the following chapters.

4.1. Source Data

The source data for this chapter consist of a simplified two-floor indoor model derived from
the author’s previous undergraduate design assignment. The model was selected because
it contains the minimum spatial structure required for testing the proposed workflow: two
connected floor levels, indoor boundaries, walkable areas, obstacles, and a vertical connec-
tor.

The model is not intended to represent a real metro station or to support final quantitative
conclusions. Instead, it is used as a pilot case for methodological testing. Its smaller scale
and clearer geometry make it suitable for visual inspection of intermediate outputs such as
extracted geometry, sampled nodes, graph edges, and cross-level routes.

Table 4.1 summarizes the source data used in this chapter.

Table 4.1.: Source data of the simplified pilot case.

Item Description

Model source Previous undergraduate design assignment by the au-
thor.

Model type Simplified two-floor indoor building model.

Main spatial elements Two walkable floor levels, indoor boundary geometry,
obstacles, and one vertical connector.

Role in the thesis Pilot case for testing the IFC-to-2.5D graph workflow be-
fore applying it to the full station case.

Use in final validation Not used as the final experimental case or as the source
of final quantitative results.

Main outputs Extracted geometry, sampled walkable nodes, horizontal

graph edges, vertical connector edges, semantic OD an-
chors, and example routes.

Data availability Internal academic design model; used only for method-
ological testing and thesis illustration.
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The simplified model is therefore positioned as a methodological pilot. It provides a con-
trolled environment for checking the internal correctness of the workflow before the same
logic is transferred to a more complex station model.

Figure 4.1.: Simplified two-floor model used as the pilot case study. The model provides
a controlled environment for testing walkable-space extraction, vertical connection mod-
elling, and 2.5D graph construction.

4.2. Case Selection Rationale

The simplified two-floor model was selected because it provides a controlled setting for test-
ing the proposed workflow. At the early implementation stage, directly applying the method
to a large and irregular station BIM model would make it difficult to identify whether an
error came from the algorithm, the source geometry, the semantic interpretation, or the com-
plexity of the case. A smaller model makes the behaviour of each processing step easier to
inspect.

The pilot case was selected according to four criteria. First, it contains more than one floor, so
the workflow must handle vertical movement rather than only single-floor routing. Second,
it includes indoor obstacles and walkable areas, so the workflow must distinguish traversable
and non-traversable space. Third, it is simple enough for manual checking of graph outputs.
Fourth, its design origin is known, which makes interpretation of the model easier.

Table 4.2 summarizes the selection logic.
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Table 4.2.: Rationale for using the simplified two-floor model as a pilot case.

Selection criterion

Reason

Methodological relevance

Multi-floor structure

Walkable  and
walkable space

non-

Controlled complexity

Known design origin

Pilot role only

The model contains two con-
nected levels.

The model contains move-
ment areas, boundaries, and
obstacles.

The model is smaller and
cleaner than a full station
BIM model.

The model was created in a
previous undergraduate de-
sign assignment by the au-
thor.

The model is not used for fi-
nal quantitative validation.

Tests whether the work-
flow can represent vertical
movement in a 2.5D graph.
Tests whether the workflow
can separate traversable
and non-traversable space.
Allows intermediate out-
puts to be visually in-
spected and debugged.
The spatial layout and de-
sign intent are known,
making interpretation more
reliable.

Prevents the pilot case from
being over-interpreted as

a real-world simulation re-
sult.

The simplified model is therefore used to verify the basic workflow logic. It is not used to
claim real-world station performance. The full station case and final validation are intro-
duced in the following chapters.

4.3. Spatial Scope

The spatial scope of the simplified model is limited to two connected indoor floors. Each
floor is treated as a horizontal movement layer, while the stair or vertical connection is
treated as an explicit inter-level connector. This follows the same 2.5D modelling principle
defined in Chapter 3, but in a smaller and more controlled spatial setting.

The simplified model includes three main types of spatial elements. The first type is walk-
able floor area, which provides the candidate space for graph node sampling. The second
type is obstacle or boundary geometry, which constrains movement and prevents invalid
graph connections. The third type is the vertical connector, which links the two floor layers
and allows cross-level routing.

Table 4.3 summarizes how the main spatial components are interpreted.

Figure 4.2 shows the main intermediate outputs of the pilot workflow. These outputs are
used to verify whether the workflow behaves correctly at each stage: geometry extraction,
node sampling, graph generation, and cross-level routing.

The purpose of this spatial simplification is not to create a realistic passenger-flow model.
Instead, it allows the assumptions of the 2.5D graph representation to be tested in a trans-
parent way.
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Table 4.3.: Spatial scope of the simplified two-floor model.

Spatial component Interpretation Use in the pilot workflow

Floor 1 Lower horizontal move- Used for walkable-space extrac-
ment layer. tion and graph node sampling.

Floor 2 Upper horizontal move- Used for walkable-space extrac-
ment layer. tion and graph node sampling.

Walkable area Candidate pedestrian Converted into valid graph

Walls or obstacles

movement space.
Non-traversable indoor ge-

ometry.

nodes after filtering.
Used to remove invalid nodes
and prevent graph edges cross-

ing blocked space.

Represented as connector nodes
or connector edges between the
two floor layers.

Ignored or simplified during pi-
lot graph construction.

Inter-level movement ele-
ment.

Stair or vertical con-
nector

Non-essential architec-
tural detail

Geometry not relevant to
pedestrian movement.
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Figure 4.2.: Intermediate outputs of the simplified two-floor pilot workflow: (a) extracted
floor geometry and obstacles, (b) sampled walkable nodes after filtering, (c) generated
graph nodes and edges, and (d) an example cross-level route on the 2.5D representation.
These outputs were used to check the internal correctness of the workflow before applying
it to the full station case.
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4.4. Origin—Destination Semantics

Origin—-destination semantics were defined in the simplified model to test whether graph
routing can operate on meaningful movement targets rather than arbitrary coordinates.
In the pilot case, the origins and destinations are represented by simple semantic anchors
placed on the two floor layers. These anchors represent entry points, exit points, or target
areas in the indoor layout.

The OD anchors are not treated as independent route geometry. Instead, each semantic
anchor is snapped to the nearest valid graph node before route computation. This ensures
that routing is performed on the generated navigation graph rather than on manually drawn
lines. The same principle is later used for the full station case, where entrances, exits,
platforms, concourses, and connector landings are mapped to graph nodes.

Table 4.4 summarizes the OD semantics used in the pilot case.

Table 4.4.: Origin—destination semantics in the simplified pilot model.

Semantic anchor Meaning in the pilot model Role in workflow testing
Lower-floor origin Starting area on Floor 1. Tests route generation from the
lower movement layer.
Upper-floor destina- Target area on Floor 2. Tests  cross-level  routing
tion through the vertical connector.
Upper-floor origin Starting area on Floor 2. Tests reverse or alternative
cross-level movement.
Lower-floor destina- Target area on Floor 1. Tests whether routing works in
tion both movement directions.
Connector anchor Graph node near the stair or Tests whether horizontal graph
vertical connector. layers are correctly linked

through the connector.

Figure 4.3 illustrates the use of semantic anchors and graph-based cross-level routing in the
simplified model.

The OD setup in the simplified model is deliberately minimal. It is used to verify basic rout-
ing correctness: whether a route can be found, whether the route remains inside walkable
space, whether obstacles are avoided, and whether cross-level movement uses the intended
connector. More complex OD demand, agent spawning, and scenario comparison are de-
fined later in the experimental design chapter.

4.5. Pilot Outputs and Relation to the Full Workflow

The simplified model produced several intermediate outputs that were useful for method
development. These include extracted walkable areas, sampled graph nodes, horizontal
graph edges, connector edges, semantic anchors, and example routes. These outputs were
used to check whether the pipeline behaved correctly before it was transferred to the full
station case.
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(a) Semantic OD anchors (b) Snapped cross-level route

Figure 4.3.: Origin—destination semantics in the simplified pilot model: (a) semantic anchors
placed on the 2.5D representation, and (b) an illustrative cross-level route after snapping
the origin and destination anchors to valid graph nodes.

The pilot case helped verify four aspects of the workflow. First, walkable-space extraction
should produce nodes only in valid movement areas. Second, obstacle treatment should pre-
vent graph edges from crossing non-traversable space. Third, the vertical connector should
correctly link the two floor layers. Fourth, routing should produce a continuous path be-
tween semantic origins and destinations.

Table 4.5 summarizes the pilot outputs and their relation to the full workflow.

The simplified model is therefore used as a pilot case, not as the final validation case. Its
value lies in making the workflow inspectable and reducing implementation risk before the
method is applied to a larger and more complex station model.

4.6. Chapter Summary

This chapter introduced the simplified two-floor model used as the pilot case study. The
model was selected because it provides a controlled setting for testing walkable-space ex-
traction, node sampling, 2.5D graph construction, vertical connection modelling, and basic
origin—destination routing.

The chapter also clarified the role of the pilot case in the thesis. The simplified model is not
used for final quantitative validation. Instead, it is used to check the internal correctness of
the workflow before applying the same methodology to the full station case. The next chap-
ter defines the experimental design and validation strategy used for the main evaluation.
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Table 4.5.: Pilot outputs from the simplified model and their relation to the full workflow.

Pilot output

What was checked

Relation to the full workflow

Walkable-space layer

Sampled graph nodes

Horizontal graph edges
Vertical connector
edges

Example OD routes

Basic simulation test

Whether movement areas
were extracted correctly.

Whether nodes were gener-
ated only in valid locations.

Whether local movement
relations were valid within
each floor.

Whether two floors were
correctly connected.

Whether cross-level rout-
ing produced continuous
paths.

Whether agents could
move along graph paths
without structural failure.

Supports the extraction of pub-
lic walkable areas in the full
station case.

Provides the same node-
sampling logic used on public
movement levels.

Provides the same edge-
construction logic used on
each movement level.

Extends to stairs, escalators,
and elevators in the full station
case.

Supports later routing between
entrances, concourses, plat-
forms, and exits.

Forms the basis for static
and congestion-aware simula-
tion experiments.
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5. Experimental Design and Validation

This chapter defines the experimental design used to validate the proposed IFC-to-2.5D
graph workflow and the graph-based pedestrian simulation model, as summarized in Fig-
ure 5.1.

The experimental design is aligned with the research questions introduced in Chapter 1.
First, the experiments test whether the generated 2.5D graph is structurally usable for indoor
routing and simulation, which supports the transformation question in RQ1. Second, they
examine how modelling choices, congestion thresholds, and graph assumptions influence
navigability and simulation behaviour, which supports RQ2. Third, they compare fixed
static routing with congestion-aware replanning, which directly addresses RQ3. Fourth, they
evaluate pedestrian-profile effects through both single-profile and mixed-agent simulations,
which supports RQ4.

In addition to these research-question-driven experiments, the chapter includes a capacity-
oriented stress test. This test does not claim to estimate the official passenger capacity
of the real station. Instead, it examines how the generated station graph and simulation
logic behave when pedestrian demand increases. This provides a robustness check for the
proposed workflow.

The experiments are based on the full station graph generated from the Dadongmen Station
BIM model. The simplified two-floor model introduced in Chapter 4 is used only as a pilot
case for workflow checking. The final experimental validation in this chapter and the results
in Chapter 6 are based on the station-scale graph.

5.1. Validation Strategy

The validation strategy follows the research questions of the thesis. The experiments are
designed to test not only whether a 2.5D graph can be generated from IFC BIM, but also
whether the generated graph is suitable for routing, pedestrian simulation, congestion-aware
replanning, and heterogeneous-agent analysis.

The validation is organized into five levels. The first level concerns graph validity: the
graph must represent public walkable levels, vertical connectors, and OD reachability in a
coherent way. The second level concerns routing validity: the graph must support mean-
ingful route computation between semantically defined origins and destinations. The third
level concerns simulation validity: agents must be able to move, wait, queue, and arrive
under controlled settings. The fourth level concerns comparative movement performance:
congestion-aware replanning should produce interpretable differences compared with static
routing. The fifth level concerns robustness: algorithmic thresholds and increasing demand
should reveal the sensitivity and capacity limits of the proposed workflow.

Table 5.1 summarizes how the validation levels correspond to the thesis questions.
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Figure 5.1.: Overview of the experimental design. The same station-scale 2.5D graph is used
as the input for controlled routing and pedestrian simulation experiments.

Table 5.1.: Validation strategy and relation to the research questions.

Validation level

Main question

Related research ques-
tion

Graph validity
Routing validity
Simulation validity

Comparative
formance

per-
Pedestrian hetero-
geneity

Threshold and ca-
pacity robustness

Does the generated 2.5D graph provide
a coherent routing substrate?

Can OD pairs be routed through public
levels and valid connectors?

Can agents move, wait, queue, and ar-
rive under controlled settings?

Does congestion-aware replanning
change travel time, waiting, queue
length, or connector load?

Do different pedestrian profiles pro-
duce different travel-time, waiting, and
congestion patterns?

How sensitive are the algorithm and
station graph to threshold settings and
increasing demand?

RQ1
RQ1 and RQ2
Main RQ and RQ1

RQ3

RQ4

RQ2, RQ3, and robust-
ness extension
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5.2. Experimental Setup

The experiments are interpreted as controlled methodological validation rather than as fully
calibrated operational passenger-flow prediction. No observed passenger trajectories are
used for calibration. Therefore, the results should be read as evidence that the workflow
can support structured routing and congestion-aware movement analysis, not as a direct
prediction of real passenger behaviour in the station.

5.2. Experimental Setup

All experiments use a common simulation setup unless stated otherwise. The setup defines
the graph input, agent parameters, routing strategies, and output recording procedure. This
common setup allows the experiments to isolate specific modelling choices, such as routing
logic, pedestrian profile, replanning threshold, or demand level.

5.2.1. Graph input

The graph input for the experiments is the semantically enriched 2.5D navigation graph gen-
erated from the Dadongmen Station BIM model of Hefei Metro Line 1 (see figure 5.2 and 5.3).
The original model is professional project data from the author’s previous internship-related
design project. It is used with permission for academic research, but the raw BIM model is
not redistributed.

For the experimental setup, the station is represented as a multi-level public transport en-
vironment. The model contains four relevant levels: Transport, Concourse, Equipment, and
Platform. The Transport, Concourse, and Platform levels are treated as public pedestrian
movement levels. The Equipment level is not used as an ordinary public movement level,
but it may remain relevant for interpreting vertical connector continuity.

Table 5.2 summarizes the station levels used by the experimental graph.

Table 5.2.: Station levels represented in the experimental graph input.

Level ID Level name Public  move- Role in the experimental graph
ment level

F4 Transport Yes Upper public circulation and
station entrance/exit move-
ment.

F3 Concourse Yes Main concourse, circulation,
and access-control movement.

F2 Equipment No Non-public technical level; ex-

cluded from ordinary pedes-
trian simulation.

F1 Platform Yes Platform-side movement and
train-access related destina-
tions.

The graph contains horizontal movement edges on the selected public levels and explicit
connector edges for stairs, escalators, elevators, and other relevant transition elements. The
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5. Experimental Design and Validation

graph is used as a shared base representation for all experiments. Differences between
experiments are introduced through routing logic, pedestrian profile, replanning thresholds,
or demand level rather than by changing the underlying building graph, except where a
sensitivity test explicitly modifies a modelling assumption.

The default graph uses a 0.5 m sampling grid on the walkable layers. This value is selected as
a practical compromise between human-scale spatial detail and computational feasibility. A
finer grid would represent local geometry more densely, but would also increase the number
of nodes and edges and make repeated simulation experiments more expensive. A coarser
grid would reduce computational cost, but could miss local circulation details around stairs,
escalators, gates, and platform-related transitions. The 0.5 m setting is therefore used as the
main graph resolution because it is fine enough to capture station-scale connector geometry
and local movement constraints, while remaining feasible for repeated routing, replanning,
profile, and demand-load experiments.

To test whether this graph-resolution choice affects the results, a sparse semantic-light graph
variant is also generated using a coarser 0.75m grid and a reduced neighbourhood rule.
This variant is not used as the main graph, but as a graph-abstraction sensitivity case in
Experiments E and F.

Figure 5.4 illustrates the semantic origin—destination setup used in the experiments. The OD
regions are attached to valid graph nodes so that routing and simulation are performed on
the generated 2.5D graph rather than on arbitrary point coordinates.

The online project showcase is used as supplementary visual material for presenting the
graph and simulation outputs. It is not treated as a source of scientific evidence separate
from the thesis results. The formal experimental setup and result interpretation are defined
in this chapter and Chapter 6.

5.2.2. Agent settings

Agents represent pedestrians moving on the 2.5D station graph. Each agent is assigned an
origin, a destination, a departure time, a pedestrian profile, and a routing strategy. The
simulation is updated in discrete time steps. At each time step, active agents either move to
the next graph position, wait because of local occupancy or connector-capacity constraints,
or replan if congestion-aware routing is enabled.

The main controlled experiments use 200 agents within a simulation horizon of 600s, cor-
responding to a 10-minute simulation window. This number should not be interpreted as
a direct estimate of the real passenger volume of Dadongmen Station. Publicly available
passenger-flow reports only provide a rough indication of the order of magnitude of metro
use. They indicate that Dadongmen Station is a relevant high-use metro station in the Hefei
metro network, but they do not provide time-resolved station-level counts for the specific
entrances, platforms, directions, or 10-minute intervals used in this thesis [Hefei Yaohai
District Government, 2018; China Metro, 2024; Sina Finance, 2024]. Therefore, it would be
unrealistic to distribute a daily or long-period passenger total evenly over the full operating
day.

In reality, metro demand is strongly time-dependent. A substantial share of passengers is
expected to arrive during the morning and afternoon peak periods, while off-peak periods
have much lower demand. For this reason, the experiments do not treat the 200-agent setting
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Figure 5.2.: General location of Dadongmen Station in Hefei. The figure provides spatial
context for the full station case without disclosing detailed project drawings.
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Figure 5.3.: Exploded-level representation of the station graph input. Public circulation lev-
els are retained for pedestrian simulation, while the Equipment level is excluded from
ordinary pedestrian movement but may remain relevant for connector interpretation.
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Pedestrian Spawn Regions — 3D Overview
Inbound: ENT — PLT | Outbound: PLT — EXIT

OD Regions
A Entrance / Exit gates (n=69)
@® PSDdoors (n=192)

Orange arrows show bidirectional OD flow between gate regions
and platform doors across the stacked floors.

150 -20

Figure 5.4.: Semantic origin—destination setup used for the station-scale experiments. Ori-
gins and destinations are represented as semantic graph regions rather than arbitrary co-
ordinate points, allowing agents to be sampled from entrance, exit, and platform-related
graph nodes.
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as a calibrated estimate of actual passenger flow. Instead, it is used as a controlled 10-minute
demand sample for methodological validation. The purpose is to create enough interaction,
waiting, and connector queueing to test the graph-based simulation and congestion-aware
replanning logic, while avoiding immediate saturation of the model.

Public reports are therefore used only to contextualize the importance of the case study. They
are not used to calibrate the exact simulation demand. Such calibration would require time-
resolved automatic fare-collection data, entrance-level counts, platform counts, connector
queue observations, or video-derived pedestrian trajectories, which were not available for
this thesis.

The demand levels used in the experiments should therefore be interpreted as controlled
scenario loads. Experiments A, B, and E use 200 agents as the main comparison setting. Ex-
periments C and D use 50 agents to isolate pedestrian-profile effects under lower demand.
Experiment F uses 50, 100, 200, 300, and 500 agents to test how the graph responds to in-
creasing demand. This demand sweep is used to examine model behaviour and robustness,
not to claim an official operational capacity of the station.

Table 5.3.: Rationale for the selected agent demand levels.

Agent count Role in the thesis Rationale
50 agents Quick or low-demand Used to verify graph connectivity,
check routing logic, profile implementa-

tion, and simulation stability with
low computational cost.
200 agents Main controlled de- Represents a controlled 10-minute
mand level scenario load, not a calibrated real
passenger-flow estimate. It is large
enough to produce observable wait-
ing, queueing, and connector-load
effects while remaining feasible for
repeated experiments.
300-500 agents Capacity or stress-test Used in the agent-load threshold ex-
range periment to examine how waiting
time, queue length, not-completed
agents, and runtime change under
increasing scenario demand.

The experiments use several pedestrian profiles. The exact numerical parameters are kept
explicit in the experiment configuration so that profile-based comparisons can be repeated.
Table 5.4 summarizes the agent profiles used in the experimental design.

The main comparison experiments keep the agent configuration fixed so that the effect of
routing strategy can be isolated. Profile variation is introduced only in the profile-specific
experiments. This prevents the static-versus-dynamic comparison from being mixed with
unrelated changes in walking speed or accessibility constraints.
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Table 5.4.: Pedestrian profiles used in the experimental design.

Agent profile

Movement interpretation

Use in experiments

Normal pedestrian

Elderly
pedestrian

/  slow

Accessibility-
constrained pedes-
trian

Mixed population

Default walking behaviour and
default graph-edge access.
Lower movement speed, rep-
resenting elderly passengers or
cautious pedestrians.
Restricted or penalized use of
selected connector types, such
as stairs.

Combination of the imple-
mented normal and elderly
pedestrian profiles.

Baseline static and dynamic
routing experiments.
Single-profile comparison and
mixed-agent simulation.

Accessibility-related profile
comparison if supported by
the graph.

Experiment D, used to test in-
teraction between different im-
plemented movement profiles.

5.2.3. Routing strategies

Two routing strategies are evaluated. The first is static routing. In this strategy, each agent
computes a shortest path from its origin to its destination using fixed graph costs. Once
assigned, the route is followed without adapting to congestion. Static routing provides the
baseline condition.

The second strategy is congestion-aware replanning. In this strategy, agents may update
their path during the simulation when congestion makes the current route less favourable.
Congestion can be represented through local occupancy, connector load, waiting time, or
downstream crowding. These signals temporarily increase the cost of congested graph ele-
ments or trigger route recomputation.

Table 5.5 compares the two routing strategies.

Table 5.5.: Routing strategies compared in the experiments.

Strategy Route assignment Purpose

Baseline for route use, travel
time, waiting, and queue for-
mation.

Tests ~ whether  adaptive
routing can reduce waiting,
queue pressure, or connector
overload.

Static routing Initial route is computed once

from fixed graph costs.

Route can be updated when
congestion indicators exceed
selected thresholds.

Congestion-aware re-
planning

The same base graph is used for both strategies. Therefore, differences in the results can be
attributed mainly to routing logic rather than to different spatial representations.

46



5.2. Experimental Setup

5.2.4. Simulation horizon, time step, and agent status definitions

The simulation is executed in discrete time. In the Chapter 6 experiments, the main sim-
ulation horizon is 600s, corresponding to a 10-minute controlled simulation window. The
internal simulation update step is At = 0.5s, while aggregate network outputs such as oc-
cupancy, queue length, connector load, and summary statistics are recorded at a coarser 5s
interval. This distinction allows the movement process to be updated at a relatively fine
temporal resolution while keeping the exported result files compact enough for repeated
experiments.

The 200-agent setting used in the main experiments should therefore be interpreted as a
10-minute controlled demand sample, not as a daily passenger volume or an official peak-
hour demand estimate. Smaller 50-agent runs are used as low-demand or profile-isolation
checks, while Experiment F varies the number of agents to test the demand-load response
of the graph.

Each agent has one of the following simulation states:
® not spawned: the agent has been defined but its departure time has not yet been reached;
¢ active: the agent has entered the graph and is moving or waiting;

e waiting: the agent is active but cannot move to the next graph position because of local
occupancy, connector-capacity constraints, or routing-state constraints;

* completed: the agent has reached its assigned destination before the end of the simula-
tion horizon;

e failed or not completed: the agent has not reached its assigned destination before the
end of the simulation horizon, or no valid route to the destination can be maintained
under the current simulation state.

The term failed agent is used only as a simulation accounting term. It does not represent a
real pedestrian accident or physical failure. In most cases, it means that the fixed simulation
horizon ended before the agent reached its destination, or that the agent became locally
blocked or unable to maintain a valid route under the implemented graph-based movement
rules.

Table 5.6 summarizes the main temporal and demand settings used in the experiments.

5.2.5. Output recording

During each simulation run, the system records both individual-agent outputs and network-
level outputs according to the temporal settings defined in Section 5.2.4.

Table 5.7 summarizes the recorded outputs.

These outputs are stored as structured files and used to generate the tables and figures
reported in Chapter 6.
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Table 5.6.: Simulation horizon, temporal resolution, and demand settings used in the exper-

iments.

Experiment group

Main setting

Interpretation

Experiments A and B

Experiment C

Experiment D

Experiment E

Experiment F

Internal update step

Output recording in-
terval

200 agents, 600s horizon

50 agents
profile runs;
mixed reference
50 agents

for single-
200-agent

200 agents, 600 s horizon

Variable agent numbers

At =05s

5s

Main controlled 10-minute de-
mand sample for comparing static
and congestion-aware routing.
Low-demand profile-isolation runs
plus reference to the main con-
trolled demand level.

Prototype mixed-profile run used
to test interaction between imple-
mented pedestrian profiles.

Fixed demand level used to test
sensitivity to congestion-aware re-
planning thresholds.
Demand-load test used to identify
model-based saturation behaviour
under increasing pedestrian de-
mand.

Simulation state is updated at each
time step.

Aggregate network metrics are ex-
ported at regular intervals for anal-
ysis and visualization.

Table 5.7.: Outputs recorded during simulation.

Output type

Recorded data

Use in evaluation

Agent trajectory
Agent timing
Agent profile
Replanning log
Network occupancy
Connector load

Runtime and comple-
tion

Sequence of graph positions

over time.

Departure time, arrival time,
travel time, and waiting time.
Pedestrian type and profile-

specific parameters.

Replan events and wupdated

routes.

Node, edge, or connector occu-

pancy over time.

Route visualization and
movement checking.

Movement-performance

evaluation.

Profile comparison and
mixed-agent analysis.
Evaluation of dynamic

routing behaviour.
Congestion and queue
analysis.

Use and queueing at stairs, es-
calators, elevators, or gates.
Runtime, arrival rate, Not-
completed agents, and possible
deadlocks.

Bottleneck identification.

Robustness and capacity
evaluation.
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5.3. Evaluation Metrics

The evaluation metrics are grouped into four categories: graph-level metrics, movement-
performance metrics, congestion and queue metrics, and robustness and capacity metrics.
This grouping separates structural graph validity from simulation performance and avoids
treating all outputs as equivalent.

5.3.1. Graph-level metrics

Graph-level metrics 5.8 describe whether the generated station graph is structurally suitable
for routing and simulation. They are used before interpreting movement results.

Table 5.8.: Graph-level metrics.

Metric Meaning Interpretation
Number of nodes Number of sampled or connector Indicates graph size
graph nodes. and movement reso-
lution.
Number of edges Number of horizontal and vertical Indicates graph con-
movement relations. nectivity.
Connected compo- Number and size of graph compo- Checks whether
nents nents. public ~ movement
areas are connected.
Connector count Number of stair, escalator, elevator, or Checks vertical and
gate-related connections. access-control repre-
sentation.
OD reachability Whether selected OD pairs can be con- Checks route feasi-
nected by graph paths. bility.

5.3.2. Movement-performance metrics

Movement-performance 5.9 metrics describe how efficiently agents move through the graph.

5.3.3. Congestion and queue metrics

Congestion and queue metrics 5.10 describe where and how movement becomes constrained.

In this thesis, a longer route is not automatically interpreted as worse. Under congestion-
aware routing, a geometrically longer route may be preferable if it reduces waiting time,
queue length, or connector overload.

5.3.4. Robustness and capacity metrics

Robustness and capacity metrics 5.11 are used in the threshold experiments. They distin-
guish between algorithmic sensitivity and building-capacity behaviour.
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Table 5.9.: Movement-performance metrics.

Metric Meaning Interpretation
Arrival rate Percentage of agents reaching their Indicates  whether
destination. the simulation com-
pletes successfully.
Mean travel time Average time from departure to ar- Measures overall
rival. movement efficiency.

Median and percentile Distribution-aware travel-time statis-
travel time tics.

Path length Length of assigned or travelled graph
path.

Profile-specific travel Travel time grouped by pedestrian

time type.

Shows whether de-
lays affect only a few
agents or the major-
ity.

Measures geometric
routing cost.

Used for pedestrian-
profile comparison.

Table 5.10.: Congestion and queue metrics.

Metric Meaning Interpretation

Mean waiting time Average accumulated waiting time per Measures congestion
agent. exposure.

Maximum queue Largest observed queue at any connec- Indicates bottleneck

length tor or graph location. severity.

Connector load Number of agents using each vertical Identifies dominant
or access-control connector. movement corridors.

Peak occupancy Maximum local occupancy during Indicates local
simulation. crowding pressure.

Reroute count Number of route recalculations. Measures intensity

of dynamic adapta-
tion.

Table 5.11.: Robustness and capacity metrics.

Metric Meaning

Interpretation

Runtime Computational time required for a
simulation run.
Not-completed agents Number of agents not reaching their

destination.

Deadlock count Number of unresolved local blocking
situations.

Threshold response Change in outputs when algorithmic

thresholds are modified.
Demand  saturation Demand level where waiting or failure
point increases sharply.

Measures  algorith-
mic feasibility.
Indicates simulation
or capacity failure.
Indicates robustness
limits.

Measures sensitivity
of replanning rules.
Estimates build-
ing graph capacity
under the model
assumptions.
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5.4. Experimental Design

The experimental design consists of six experiments (see Figure 5.5). Their order follows
the logic of the research questions. Experiment A first establishes whether the generated
graph can support baseline static routing and simulation. Experiment B then compares
fixed routing with congestion-aware replanning. Experiments C and D evaluate pedestrian
heterogeneity: Experiment C tests the implemented profiles separately, while Experiment D
combines the implemented normal and elderly profiles in one mixed-agent scenario. Exper-
iments E and F test two different kinds of thresholds: algorithmic thresholds and demand-
load thresholds.

This distinction between the two threshold experiments is important. Experiment E evalu-
ates the sensitivity of the replanning algorithm by varying parameters such as waiting-time
trigger, occupancy threshold, congestion weight, or replanning interval. Experiment F eval-
uates the response of the station graph to increasing pedestrian demand by varying the
number of agents or spawn intensity. In other words, Experiment E tests the behaviour of
the algorithm, while Experiment F tests the behaviour of the building graph under increas-
ing scenario load.

Table 5.12 summarizes the relationship between the experiments and the research ques-
tions.

Experimental design matrix

r 7 a
A. Static baseline B. Static vs dynamic C. Single-profile comparison
® Static (fixed route) 1 Dynamic (replanned) N&eal Elderly
- > | @—>—>9—0
O i ! 1 \ 4 @
o Y o« iz |
e ® L. . "]

Variable:  baseline / no variable changed Variable:  routing strategy Variable:  pedestrian profile

Purpose:  Check fixed-route movement and bottlenecks Purpose:  Evaluate congestion-aware replanning Purpose:  Isolate profile effects

Outputs:  arrival, travel time, waiting, queue Outputs:  waiting reduction, queue reduction, reroutes Outputs: travel time, waiting, completion
L3 J | &
( ) N

D. Mixed-agent simulation E. Algorithm thresholds F. Demand-load test
® Time threshold ®
ﬁ ﬂk g f || ——e PUR S WM‘ i
ueue threshol 'R R " A‘
Y Detour cost threshold .
Increasing demand (load)

Variable:  profile mixture Variable:  replanning thresholds Variable:  number of agents

Purpose:  Test heterogeneous population Purpose:  Test algorithm sensitivity Purpose:  Identify model-based saturation

Outputs:  profile-specific movement burden Outputs:  waiting, queue, reroutes, runtime Outputs: ~ arrival rate, not-completed agents,

queue growth
\ J J J
¢ Controlled where possible: graph, OD logic, simulation horizon, and output metrics. }

L

Figure 5.5.: Overview of the six experiments used in the validation. Experiments A-D eval-
uate routing and pedestrian-profile behaviour, while Experiments E-F test algorithmic
thresholds and demand-load response.
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Table 5.12.: Relationship between experiments and research questions.

Experiment Main purpose Related research question
A Establish a static-routing and simula- RQ1
tion baseline on the generated graph.
B Compare fixed static routing with RQ3
congestion-aware replanning.
C Test each implemented pedestrian pro- RQ4
file separately.
D Test the implemented normal and el- RQ4

derly pedestrian profiles together in a
mixed-agent scenario.
E Test the sensitivity of congestion- RQ2 and RQ3
aware replanning to algorithmic
thresholds and graph abstraction.

F Test the response of the station graph RQ2, RQ3, and robustness
to increasing controlled scenario de- extension
mand.

5.4.1. Experiment A: Baseline Static Routing and Simulation

Experiment A 5.13 establishes the baseline condition. All agents use static shortest-path
routing on the generated station graph. Routes are computed once before or at departure,
and no congestion-aware replanning is allowed during movement.

The purpose of this experiment is to answer a basic validation question: what movement
pattern emerges when agents follow fixed shortest paths on the generated 2.5D graph? The
results from this experiment provide the reference condition for all later comparisons.

Table 5.13.: Design of Experiment A.

Item Setting

Graph input Full station-scale 2.5D navigation graph.

Routing strategy Static shortest-path routing.

Replanning Disabled.

Agent profile Default pedestrian profile unless otherwise specified.

Main outputs Arrival rate, travel time, waiting time, queue length, con-
nector load, and route pattern.

Purpose Establish baseline movement behaviour and identify bot-

tlenecks under fixed routing.

5.4.2. Experiment B: Static versus Congestion-aware Replanning

Experiment B 5.14 is the main comparative experiment for congestion-aware routing. It com-
pares static routing with congestion-aware replanning under the same graph, OD demand,
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agent number, and pedestrian profile settings. The purpose is to isolate the effect of dynamic
route adaptation.

In the static condition, agents keep their initially assigned routes. In the congestion-aware
condition, agents may replan when selected congestion indicators exceed predefined thresh-
olds. These indicators may include waiting time, local occupancy, connector load, or down-
stream congestion.

Table 5.14.: Design of Experiment B.

Item Setting

Compared conditions Static routing versus congestion-aware replanning.

Controlled variables Graph input, OD demand, number of agents, departure
pattern, and pedestrian profile.

Main variable Routing logic.

Replanning indicators Waiting time, local occupancy, connector load, or down-
stream congestion.

Main outputs Travel time, waiting time, maximum queue, connector
load, route redistribution, and reroute count.

Purpose Test whether congestion-aware replanning improves

movement performance compared with fixed routing.

The expected improvement is not necessarily a shorter geometric route. A congestion-aware
route may be longer but still perform better if it reduces waiting time, queue length, or
connector pressure.

5.4.3. Experiment C: Single-profile Pedestrian Comparison

Experiment C 5.15 evaluates the effect of individual pedestrian profiles. Unlike Experiment
D, which mixes multiple profiles in one simulation, Experiment C tests each implemented
profile separately. This makes it possible to observe the direct effect of profile parameters
such as walking speed or connector restrictions.

The purpose of this experiment is to determine whether different pedestrian profiles change
route feasibility, travel time, waiting time, or connector use when tested under comparable
conditions.

5.4.4. Experiment D: Mixed-agent Simulation with Implemented
Pedestrian Profiles

Experiment D 5.16 evaluates the combined effect of all implemented pedestrian profiles in
one mixed-agent simulation. This experiment is different from Experiment C. Experiment C
isolates one profile at a time, while Experiment D tests whether multiple pedestrian types
interact within the same movement scenario.

The mixed-agent setting is closer to a realistic station population than a single-profile sim-
ulation. It can show whether slower or accessibility-constrained agents only affect their
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Table 5.15.: Design of Experiment C.

Item Setting

Compared profiles Each implemented pedestrian profile is tested separately.

Controlled variables Graph input, OD demand, routing strategy, and demand
level.

Main variable Pedestrian profile parameters.

Possible profiles Normal pedestrian, slow pedestrian, and accessibility-
constrained pedestrian if implemented.

Main outputs Arrival rate, travel time, waiting time, path length, con-
nector use, and profile-specific bottlenecks.

Purpose Test how individual pedestrian profiles influence move-

ment outcomes.

own travel times, or whether they also influence global congestion, queue formation, and
connector use.

Table 5.16.: Design of Experiment D.

Item Setting

Agent composition Combination of the implemented normal and elderly
pedestrian profiles.

Controlled variables Graph input, OD demand, routing strategy, and total de-
mand level.

Main variable Population composition and interaction between profiles.

Main outputs Travel time by profile, waiting time by profile, queue ex-
posure, connector use, arrival rate, and global congestion
pattern.

Purpose Test whether mixed pedestrian types change collective

movement outcomes.

This experiment supports the pedestrian heterogeneity component of the thesis. It is not
intended to fully calibrate real passenger demographics, but to test whether the graph-based
simulation can represent profile-dependent movement effects.

5.4.5. Experiment E: Algorithm-threshold Sensitivity Analysis

Experiment E 5.17 tests how selected algorithmic thresholds influence congestion-aware re-
planning behaviour. This experiment supports RQ2 because threshold choices are part of
the modelling design of the graph-based simulation, and it also supports RQ3 because these
thresholds directly affect whether dynamic replanning improves movement performance.

The tested thresholds concern the decision rules used by the congestion-aware algorithm.
Possible parameters include waiting-time trigger, occupancy threshold, downstream look-
ahead distance, congestion-weight coefficient, connector-load threshold, and replanning in-
terval. These parameters determine when a route is considered congested enough to justify
replanning and how strongly congestion modifies temporary route cost.
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Table 5.17.: Design of Experiment E.

Item Setting

Experiment type Algorithm-threshold sensitivity analysis.

Tested object Congestion-aware replanning rules.

Possible variables Waiting-time trigger, occupancy threshold, congestion

weight, look-ahead distance, connector-load threshold,
and replanning interval.

Controlled variables Graph input, OD demand, agent profile, and total de-
mand level.

Main outputs Reroute count, waiting time, travel time, maximum
queue, runtime, and route stability.

Purpose Identify whether the replanning algorithm is stable or

overly sensitive to threshold choices.

A threshold setting is considered problematic if it causes excessive replanning, unstable
route switching, high runtime, or no meaningful reduction in waiting and queue pressure.
The purpose is therefore not to find a universally optimal parameter value, but to examine
whether the proposed replanning logic is stable within a reasonable parameter range.

5.4.6. Experiment F: Building Capacity and Agent-load Threshold Test

Experiment F 5.18 tests how the generated station graph responds to increasing pedestrian
demand. This experiment is included as a robustness and stress-test extension to the main
research questions. It does not estimate the official design capacity of Dadongmen Station.
Instead, it identifies the demand level at which the graph-based simulation begins to show
sharp increases in waiting time, queue length, connector saturation, Not-completed agents,
or runtime.

This experiment is different from Experiment E. Experiment E changes algorithmic thresh-
olds while keeping pedestrian demand fixed. Experiment F changes the number of agents
or the spawn intensity while keeping the routing and threshold settings fixed. The purpose
is to distinguish algorithmic sensitivity from building-load sensitivity.

The threshold identified in this experiment is interpreted as a model-based saturation point
under the assumptions of the graph and simulation settings. It depends on graph resolution,
connector-capacity assumptions, agent behaviour, and demand definition. It is therefore
useful for comparing demand scenarios, but it should not be interpreted as a calibrated
passenger-capacity assessment of the real station.

5.5. Chapter Summary

This chapter defined the experimental design used to validate the proposed workflow against
the research questions. The experiments use the full station-scale 2.5D graph as their com-
mon input and evaluate it through graph-level, routing, simulation, congestion, robustness,
and capacity metrics.
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Table 5.18.: Design of Experiment F.

Item Setting

Experiment type Building capacity and agent-load threshold test.

Tested object Station graph response under increasing pedestrian de-
mand.

Main variable Number of agents or spawn intensity.

Controlled variables Graph input, routing strategy, pedestrian profile compo-
sition, and connector-capacity assumptions.

Demand levels Low, medium, high, and stress-test demand settings.

Main outputs Arrival rate, mean travel time, mean waiting time,

maximum queue, connector saturation, Not—completed
agents, deadlock count, and runtime.

Purpose Identify the demand level at which movement perfor-
mance degrades sharply.

Experiment A provides the static-routing baseline and supports the validation of the gen-
erated graph. Experiment B directly addresses the congestion-aware replanning question
by comparing fixed routing with dynamic route adaptation. Experiments C and D address
pedestrian heterogeneity by testing profiles separately and in a mixed-agent scenario. Ex-
periment E evaluates the sensitivity of the replanning algorithm to threshold settings, while
Experiment F tests the response of the station graph to increasing pedestrian demand. The
next chapter reports and discusses the results in the same order.
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This chapter presents and discusses the results of the proposed IFC-to-2.5D graph workflow
and the associated pedestrian simulation experiments. The structure follows the validation
logic defined in Chapter 5. First, the chapter reports the outputs of the IFC-to-graph pipeline
and the resulting station-scale 2.5D navigation graph. It then presents the experimental re-
sults for static routing, congestion-aware replanning, pedestrian-profile comparison, mixed-
agent simulation, algorithm-threshold sensitivity, and building-capacity testing.

The purpose of this chapter is not only to report numerical outputs, but also to interpret
what these outputs indicate about the usability of the generated graph. The results are
therefore discussed in relation to the research questions introduced in Chapter 1: whether
IFC BIM can be transformed into a traffic-relevant indoor navigation graph, whether graph
and semantic modelling choices affect simulation usability, whether congestion-aware re-
planning improves movement performance, and how pedestrian heterogeneity influences
travel time, waiting, and congestion.

The results should be interpreted as controlled methodological validation rather than as
calibrated operational prediction. The simulation is not calibrated against observed passen-
ger trajectories, and the raw station BIM data are not publicly redistributed. Therefore, the
numerical results are used to evaluate the behaviour of the proposed workflow under con-
trolled assumptions, not to claim official passenger-flow capacity or real-time operational
performance for the station.

6.1. Outputs of the IFC-to-Graph Pipeline

The first part of the result analysis concerns the intermediate outputs of the IFC-to-graph
pipeline. These outputs are important because the proposed method is not a direct conver-
sion from IFC geometry to a navigation graph. Instead, the workflow proceeds through a
sequence of explicit processing steps, including IFC loading, geometry extraction, walkable-
space sampling, 2.5D graph construction, semantic OD definition, simulation, and evalua-
tion.

The repository audit confirms that the pipeline is organized as a seven-step workflow. The
main scripts are step0O_load.py, stepl_geometry.py, step2_sampling.py, step3_graph.py,
stepd_routing.py, step5_experiments.py, and step6_evaluate.py. This modular struc-
ture makes the workflow inspectable: each stage produces intermediate outputs that can be
checked before the next stage is executed.

For the final station case, the pipeline produced a station-scale 2.5D graph, semantic OD re-
gions, and simulation-ready agent samples. The graph was exported as navigation_graph.gpickle,
while node and edge layers were also exported as GeoJSON files by edge type, including
floor, stair, escalator, elevator, fare-gate, platform-door, entrance, and anchor-snap edges.
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These outputs indicate that the final graph is not a generic geometric network, but a movement-
oriented representation with explicit semantic and connector structure.

Table 6.1 summarizes the main outputs used in the Chapter 6 evaluation. Figure 6.1 provides
a visual overview of the same pipeline stages.

Table 6.1.: Main outputs of the IFC-to-graph pipeline used for the Chapter 6 evaluation.

Output category

Value

Role in the workflow

Final graph file

Node export

Edge exports

Public movement levels

Connector elements

Semantic OD regions

navigation_graph.gpickle

nodes_all.geojson

edges_*.geojson

F1, F3, F4

4 stair chains, 6 escalator
units, 1 elevator shaft

Entrance: 69 nodes; Exit:
69 nodes; Platform: 192

NetworkX graph used as the sub-
strate for routing and simulation.
Spatial representation of all graph
nodes with level and type at-
tributes.

Edge layers separated by type,
including floor, connector, en-
trance, fare-gate, and platform-
door edges.

Floor-based layers used for ordi-
nary pedestrian movement.
Explicit inter-level movement ele-
ments in the 2.5D graph.
Origin—destination regions used
for route assignment and simula-

nodes tion.

Sampled agents 200 agents Main simulation demand used in
the station-scale baseline and dy-
namic comparison.

OD flow split 90 entrance-to-platform; Directional passenger-flow as-

110 platform-to-exit sumptions used for the main

simulation scenarios.

The key result of this stage is that the station model was transformed into an auditable
graph-processing pipeline. The intermediate outputs allow errors in semantic filtering, con-
nector representation, OD definition, or graph construction to be detected before simulation.
This is important because the later experimental results depend on the structural correctness
of the generated graph.

6.2. Resulting 2.5D Navigation Graph

The final output of the graph-construction stage is a station-scale 2.5D navigation graph. The
graph represents public pedestrian movement on floor-based layers and preserves vertical
circulation through explicit connector edges. In the final default graph, the public movement
structure is represented on the Platform level (F1), Concourse level (F3), and Transport level
(F4), with additional connector nodes for stairs, escalators, and elevators.

The resulting default graph contains 18,454 nodes and 134,852 edges. Most nodes are floor
nodes, but the graph also contains semantic and connector-related nodes, including entrance
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Figure 6.1.: Main intermediate outputs of the station-scale IFC-to-graph pipeline. The work-
flow converts construction-oriented BIM information into movement-relevant graph lay-
ers, connector representations, and semantic OD regions before routing and simulation

are performed.
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nodes, platform-door nodes, stair-step nodes, escalator-step nodes, elevator nodes, and fare-
gate nodes. The edge set is similarly differentiated, with floor edges forming the majority of
local movement relations and connector edges representing stairs, escalators, elevators, fare
gates, entrances, platform doors, and anchor-snap links.

Table 6.2 summarizes the node distribution by level, while Table 6.3 summarizes the main
edge types. Figure 6.2 provides an overall multi-level view of the generated 2.5D station
graph and illustrates how the public floor layers are connected by escalators, elevators, and
stairs. Figures 6.3 and 6.4 then provide enlarged level-specific views of the default graph and
the sparse semantic-light graph variant. Figure 6.5 summarizes the main graph statistics.

Table 6.2.: Node statistics of the resulting default 2.5D navigation graph.

Graph component Nodes Interpretation

Platform level (F1) 4,001 Lower public movement layer
associated with platform-side
movement.

Concourse level (F3) 5,403 Main distribution and access-
control movement layer.

Transport level (F4) 8,714 Upper public circulation and en-
trance/exit movement layer.

Stair nodes 190 Explicit stair-step and stair-chain
representation.

Escalator nodes 146 Explicit ~ escalator-step  and
escalator-chain representation.

Total 18,454 Final retained station-scale de-

fault graph.

Table 6.3.: Main edge types in the resulting default 2.5D navigation graph.

Edge type Edges Interpretation

Floor 132,614 Horizontal movement relations on
public levels.

Anchor-snap 384 Links between semantic anchors and
graph nodes.

Platform-door 384 Platform-side access or transition
edges.

Stair 388 Stair-based vertical movement edges.

Escalator 304 Escalator-based vertical movement

Elevator and elevator- 600
related

edges.

Elevator-door, elevator-interior, and
elevator movement relations.
Access-control transition edges.
Entrance-related graph connections.

Fare gate 40
Entrance 138
Total 134,852

Complete edge set used for routing
and simulation.

The default 0.5m grid is used as the main graph resolution. The sparse semantic-light
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graph, based on a 0.75m grid, is used as a controlled abstraction variant. The purpose is not
to identify a universally optimal resolution, but to test whether reducing graph density and
semantic support changes routing and simulation behaviour.

Table 6.4.: Default graph and sparse semantic-light graph variant used in the graph-design
sensitivity analysis.

Graph setting Nodes  Edges Design interpretation

Default graph 18,454 134,852 0.5m grid, 8-neighbour floor links,
explicit entrance/platform seman-
tics, and blind-path stitching en-

abled.
Sparse semantic-light 8,639 31,672 0.75m grid, 4-neighbour floor
graph links, no blind-path stitching, and

entrance/platform semantics re-
duced to boundary fallback re-
gions.

Figure 6.2 illustrates the overall 2.5D character of the representation. Horizontal movement
is modelled on floor-based graph layers, while vertical movement is constrained to explicit
connector elements. This distinguishes the graph from a full 3D free-space model: agents
do not move freely through the volume of the station, but move across walkable layers and
between levels only through stairs, escalators, and elevators.

The enlarged views in Figure 6.3 show the spatial distribution of the default graph and the
sparse graph on each public movement level. These views are included because the complete
graph is dense, and a compact overview alone makes it difficult to inspect the local structure
of the generated graph.

Figure 6.4 shows the corresponding views for the sparse semantic-light graph. Compared
with the default graph, this variant has fewer graph nodes, fewer local floor connections,
and smaller semantic OD regions. The comparison visually supports the later graph-variant
experiments by showing that the sparse graph is not merely a smaller file, but a different
movement substrate.

The default graph is fully connected according to the graph summary, meaning that the
retained public movement structure forms a single connected component. This is a necessary
condition for simulation because agents must be able to move between semantic origins and
destinations without encountering disconnected graph islands. The semantic OD regions
also have sufficient node support in the default graph: the entrance and exit regions each
contain 69 graph nodes, while the platform region contains 192 graph nodes. These regions
provide a basis for sampling agents and assigning route directions.

Overall, the graph statistics indicate that the workflow produces more than a simple abstract
topology. The default graph preserves floor-based movement, semantic access elements, ex-
plicit vertical connectors, and sufficiently large OD regions for station-scale simulation. The
sparse graph remains connected and routable, but it deliberately reduces graph density and
semantic support. This contrast provides the basis for testing whether graph construction
choices affect simulated movement performance in Experiments E and F.
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Figure 6.2.: Multi-level 2.5D station view of the generated navigation graph. The figure
shows the three public movement levels (F1, F3, and F4) together with the main vertical
connector types, including escalators, elevators, and stairs. It illustrates the overall 2.5D
representation used for routing and pedestrian simulation.
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Figure 6.3.: Enlarged level-specific views of the default station-scale 2.5D navigation graph.
The views show the spatial distribution of graph nodes, floor-level connections, and
connector-related graph structures on the three public movement levels.
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Figure 6.4.: Enlarged level-specific views of the sparse semantic-light graph variant. Com-
pared with the default graph, this variant is coarser and has weaker semantic OD support,
which is later reflected in the graph-variant simulation results.
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6.3. Experimental Results

This section presents the experimental results in the order defined in Chapter 5. The first
experiment establishes a static-routing baseline. The second compares static routing with
congestion-aware replanning. The third evaluates single-profile pedestrian behaviour. The
fourth tests a mixed-agent scenario using the pedestrian profiles implemented in the current
simulation prototype.

The results should be interpreted as controlled simulation outputs rather than calibrated
operational predictions. The experiments use the generated station graph and the imple-
mented agent-based movement logic to test whether the graph can support interpretable
routing, waiting, queueing, replanning, and profile-sensitive movement analysis.

To avoid ambiguity in the interpretation of the experiment tables, several terms are used
consistently throughout this chapter. Completed agents are agents that reach their assigned
destination before the end of the simulation horizon. Not-completed agents are agents that do
not reach their assigned destination within the fixed simulation horizon, or agents for which
no valid route can be maintained under the implemented graph-based movement rules. In
some exported files, this category may appear as “failed”, but in the thesis it is interpreted
only as not-completed within the simulation horizon. It is a simulation accounting category,
not a real-world failure event.

Arrival rate is the ratio of completed agents to spawned agents. Mean travel time is computed
for completed agents and measures the time between departure and arrival. Mean waiting
time is the accumulated time during which agents are active but unable to move because
of occupancy, connector capacity, or routing-state constraints. Maximum queue reports the
largest observed queue at a connector or constrained graph location. Reroute events count
the number of path recalculations triggered under congestion-aware routing. Runtime refers
to computational runtime and should not be confused with the simulated 600s movement
horizon.

6.3.1. Experiment A: Baseline Static Routing and Simulation

Experiment A establishes the static-routing baseline for the station-scale default graph. In
this experiment, 200 agents are simulated over a 600s horizon using static shortest-path
routing. This corresponds to the main controlled 10-minute demand sample defined in
Chapter 5. Routes are assigned using the initial graph costs and are not updated during the
simulation. The purpose of this experiment is to identify the movement pattern produced
by fixed shortest-path assignment before congestion-aware replanning is introduced.

The baseline result is summarized in Table 6.5. Out of 200 agents, 195 completed their trips
and 5 did not reach their assigned destination within the fixed simulation horizon or could
not maintain a valid route under the implemented movement rules. The resulting arrival
rate is 97.5%. The mean travel time is 185.47 s, while the 95th percentile travel time reaches
280.05s. This indicates that the generated graph supports station-scale OD movement, but
that part of the simulated population experiences substantially longer trips.

Waiting time is a major component of the baseline movement pattern. The mean waiting
time is 68.54s and the maximum waiting time reaches 321.0s. The peak connector queue
reaches 53 agents. The dominant bottleneck is the connector stair_881419_F3_F4_r0_s0,
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with 139 agent crossings. This confirms that fixed shortest-path routing concentrates a large
share of the demand on a limited number of vertical connectors.

Table 6.5.: Results of Experiment A: baseline static routing and simulation.

Metric Value Interpretation

Routing mode Static Fixed shortest-path routing.

Number of agents 200 Main controlled 10-minute
demand sample.

Completed agents 195 Agents reaching their as-
signed destinations.

Not-completed agents 5 Agents not reaching their
destination within the fixed
simulation horizon or unable
to maintain a valid route.

Arrival rate 97.5% High but not complete trip
completion.

Mean travel time 185.47 s Average trip duration for
completed agents.

Median travel time 188.74s Typical trip duration.

95th percentile travel time 280.05s Delay experienced by the
slowest completed agents.

Mean waiting time 68.54 s Average accumulated wait-
ing burden.

Median waiting time 56.50s Typical waiting burden.

Maximum waiting time 321.0s Worst  individual waiting
burden.

Peak connector queue 53 agents Strong local bottleneck for-

Dominant bottleneck connector

Bottleneck throughput

Total replanning events

mation.

stair_881419 F3_F4_r0_s0 Main overloaded vertical

139 crossings

0

connector.

Number of crossings at the
dominant connector.

No dynamic route adapta-
tion.

Figure 6.6 visualizes the baseline congestion pattern. The static-routing condition produces
route concentration around the main connector between the Concourse and Transport levels.
Figure 6.7 further identifies the connector-level concentration behind the aggregate waiting

and queue metrics.

The baseline experiment supports two conclusions. First, the generated default 2.5D graph
is usable for station-scale OD movement because most agents successfully reach their desti-
nations. Second, static shortest-path routing creates clear bottleneck effects, which provides
a meaningful reference for evaluating congestion-aware replanning in Experiment B.
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Figure 6.6.: Baseline static-routing result. Fixed shortest-path assignment concentrates move-
ment on the most attractive connector corridors, producing visible queueing around the
dominant vertical connector.
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6.3.2. Experiment B: Static versus Congestion-aware Replanning

Experiment B compares the static baseline with congestion-aware replanning under the same
graph and agent demand. Both conditions use the default graph, 200 agents, and the same
600s simulation horizon. The static condition keeps the initial route fixed, while the dy-
namic condition allows route updates when congestion indicators trigger replanning. This
experiment directly evaluates whether congestion-aware replanning changes movement per-
formance compared with fixed routing.

Table 6.6 summarizes the comparison. The dynamic condition slightly improves the arrival
rate from 97.5% to 98.0%, reducing the number of not-completed agents from 5 to 4. How-
ever, mean travel time increases from 185.47 s to 197.84 s, and the 95th percentile travel time
increases from 280.05s to 311.72s. This means that dynamic replanning does not minimize
total travel time under the tested setting.

The main improvement appears in waiting and queue metrics. Mean waiting time decreases
from 68.54s to 52.37 s, a reduction of 23.6%. Median waiting time decreases from 56.5s to
36.55, a reduction of 35.4%. Maximum waiting time decreases from 321.0s to 276.5s. The
peak connector queue decreases from 53 to 44 agents. These changes show that congestion-
aware replanning reduces queueing pressure and waiting burden, even though it increases
average route duration.

Table 6.6.: Comparison of Experiment B: static routing versus congestion-aware replanning.

Metric Static Dynamic Change
Number of agents 200 200 -
Completed agents 195 196 +1
Not-completed agents 5 4 -1
Arrival rate 97.5% 98.0% +0.5 pp
Mean travel time 185.47s 197.84s +6.7%
Median travel time 188.74s 192.94s +2.2%
95th percentile travel time 280.05s 311.72s +11.3%
Mean waiting time 68.54s 52.37s -23.6%
Median waiting time 56.5s 36.5s -35.4%
Maximum waiting time 321.0s 276.5s -13.9%
Peak connector queue 53 44 -17.0%
Reroute events 0 1,996 +1,996

The result does not show a decrease in mean travel time. This requires careful interpretation.
If the routing strategy were designed as a global travel-time optimizer, a reduction in mean
travel time would be expected. However, the congestion-aware strategy implemented in this
thesis does not directly minimize total travel time. Instead, it modifies route choice based
on local congestion indicators and penalizes crowded graph elements.

In the station graph, avoiding a congested connector often means choosing a longer alter-
native path or using a less direct vertical movement sequence. As a result, agents may
spend less time waiting in queues but more time walking or rerouting through alternative
graph sections. For this reason, the dynamic strategy should be interpreted as a queue-
management mechanism rather than as a shortest-time optimizer.
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Its benefit is therefore visible mainly in the waiting and queue metrics: mean waiting time,
median waiting time, maximum waiting time, and peak connector queue all decrease under
dynamic routing. However, this improvement comes with a trade-off in mean and high-
percentile travel time. The result is not that dynamic routing is universally faster, but that it
redistributes demand and reduces local congestion pressure.

Figure 6.8 compares the main performance metrics, while Figure 6.9 shows how route use
changes between static and dynamic routing. The dynamic run generates 1,996 replanning
events, which indicates that agents actively adapt to local congestion. However, this adap-
tation comes at a cost: the dynamic condition trades shorter waiting and smaller queues for
longer travel times and more route changes.

Arrival rate Mean travel time Mean wait time
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Figure 6.8.: Metric comparison between static routing and congestion-aware replanning. Dy-
namic replanning reduces waiting time and peak queue length, but increases mean and
95th percentile travel time under the tested setting.
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Figure 6.9.: Route-use comparison between static routing and congestion-aware replanning.
Dynamic routing redistributes part of the flow away from the strongest bottleneck, reduc-
ing queue concentration at the cost of additional route changes.

Overall, Experiment B shows a trade-off between queue-related performance and travel-time
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performance. Congestion-aware replanning reduces waiting time and local queue severity,
but it does not necessarily reduce mean travel time. This is because the implemented dy-
namic routing logic avoids crowded connectors rather than solving a global system-optimal
assignment problem. For station environments, this distinction is important: reducing se-
vere local queues may be valuable even when some agents take longer alternative routes.

6.3.3. Experiment C: Single-profile Pedestrian Comparison

Experiment C evaluates the effect of pedestrian profile on movement performance. Two
implemented profiles are available in the current simulation prototype: normal pedestrians
and elderly pedestrians. Normal pedestrians use a speed factor of approximately 0.95-
1.05 times the base walking speed, while elderly pedestrians use a lower speed factor of
approximately 0.55-0.75 times the base walking speed.

The experiment includes normal-only and elderly-only runs with 50 agents each, and a 200-
agent mixed reference scenario. Because the single-profile runs and the mixed reference use
different agent counts, their results should not be interpreted as a strict capacity comparison.
Instead, the purpose is to identify whether profile assumptions lead to systematic differences
in travel time, waiting time, and completion rate under otherwise comparable graph-based
movement logic.

Table 6.7 reports the profile comparison. In the static normal-only run, all 50 agents complete
their trips, with a mean travel time of 135.91s and a mean waiting time of 12.28s. In the
static elderly-only run, only 45 of 50 agents complete their trips, giving an arrival rate of
90.0%. The mean travel time increases to 238.56s, and the mean waiting time increases to
126.99 s. The peak connector queue also doubles from 7 to 14 agents.

Dynamic replanning improves the normal-only waiting result, reducing mean waiting time
from 12.28s to 7.06s. However, it does not improve the elderly-only run in the current
output: the elderly-only static and dynamic results remain identical, with zero replanning
events reported for the elderly-only dynamic condition. This suggests that the dynamic
replanning trigger was not activated for that profile under the specific low-demand run, or
that the available alternative routes did not produce a different route choice.

Table 6.7.: Results of Experiment C: single-profile pedestrian comparison.

Metric Normal static Normal dynamic Elderly static Elderly dynamic Mixed static Mixed dynamic
Number of agents 50 50 50 50 200 200
Completed agents 50 49 45 45 195 196
Not-completed agents 0 1 5 5 5 4
Arrival rate 100.0% 98.0% 90.0% 90.0% 97.5% 98.0%
Mean travel time (s) 13591 140.68 238.56 238.56 185.47 197.84
Median travel time (s) 145.86 142.52 243.34 243.34 188.74 192.94
P95 travel time (s) 172.85 214.92 333.24 333.24 280.05 311.72
Mean waiting time (s) 12.28 7.06 126.99 126.99 68.54 52.37
Maximum waiting time 28.0 22.5 278.5 278.5 321.0 276.5
()

Peak connector queue 7 7 14 14 53 44
Reroute events 0 99 0 0 0 1,996
Top bottleneck connec- stair stair stair stair stair stair
tor

Bottleneck crossings 36 28 36 36 139 92

Figure 6.10 visualizes the profile-based differences. The dominant pattern is clear: elderly
agents experience substantially higher travel times and waiting burdens than normal agents.
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This confirms that the simulation framework is sensitive to pedestrian-profile assumptions.
It also shows that aggregate metrics can hide important distributional differences between
pedestrian groups.
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Mean wait time (s) Reroute events
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Figure 6.10.: Single-profile pedestrian comparison. Elderly pedestrians experience substan-
tially higher travel times and waiting times than normal pedestrians, indicating that the
graph-based simulation is sensitive to profile-specific movement assumptions.

Experiment C supports the fourth research question. It shows that heterogeneous pedestrian
assumptions affect not only individual speed but also waiting exposure and completion rate.
However, the current profile implementation is limited to normal and elderly pedestrians.
Accessibility-constrained or wheelchair profiles were planned but were not fully completed
in the current implementation.

6.3.4. Experiment D: Mixed-agent Simulation with Implemented
Pedestrian Profiles

Experiment D evaluates a mixed-agent scenario using all pedestrian profiles implemented
in the current simulation prototype. Although the experimental design originally allowed
for a broader set of pedestrian types, the completed implementation supports two profiles:
normal pedestrians and elderly pedestrians. Therefore, the reported mixed-agent experi-
ment should be understood as a mixed normal-elderly simulation rather than a complete
accessibility-population model.
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The mixed-agent run was executed with 50 agents as a low-demand prototype test of profile
interaction. In the static condition, the population consisted of 36 normal pedestrians and
14 elderly pedestrians, corresponding to shares of 72% and 28%, respectively. The same
composition was used in the dynamic condition. Because this experiment uses a smaller
number of agents than the 200-agent baseline, it should not be interpreted as a station-
capacity result. Instead, it tests whether profile-specific movement burdens remain visible
when different implemented profiles are simulated together.

Table 6.8 reports both overall and profile-specific results. In the static mixed-agent run, all
50 agents completed their trips, with a mean travel time of 166.20 s and a mean waiting time
of 42.87s. In the dynamic run, all 50 agents also completed their trips. Mean travel time
decreased slightly to 163.74s, while mean waiting time decreased from 42.87s to 31.95s.
The peak connector queue decreased from 9 to 8 agents, and 141 replanning events were
recorded.

At the profile level, elderly pedestrians experienced substantially higher movement burdens
than normal pedestrians. In the static run, normal pedestrians had a mean travel time of
149.48 s and a mean waiting time of 23.38 s, while elderly pedestrians had a mean travel time
of 209.21 s and a mean waiting time of 93.00s. In the dynamic run, elderly mean travel time
decreased to 199.13s and mean waiting time decreased to 82.71s. Normal mean waiting
time also decreased from 23.38 s to 12.21s.

Table 6.8.: Results of Experiment D: mixed-agent simulation with implemented pedestrian
profiles.

Metric Overall static  Overall dynamic Normal static Normal dynamic Elderly static Elderly dynamic
Number of agents 50 50 36 36 14 14
Profile share 100% 100% 72% 72% 28% 28%
Completed agents 50 50 36 36 14 14
Not-completed agents 0 0 0 0 0 0
Arrival rate 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Mean travel time (s) 166.20 163.74 149.48 149.98 209.21 199.13
Median travel time (s) 162.35 153.10 158.24 141.91 215.64 213.41
P95 travel time (s) 252.43 254.47 189.20 243.72 32237 279.67
Mean waiting time (s) 42.87 31.95 23.38 12.21 93.00 82.71
Maximum  waiting 203.5 139.5 60.5 28.0 203.5 139.5
time (s)

Peak connector queue 9 8 N/A N/A N/A N/A
Reroute events 0 141 - - - -
Simulation  runtime 3.98 486.79 - - - -

(s)

Figure 6.11 summarizes the mixed-agent result. The figure shows that the dynamic condi-
tion reduced waiting time for both profiles, but the elderly profile remained more heavily
affected. This is an important result: even when all agents arrive, the burden of congestion
is not evenly distributed across pedestrian types.

The main conclusion from Experiment D is that mixed-agent simulation can reveal profile-
dependent movement burdens that are not visible in aggregate completion rates. Both pro-
files achieved 100% arrival, but elderly pedestrians experienced much higher waiting and
travel-time burdens. The experiment therefore supports the use of profile-specific metrics in
addition to overall travel-time and arrival-rate metrics.

At the same time, the result has two limitations. First, the mixed-agent run uses only 50
agents, so it should not be interpreted as a high-demand station-scale capacity result. Sec-
ond, queue exposure and connector usage by profile are not available in the current output
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Figure 6.11.: Mixed-agent simulation results for the implemented pedestrian profiles. Both
normal and elderly agents completed their trips, but elderly agents experienced higher
travel times and substantially higher waiting times. Dynamic replanning reduced waiting

time for both groups in this prototype run.
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files. The result therefore supports profile-sensitive movement analysis, but not yet detailed
profile-specific connector-load analysis.

6.3.5. Experiment E: Algorithm-threshold Sensitivity Results

Experiment E evaluates how congestion-aware replanning responds to algorithmic threshold
settings and graph-construction choices. The experiment addresses two related issues. First,
it tests the sensitivity of the dynamic routing mechanism to replanning parameters on the
default graph. Second, it applies the balanced dynamic setting to the sparse semantic-light
graph to examine whether graph abstraction affects movement performance even when the
graph remains connected and routable.

Three threshold settings were tested on the default graph with 200 agents. The aggressive
setting uses a low waiting trigger and high congestion sensitivity, so agents replan quickly.
The balanced setting is the default dynamic configuration used in Experiment B. The conser-
vative setting uses a higher waiting trigger and lower congestion sensitivity, so agents toler-
ate congestion for longer before replanning. A fourth setting applies the balanced threshold
configuration to the sparse semantic-light graph.

Table 6.9 summarizes the results. On the default graph, the aggressive setting completed 198
of 200 agents and produced the lowest mean waiting time, 46.13 s, and the smallest maxi-
mum queue, 36 agents. This improvement came with a high rerouting burden: 3,814 reroute
events, or 19.26 reroutes per completed agent. The conservative setting also completed 198
agents, but produced a higher mean waiting time, 58.90 s, and the highest maximum waiting
time, 334.5s. It generated only 660 reroute events, showing that fewer replans reduce route
instability but leave more congestion unresolved.

The balanced setting sits between these two extremes. It completed 196 agents, produced
a mean waiting time of 52.37s, and generated 1,996 reroute events. It is therefore not the
optimum for every metric, but it provides a practical compromise between waiting-time
reduction, route stability, and computational effort.

Table 6.9.: Results of Experiment E: algorithm-threshold sensitivity and sparse graph variant.

Setting Completed Arrival rate Mean travel P95 travel Mean wait Max queue Reroutes Runtime
Aggressive,  default 198 / 200 99.0% 196.91s 325.48s 46.13s 36 3,814 386.12s
%:?E:ced, default 196 / 200 98.0% 197.84s 311.72s 52.37s 44 1,996 0.00s*
%?r?sl;rvative, default 198 / 200 99.0% 186.80s 328.37s 58.90s 45 660  262.11s
%;?}a)rl:ced, sparse 199 / 200 99.5% 202.87s 314.68s 61.58s 51 2,330 80.40s

semantic-light graph

2The balanced default setting reuses the stored dynamic result from Experiment B; therefore, the runtime reported
in the exported file is not directly comparable with newly executed runs.

Figure 6.12 visualizes the threshold-sensitivity and graph-variant results. The main pattern
is that aggressive replanning reduces waiting and queue length but increases route switching
and computational cost. Conservative replanning reduces rerouting frequency but leaves
more waiting unresolved. The sparse graph result adds a second interpretation: graph
abstraction affects performance even under the same balanced dynamic-routing rule.
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Figure 6.12.: Algorithm-threshold sensitivity and graph-variant result. Aggressive replan-
ning reduces waiting and peak queue length but causes substantially more route changes,
while the sparse semantic-light graph produces higher waiting and queue values under
the same balanced dynamic-routing setting.
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The sparse semantic-light graph has a higher arrival rate than the balanced default graph
in this fixed-demand run, but it performs worse on movement-performance metrics: mean
travel time increases from 197.84s to 202.87s, mean waiting time increases from 52.37s
to 61.58s, maximum queue increases from 44 to 51 agents, and reroute events increase
from 1,996 to 2,330. This indicates that arrival rate or reachability alone is not sufficient for
evaluating graph quality. The sparse graph remains connected and mostly routable, but the
coarser abstraction and weaker semantic support increase movement burden and rerouting
pressure.

Experiment E therefore supports two conclusions. First, congestion-aware replanning is
sensitive to threshold design: aggressive, balanced, and conservative settings produce dif-
ferent trade-offs between waiting reduction and route stability. Second, graph construction
choices affect simulation behaviour even when the same routing rule is used. This directly
strengthens the answer to RQ2.

6.3.6. Experiment F: Building Capacity and Agent-load Threshold Results

Experiment F evaluates how the generated station graph responds to increasing pedestrian
demand. Unlike Experiment E, which varies algorithmic threshold parameters at a fixed de-
mand level, Experiment F varies the number of agents while keeping the graph variant and
routing mode explicit. The purpose is to identify the approximate demand range in which
waiting time, queue length, not-completed agents, or runtime begin to increase sharply.

This experiment is not an official passenger-capacity assessment of Dadongmen Station.
The demand threshold reported here is a model-based saturation point under the assump-
tions of the current graph, OD definition, agent profiles, connector-capacity treatment, and
simulation horizon. It is useful for comparing graph and routing settings, but it does not re-
place calibrated passenger-flow modelling based on time-resolved AFC records or observed
pedestrian trajectories.

Four demand-response sequences were tested: default graph with static routing, default
graph with dynamic routing, sparse semantic-light graph with static routing, and sparse
semantic-light graph with dynamic routing. The tested demand levels are 50, 100, 200, 300,
and 500 agents. The 200-agent level corresponds to the main controlled demand level used
in Experiments A and B, while the 300- and 500-agent levels are used to stress the graph and
identify degradation behaviour.

Table 6.10 reports the static-routing capacity sequence, and Table 6.11 reports the dynamic-
routing sequence.

The static-routing sequence shows a clear difference between the default and sparse graph
variants. On the default graph, arrival rate remains above 95% even at 500 agents, although
waiting time and maximum queue increase steadily. On the sparse graph, however, the
arrival rate drops to 90.3% at 300 agents and 74.2% at 500 agents. Mean waiting time also
increases more sharply, reaching 200.93 s at 500 agents. This indicates that the sparse graph
is less robust under increasing demand.

The dynamic-routing sequence shows that congestion-aware replanning reduces waiting
and queue pressure in both graph variants. At 200 agents on the default graph, dynamic
routing reduces mean waiting time from 69.84s to 49.54s and maximum queue from 63
to 40 agents. On the sparse graph at the same demand level, dynamic routing reduces
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Table 6.10.: Experiment F static-routing capacity sequence for the default and sparse graph
variants.

Graph and de- Agents Completed Arrival rate Mean travel Mean wait Max queue Not completed
mand

Default, 50 agents 50 50 100.0% 164.71s 41.45s 9 0
Default, 100 100 99 99.0% 174.34s 55.15s 27 1
agents

Default, 200 200 195 97.5% 187.86s 69.84s 63 5
agents

Default, 300 300 295 98.3% 208.04s 88.12s 107 5
agents

Default, 500 500 476 95.2% 215.69s 102.27 s 166 24
agents

Sparse, 50 agents 50 49 98.0% 179.52s 69.63 s 15 1
Sparse, 100 agents 100 100 100.0% 207.85s 96.06 s 43 0
Sparse, 200 agents 200 199 99.5% 224.31s 114.42s 84 1
Sparse, 300 agents 300 271 90.3% 237.01s 144.11s 138 29
Sparse, 500 agents 500 371 74.2% 275.29s 200.93s 301 129

Table 6.11.: Experiment F dynamic-routing capacity sequence for the default and sparse
graph variants.

Graph and de- Agents Completed Arrival rate Mean travel Mean wait Max queue Not completed Reroutes
mand

Default, 50 agents 50 50 100.0% 171.47s 36.89s 8 0 190
Default, 100 100 100 100.0% 171.15s 36.08s 18 0 581
agents

Default, 200 200 196 98.0% 194955 49.54s 40 4 1,966
agents

Default, 300 300 292 97.3% 205.28s 63.81s 64 8 3,647
agents

Default, 500 500 461 92.2% 224.21s 83.23s 154 39 8,573
agents

Sparse, 50 agents 50 50 100.0% 158.18s 39.31s 9 0 169
Sparse, 100 agents 100 100 100.0% 173.18s 45.30s 22 0 586
Sparse, 200 agents 200 196 98.0% 211.86s 63.55s 56 4 2,337
Sparse, 300 agents 300 281 93.7% 214.34s 78.31s 82 19 3,566
Sparse, 500 agents 500 438 87.6% 235.57s 98.75s 125 62 7,724
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mean waiting time from 114.42s to 63.55s and maximum queue from 84 to 56 agents. This
confirms that dynamic routing can mitigate congestion on both graph variants.

However, dynamic routing does not eliminate the effect of graph abstraction. At 500 agents,
the sparse dynamic run still has a lower arrival rate than the default dynamic run, 87.6%
compared with 92.2%. It also has more not-completed agents, 62 compared with 39. There-
fore, dynamic replanning improves performance but does not fully compensate for the re-
duced graph density and weaker semantic support of the sparse graph.

Figure 6.13 visualizes the demand-response curves, while Figure 6.14 separates the static
and dynamic sequences by graph variant.
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Figure 6.13.: Building capacity and agent-load threshold results for the default and sparse
graph variants. Increasing demand produces nonlinear growth in waiting time and queue
length, and the sparse graph shows earlier degradation under higher demand.

The capacity experiment has three main implications. First, the 200-agent demand used in
the main experiments is a reasonable controlled demand level: it produces visible waiting
and queueing while avoiding complete saturation. Second, congestion-aware replanning
reduces waiting and queue pressure but cannot create additional structural capacity. Third,
graph abstraction strongly affects demand robustness. The sparse graph remains connected,
but it degrades earlier under increasing demand. This strengthens the answer to RQ2 by
showing that graph construction choices influence movement performance, not only graph
size or visual complexity.
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Figure 6.14.: Static and dynamic demand-response breakdown for the default and sparse
graph variants. Congestion-aware replanning reduces queueing pressure, but graph ab-
straction still affects arrival rate, waiting time, and model-based saturation behaviour.
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6.4. Qverall Discussion

This section synthesizes the experimental results reported in the previous sections. The
purpose is not to repeat the numerical tables, but to connect the results back to the research
questions. The discussion is organized around five aspects: the feasibility of the IFC-to-
2.5D graph workflow, the effectiveness of congestion-aware replanning, the influence of
pedestrian heterogeneity, the distinction between algorithmic sensitivity, graph abstraction,
and demand-load response, and the limitations of the results.

A central interpretation of the chapter is that a simulation-ready indoor graph cannot be
evaluated only by connectivity or graph size. The experiments show that graph construction
choices, semantic OD support, routing logic, pedestrian profile, and demand level all affect
movement-performance outcomes such as travel time, waiting time, queue length, rerouting,
and completion.

6.4.1. Feasibility of the IFC-to-2.5D graph workflow
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Figure 6.15.: Discussion summary of the feasibility of the IFC-to-2.5D graph workflow. The
generated graph preserves floor-based movement, semantic OD regions, and explicit con-
nector structures, making it suitable for routing and simulation rather than only topolog-
ical inspection.

The results support the feasibility of transforming IFC-derived station information into a
simulation-ready 2.5D navigation graph. As summarized in Figure 6.15, the workflow does
not directly convert BIM geometry into a graph in one step. Instead, it proceeds through a
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staged process: IFC/BIM interpretation, geometric filtering, 2.5D walkable-layer construc-
tion, graph generation, semantic OD anchoring, and routing or simulation. This staged
structure is important because it makes the transformation process inspectable.

The default graph contains 18,454 nodes and 134,852 edges. These numbers alone do not
prove that the graph is useful, but they show that the workflow can produce a station-scale
graph rather than only a small pilot network. More importantly, the graph is semantically
structured. It includes floor movement edges, stair edges, escalator edges, elevator-related
edges, fare-gate edges, entrance edges, platform-door edges, and anchor-snap edges. This
means that the graph preserves movement-relevant station semantics instead of reducing
the station to an undifferentiated spatial mesh.

The node distribution also supports the 2.5D modelling strategy. Public movement is repre-
sented on the Platform level (F1), Concourse level (F3), and Transport level (F4), while stairs,
escalators, and elevators explicitly represent inter-level movement. This confirms that the
graph is neither a purely 2D floor-plan graph nor a full 3D free-space model. It is a layered
movement graph designed for pedestrian routing and simulation.

The semantic OD regions further strengthen this interpretation. Entrance, exit, and platform
regions are represented by groups of graph nodes rather than by arbitrary coordinates. This
allows simulated agents to be spawned and routed through meaningful station functions.
The fact that the same graph supports the 200-agent routing and simulation experiments
indicates that the workflow produces a usable movement substrate, not merely a connected
graph.

The sparse semantic-light graph adds an important qualification to this conclusion. It re-
mains connected and can still support routing and simulation, but it has substantially fewer
nodes and edges, smaller OD regions, and weaker semantic support. The later experiments
show that this structural simplification changes movement outcomes. Therefore, feasibility
should not be judged only by whether a graph is connected or whether agents can find
routes. A simulation-ready indoor graph also needs sufficient spatial density, connector
representation, and semantic anchoring to produce stable movement-performance results.

Therefore, the main contribution of the graph-construction stage is not only connectivity.
The workflow produces a semantically enriched graph that is structured enough to support
route computation, waiting analysis, queueing, dynamic replanning, profile-based simu-
lation, and graph-variant comparison. This directly supports the first research question
and also provides evidence for the second research question concerning graph construction
choices.

6.4.2. Effectiveness of congestion-aware replanning

The comparison between static routing and congestion-aware replanning shows that dy-
namic routing should be interpreted as a congestion-management mechanism rather than as
a shortest-time optimizer. Figure 6.16 summarizes this trade-off. Under the dynamic condi-
tion in Experiment B, the arrival rate increases slightly from 97.5% to 98.0%, but mean travel
time increases from 185.47 s to 197.84s. The 95th percentile travel time also increases from
280.05s to 311.72s. If travel time were the only evaluation criterion, the dynamic strategy
would therefore appear less effective.

However, the waiting and queue metrics tell a different story. Mean waiting time decreases
from 68.54 s to 52.37 s, corresponding to a 23.6% reduction. Median waiting time decreases
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Figure 6.16.: Discussion summary of the effect of congestion-aware replanning in the 200-
agent experiment. Dynamic replanning reduces waiting and queue pressure, but does not
minimize mean or high-percentile travel time.

by 35.4%, maximum waiting time decreases by 13.9%, and peak connector queue decreases
from 53 to 44 agents. These results indicate that dynamic replanning reduces local conges-
tion exposure even though it increases average travel duration.

This also explains why the mean travel time does not decrease in Experiment B. If the
routing objective were calibrated to minimize total travel time directly, a decrease in mean
travel time might be expected. However, the implemented method reacts to congestion by
increasing the cost of locally crowded graph elements. This can send agents to longer but
less congested alternatives. The observed result is therefore consistent with a congestion-
avoidance strategy: queueing decreases, but route directness may also decrease. The main
improvement is not a shorter average trip, but a reduction in waiting burden and connector
queue concentration.

This trade-off is consistent with the purpose of congestion-aware replanning. In a station
graph, the shortest path is not always the most operationally desirable path when many
agents compete for the same connector. Static routing concentrates flow on the most at-
tractive connector, creating local queue pressure. Dynamic routing redistributes part of this
flow to alternative paths when congestion indicators become high. As illustrated in the
conceptual route-sketch panel of Figure 6.16, dynamic routing therefore reduces bottleneck
pressure by spreading demand across the graph.

The graph-variant capacity results provide further evidence for this interpretation. At 200
agents on the default graph, dynamic routing reduces mean waiting time from 69.84s to
49.54s and maximum queue from 63 to 40 agents. On the sparse graph at the same de-
mand level, dynamic routing reduces mean waiting time from 114.42s to 63.55s and maxi-
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mum queue from 84 to 56 agents. This shows that congestion-aware replanning can reduce
queueing pressure on both graph variants.

At the same time, the sparse graph still produces higher waiting and queue values than the
default graph. This means that dynamic replanning improves queue-related performance
within the constraints of a given graph, but it does not remove the effect of graph abstraction.
The routing algorithm can redistribute demand, but it cannot fully compensate for reduced
graph density, weaker semantic anchoring, or structural bottlenecks.

The result also shows why evaluation should not rely on a single metric. Mean travel time,
waiting time, peak queue, reroute count, and not-completed agents describe different as-
pects of the movement process. The dynamic run generated 1,996 replanning events in
Experiment B, which indicates active adaptation, but also additional route instability and
computational work. Therefore, congestion-aware replanning should be assessed as a multi-
objective trade-off: it can reduce waiting and queueing, but may increase route length, travel
time, and algorithmic activity.

This finding answers the third research question in a qualified way. Congestion-aware re-
planning improves movement performance if performance is defined in terms of waiting-
time reduction and queue-pressure mitigation. It does not necessarily improve performance
if the objective is to minimize mean travel time. For station environments, this distinction
is important because severe local queues may be more critical than small increases in route
duration.

6.4.3. Influence of pedestrian heterogeneity

The profile-based experiments show that pedestrian heterogeneity has a strong effect on
simulation outcomes. Figure 6.17 summarizes the differences between normal and elderly
agents in both single-profile and mixed-agent settings. The main pattern is consistent across
the experiments: elderly agents experience longer travel times and much higher waiting
burdens.

In the single-profile comparison, the normal static run completes all 50 agents, with a mean
travel time of 135.91s and a mean waiting time of 12.28s. By contrast, the elderly static
run completes 45 of 50 agents, with a mean travel time of 238.56 s and a mean waiting time
of 126.99s. The peak connector queue also increases from 7 to 14 agents. This indicates
that lower walking speed does not only increase travel time mechanically; it also increases
exposure to waiting and queueing.

The mixed-agent results show the same direction. In the static mixed run, normal agents
have a mean travel time of 149.48 s and a mean waiting time of 23.38 s, while elderly agents
have a mean travel time of 209.21 s and a mean waiting time of 93.00s. In the dynamic mixed
run, waiting time decreases for both groups, but elderly agents remain more affected: their
mean waiting time is still 82.71s, compared with 12.21s for normal agents.

These results demonstrate why aggregate metrics can be misleading. In Experiment D, the
overall arrival rate is 100% for both static and dynamic mixed runs. If only arrival rate were
reported, the simulation would appear equally successful for both groups. However, the
profile-specific metrics reveal a substantial inequality in movement burden. Elderly agents
arrive, but they do so with much higher waiting and delay exposure.
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Figure 6.17.: Discussion summary of pedestrian heterogeneity. Elderly agents experience
longer travel times and substantially higher waiting burdens than normal agents in both

single-profile and mixed-agent settings.
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This finding supports the fourth research question. It shows that pedestrian-profile as-
sumptions influence travel time, waiting, completion, and queue exposure. The current
implementation is still limited because it includes normal and elderly profiles but not a
fully implemented wheelchair or accessibility-constrained route model. Therefore, the re-
sults demonstrate profile-sensitive simulation capability rather than a complete accessibility
analysis. Future work can extend this by adding explicit accessibility attributes, elevator
dependence, stair restrictions, and profile-specific route preferences.

6.4.4. Algorithmic sensitivity versus building capacity
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Figure 6.18.: Discussion summary of algorithmic sensitivity, graph abstraction, and building-
capacity behaviour. Algorithmic thresholds and graph abstraction affect performance at
fixed demand, while increasing demand reveals model-based saturation and structural
capacity limits.

The results distinguish between three related but different design questions: algorithmic
sensitivity, graph abstraction, and building-capacity response. Experiment E concerns algo-
rithmic sensitivity: it tests how replanning thresholds affect dynamic routing at fixed de-
mand. The graph-variant part of Experiment E concerns graph abstraction: it tests whether
the same dynamic rules behave differently on a coarser and semantics-light graph. Exper-
iment F concerns demand-load response: it tests how the graph behaves as the number of
agents increases.

The algorithm-threshold experiment shows that replanning parameters strongly affect the
result. Aggressive replanning reduces waiting and queueing but produces many more
reroute events. Conservative replanning reduces route switching but leaves more waiting
unresolved. The balanced setting is therefore a practical compromise rather than an absolute
optimum. This means that congestion-aware replanning is not a binary feature that simply
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improves or does not improve the simulation. Its effect depends on the decision thresholds
used to trigger route updates.

The sparse graph results strengthen the answer to RQ2. At fixed 200-agent demand, the
sparse graph produces higher mean travel time, higher waiting time, a larger queue, and
more reroute events than the default graph under balanced dynamic routing. Under in-
creasing demand, the sparse graph degrades earlier, especially under static routing. It drops
below 95% arrival rate at 300 agents in both static and dynamic capacity tests, while the
default graph remains above this threshold at 300 agents and only drops below 95% under
dynamic routing at 500 agents.

The capacity experiment shows that increasing pedestrian demand produces nonlinear degra-
dation. The 200-agent setting already reveals meaningful waiting and queueing while re-

taining high arrival rates, which supports its use as the main controlled demand level. The

300-500 agent range marks clearer model-based saturation, especially for the sparse graph

and for dynamic routing at higher demand. In other words, the 200-agent scenario is useful

for controlled comparison, while the higher demand levels reveal when the model begins to

lose robustness.

Dynamic routing reduces queue pressure at several demand levels, but it does not remove
the structural capacity limit. This is an important interpretation. Congestion-aware replan-
ning can redistribute agents and reduce waiting under suitable conditions, but it cannot
create additional physical connector capacity. Once demand exceeds the effective capacity
of the graph representation, both static and dynamic strategies degrade.

This distinction helps answer RQ2. Graph construction choices, connector representation,
semantic OD support, and routing thresholds affect the navigability and realism of the sim-
ulation results. A graph that appears acceptable by connectivity metrics may still produce
different waiting, queueing, and rerouting behaviour. Therefore, the thesis evaluates graph
design choices through movement-performance metrics, not only through graph size, graph
connectivity, or visual simplicity.

6.4.5. Limitations of the results

Several limitations should be considered when interpreting the results. Figure 6.19 summa-
rizes the most important ones. These limitations do not invalidate the workflow, but they
define the scope of the claims that can be made from the experiments.

First, the simulation is not directly calibrated with observed passenger-flow data. The 200-
agent setting is used as a controlled 10-minute scenario load, not as a calibrated estimate of
real station demand. Public passenger-flow reports are useful for contextualizing the impor-
tance of Dadongmen Station, but they do not provide the time-resolved, entrance-specific,
platform-specific, or OD-specific data required to validate the simulated crowding level.
Therefore, the thesis does not claim that the simulated crowd density exactly matches the
real crowding condition of Dadongmen Station. Such a claim would require time-resolved
AFC data, entrance-level counts, platform counts, connector queue observations, or video-
derived pedestrian trajectories.

Second, pedestrian behaviour is simplified. Waiting, queueing, connector capacity, and re-
planning are represented through graph-based rules. This is appropriate for testing the pro-
posed 2.5D graph workflow, but it is less detailed than full microscopic continuous pedes-
trian dynamics. The simulation can reveal bottleneck tendencies and comparative route
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Figure 6.19.: Summary of the main limitations of the results. The experiments support
methodological validation of the IFC-to-2.5D graph workflow, but they should not be
interpreted as calibrated operational prediction.

effects, but it cannot reproduce all local interactions, body movement, lane formation, or
behavioural adaptation found in real pedestrian crowds.

Third, the pedestrian profiles are limited. The completed experiments include normal and
elderly profiles. These profiles are sufficient to show that the framework is sensitive to
pedestrian heterogeneity, but they do not provide a complete accessibility model. A fully
implemented wheelchair or accessibility-constrained profile would require additional con-
nector accessibility attributes, elevator availability assumptions, and route restrictions that
were not fully completed in the current prototype.

Fourth, the graph-variant testing uses one specific sparse graph configuration. This variant
is useful because it changes grid resolution, neighbourhood rule, blind-path stitching, and
semantic OD support, but it does not exhaust all possible graph-abstraction choices. A full
graph-design study would require a systematic sweep over resolution, neighbourhood rules,
connector modelling, semantic filtering, and OD-region construction.

Fifth, the capacity threshold is model-based. Experiment F identifies a saturation range un-
der the assumptions of the current graph variants and simulator. It should not be interpreted
as the official capacity of Dadongmen Station. Real capacity assessment would require cal-
ibrated demand data, operational constraints, emergency standards, timetable interactions,
and validation against observed station behaviour.

The simulated demand should therefore be interpreted as a scenario load rather than as
a measured crowding level. The 200-agent setting creates visible but not fully saturated
movement interaction within a 600 s simulation horizon, while the demand-load experiment
tests lower and higher loads to observe how the graph and routing logic respond. This
design is suitable for comparing model behaviour, graph variants, and routing strategies,
but it cannot verify that the simulated crowding matches real station crowding without
external validation data.
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In addition, the number of not-completed agents depends partly on the fixed 600s simu-
lation horizon and the implemented graph-based movement rules. It should therefore be
interpreted as a model output under controlled assumptions, not as a direct prediction of
real passenger failure or safety risk.

The implication is that the thesis provides methodological validation rather than operational
certification. The results show that the IFC-to-2.5D graph workflow can support routing,
congestion-aware replanning, profile-sensitive simulation, graph-variant comparison, and
demand-load testing. However, further calibration and behavioural validation would be re-
quired before the method could be used for operational passenger-flow prediction or formal
station-capacity assessment.

6.5. Chapter Summary

This chapter presented and discussed the results of the proposed IFC-to-2.5D graph work-
flow and the associated pedestrian simulation experiments. The workflow produced a
station-scale default graph with 18,454 nodes and 134,852 edges, as well as a sparse semantic-
light graph variant with 8,639 nodes and 31,672 edges. The default graph preserves floor-
based movement, vertical connectors, access-control elements, entrance links, platform-door
edges, and semantic origin—destination anchors. The sparse graph variant remains routable,
but deliberately reduces graph density and semantic support. This comparison provides a
basis for evaluating how graph construction choices affect simulated movement behaviour.

Experiment A confirmed that the default graph can support station-scale static routing and
simulation within the 600s simulation horizon. At the same time, it showed that fixed
shortest-path routing concentrates demand on dominant vertical connectors and produces
local bottlenecks. Experiment B showed that congestion-aware replanning reduces mean
waiting time and peak connector queue, although it increases mean and high-percentile
travel time. This indicates that dynamic replanning works mainly as a congestion-management
mechanism rather than as a pure shortest-time optimizer.

Experiments C and D showed that pedestrian profiles affect simulation outcomes. Elderly
agents experienced longer travel times and substantially higher waiting burdens than normal
agents in both single-profile and mixed-agent settings. These results show that aggregate
indicators such as overall arrival rate are not sufficient on their own. Profile-specific metrics
are necessary to understand unequal movement burdens within the simulated population.

Experiment E showed that congestion-aware replanning is sensitive to algorithmic thresh-
old settings. Aggressive thresholds reduced waiting and queueing but increased rerouting
intensity, while conservative thresholds reduced rerouting but left more waiting unresolved.
The sparse graph variant in Experiment E further showed that graph abstraction affects
movement performance even when arrival rate remains high. In particular, the sparse graph
produced higher mean travel time, higher mean waiting time, a larger maximum queue, and
more rerouting events than the default graph under the same balanced dynamic-routing set-
ting.

Experiment F extended the graph-variant comparison to increasing demand levels. The re-
sults showed that the default graph is more robust under higher demand, while the sparse
semantic-light graph degrades earlier in terms of arrival rate, waiting time, queue length,
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and not-completed agents. Congestion-aware replanning improves waiting and queue met-
rics in both graph variants, but it does not fully compensate for reduced graph density or
weaker semantic support. This strengthens the answer to RQ2: graph construction and
semantic modelling choices influence movement performance, not only graph size, reacha-
bility, or visual complexity.

Overall, the chapter shows that the generated 2.5D graph is more than a connected net-
work extracted from BIM. It is a semantically meaningful movement substrate that can
support routing, simulation, congestion-aware replanning, profile-sensitive analysis, graph-
design comparison, and demand-load testing. However, the results should be interpreted
as controlled methodological validation rather than calibrated operational passenger-flow
prediction. The simulated demand levels are scenario loads within a fixed 600s horizon.
They are useful for comparing graph variants, routing strategies, pedestrian profiles, and
demand-load response, but they do not prove that the simulated crowding matches real
station crowding. The next chapter uses these findings to answer the research questions,
summarize the contributions and limitations, and outline future work.
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This chapter concludes the thesis by summarizing the main findings, answering the re-
search questions, identifying the main contributions and limitations, and outlining future
work. The results should be understood as methodological validation of an IFC-to-2.5D
graph workflow rather than as calibrated passenger-flow prediction. Therefore, the sim-
ulated crowding should be understood as internally consistent scenario-based crowding
rather than empirically matched crowding: it is realistic enough to test whether the graph
and routing logic respond plausibly to congestion, but it is not calibrated to the actual tem-
poral distribution of passengers in Dadongmen Station.

7.1. Conclusion

This thesis investigated how IFC BIM can be transformed into a semantically enriched 2.5D
indoor navigation graph and used for graph-based pedestrian routing, congestion-aware
replanning, and controlled simulation in a multi-level station environment. The work started
from the observation that IFC models contain rich geometric and semantic information, but
are not directly usable as navigation or simulation models.

The proposed workflow extracts movement-relevant information from IFC-derived data, ab-
stracts the station into floor-based 2.5D graph layers, represents vertical connectors explicitly,
and attaches semantic origin-destination anchors to graph nodes. The resulting graph was
evaluated through static routing, congestion-aware replanning, pedestrian-profile compari-
son, algorithm-threshold analysis, graph-variant comparison, and demand-load testing.

The final station-scale workflow produced a default graph with 18,454 nodes and 134,852
edges. This graph supported controlled 600 s simulation runs and allowed travel time, wait-
ing time, queue length, rerouting, and completion to be analysed. The results show that
static routing exposes connector bottlenecks, while congestion-aware replanning reduces
waiting and queue pressure at the cost of longer travel times and more route changes. The
pedestrian-profile experiments further show that elderly agents experience higher travel and
waiting burdens than normal agents.

A key finding that emerged during the implementation is that graph connectivity alone is
not sufficient. The sparse semantic-light graph variant remained routable, but produced
higher waiting, larger queues, and earlier demand-load degradation than the default graph.
Therefore, an indoor navigation graph should not be evaluated only by topology, reach-
ability, or visual simplicity. It should also be evaluated through movement-performance
metrics.

Overall, the thesis demonstrates that IFC-derived station information can be transformed
into a semantically meaningful movement substrate for routing and simulation. At the
same time, the results remain controlled methodological validation. They do not consti-
tute calibrated operational prediction of Dadongmen Station passenger flow or real crowd
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density. The simulated crowding levels are controlled experimental scenarios used to test
graph behaviour, congestion-aware replanning, pedestrian-profile effects, and demand-load
response. Matching real station crowding would require time-resolved passenger-flow and
trajectory data, which were not available in this study.
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Figure 7.1.: Summary of the thesis conclusion. The workflow transforms IFC-derived build-
ing information into a semantically enriched 2.5D graph that supports routing, congestion-
aware replanning, graph-variant comparison, and profile-sensitive pedestrian simulation.

7.2. Answers to the Research Questions

Main research question. How can IFC BIM be transformed into a semantically enriched 2.5D
indoor navigation graph and used to support congestion-aware pedestrian routing and simulation in
a multi-level station environment?

The thesis shows that this can be achieved through a staged IFC-to-2.5D graph workflow.
Movement-relevant IFC information is filtered, public movement levels are represented as
graph layers, vertical connectors are modelled as explicit inter-level edges, and semantic
origin—destination regions are attached to valid graph nodes. The resulting graph can then
be used for routing, simulation, waiting analysis, queue detection, congestion-aware replan-
ning, and graph-design sensitivity testing.

RQ1. How can multi-file IFC BIM data be transformed into a traffic-relevant and seman-
tically meaningful 2.5D indoor navigation graph?

Multi-file IFC BIM data can be transformed by identifying movement-relevant elements,
extracting public walkable levels, projecting movement surfaces into level-based 2.5D layers,
sampling valid graph nodes, filtering obstacles and restricted areas, and connecting levels
through explicit stair, escalator, and elevator connectors. In the final station case, the default
graph contains 18,454 nodes and 134,852 edges, including floor edges, stair edges, escalator
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edges, elevator-related edges, fare-gate edges, entrance edges, platform-door edges, and
semantic anchor-snap edges.

RQ2. How do graph construction and semantic modelling choices affect the navigability
and movement-performance behaviour of the resulting graph?

The results show that graph construction choices affect more than graph size and reachabil-
ity. The sparse semantic-light graph remains routable, but it produces higher mean travel
time, higher mean waiting time, larger maximum queues, more rerouting events, and earlier
degradation under increasing demand. This indicates that graph abstraction, grid reso-
lution, neighbourhood rule, connector representation, and semantic OD support influence
movement performance even when basic connectivity remains available.

RQ3. To what extent does congestion-aware replanning change pedestrian movement
performance compared with fixed-routing simulation on the generated graph?

Congestion-aware replanning reduces waiting and queue pressure, but it does not neces-
sarily reduce travel time. In the 200-agent comparison on the default graph, dynamic re-
planning reduces mean waiting time and peak connector queue, while increasing mean and
95th percentile travel time. This occurs because the implemented strategy penalizes locally
crowded graph elements rather than solving a global total-travel-time optimization problem.
Agents may therefore avoid queues by taking longer or less direct alternatives. The main
value of the implemented strategy is congestion management and delay redistribution, not
guaranteed shortest-time improvement.

The demand-load results show the same pattern: dynamic routing can mitigate congestion
in both default and sparse graph variants, but it cannot fully compensate for structural
bottlenecks or reduced graph density. This means that congestion-aware replanning should
be evaluated through multiple metrics, including waiting time, queue length, route change,
travel time, and not-completed agents.

RQ4. How do heterogeneous pedestrian profiles influence travel time, waiting, and con-
gestion patterns in the station environment?

Pedestrian profiles strongly influence simulation outcomes. Elderly agents experience longer
travel times and substantially higher waiting burdens than normal agents in both single-
profile and mixed-agent settings. This shows that aggregate metrics such as arrival rate
or mean travel time are not sufficient on their own. Profile-specific metrics are needed
to understand unequal movement impacts within the simulated population. In the current
implementation, this conclusion is limited to the implemented normal and elderly profiles.

7.3. Main Contributions

This thesis makes four main contributions, summarized in Figure 7.3.

First, it develops a reproducible workflow for transforming IFC-derived station information
into a semantically enriched 2.5D navigation graph. The workflow links building semantics,
walkable-layer extraction, graph construction, connector modelling, and semantic origin—
destination anchoring.
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Figure 7.2.: Visual summary linking the research questions to the main experimental evi-
dence and thesis findings.

Second, it demonstrates that a 2.5D graph can support more than static shortest-path rout-
ing. The graph can be used for agent-based movement simulation, waiting analysis, queue
detection, congestion-aware replanning, and demand-load testing.

Third, it provides an experimental comparison between static routing and congestion-aware
replanning. The results show that dynamic replanning reduces waiting and queue pressure,
but introduces trade-offs with travel time, rerouting intensity, and computational effort.

Fourth, it shows that graph-abstraction choices and pedestrian-profile assumptions affect
simulation outcomes. The comparison between the default graph and the sparse semantic-
light graph demonstrates that graph quality should be evaluated through movement-performance
metrics, not only graph connectivity. The profile experiments further show that different
pedestrian groups can experience unequal movement burdens.

7.4. Limitations

The thesis has several limitations.

First, the simulation is not calibrated with time-resolved AFC data, video-derived pedes-
trian trajectories, or observed station movement records. The thesis therefore does not claim
that the simulated crowd density exactly matches the real crowding condition of Dadong-
men Station. Such a claim would require station-level validation data, such as automatic
fare-collection records, entrance-level passenger counts, platform counts, connector queue
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These contributions enable a semantics-aware, simulation-ready framework for evaluating
indoor pedestrian performance under realistic congestion conditions.

Figure 7.3.: Main contributions of the thesis: IFC-to-2.5D graph construction, simulation-
ready graph representation, congestion-aware routing evaluation, and graph/profile sen-

sitivity analysis.
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7. Conclusions and Future Work

observations, or video-derived pedestrian trajectories. These data were not available for
this thesis. The experiments therefore support methodological validation, not operational
passenger-flow prediction.

Second, pedestrian behaviour is simplified. Waiting, queueing, connector capacity, and re-
planning are represented through graph-based rules rather than full microscopic continuous
pedestrian dynamics. The model can reveal comparative bottleneck and routing effects, but
it cannot reproduce all local interactions found in real pedestrian crowds.

Third, the implemented pedestrian profiles are limited. The experiments include normal
and elderly agents, but a complete wheelchair or accessibility-constrained routing model
was not fully implemented. Therefore, the thesis demonstrates profile-sensitive simulation
capability, but not a full accessibility analysis.

Fourth, the graph-variant testing uses one sparse semantic-light graph configuration. This
variant is useful for showing that graph abstraction affects movement behaviour, but it does
not cover all possible combinations of grid resolution, neighbourhood rule, connector mod-
elling, semantic filtering, and OD-region construction.

Fifth, the capacity results are model-based. The saturation behaviour identified in Exper-
iment F depends on the current graph variants, agent rules, OD assumptions, connector
treatment, and the fixed 600s simulation horizon. It should not be interpreted as the of-
ficial capacity of Dadongmen Station or as a verified reproduction of real crowding. The
simulated demand levels are scenario loads used to examine model behaviour under in-
creasing pressure. Operational capacity assessment would require calibrated demand data,
operational constraints, emergency standards, timetable interactions, and validation against
observed station behaviour.

Finally, the number of not-completed agents should be interpreted carefully. It indicates
agents that do not reach their assigned destination within the fixed simulation horizon or
cannot maintain a valid route under the implemented movement rules. It is a simulation
accounting category, not a real-world safety failure.

7.5. Future Work

Future work can develop the thesis in five directions, as summarized in Figure 7.4.

First, the simulation should be calibrated and validated using real passenger data, such
as AFC records, platform counts, video-derived trajectories, or observed connector queues.
This would allow the method to move from methodological validation toward operational
prediction.

Second, the graph-construction process should be tested under more graph abstraction set-
tings. A systematic comparison of grid resolution, neighbourhood rules, connector mod-
elling, semantic filtering, OD-region construction, and connector-cost assumptions would
provide a stronger answer to how graph design choices affect routing and simulation.

Third, pedestrian behaviour should be extended. Future versions should include accessibility-
constrained agents, wheelchair users, luggage passengers, elevator preference, stair avoid-
ance, group behaviour, and more realistic waiting and queueing rules.
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7.5. Future Work

Fourth, the method should be tested on additional station or building cases. Applying the
workflow to different station layouts would show whether the method generalizes beyond

the Dadongmen Station case.

Fifth, the workflow is well suited for integration with large language models. During the im-
plementation, it became clear that the generated graph, simulation outputs, and bottleneck
metrics could become tools for a station-navigation assistant. A future LLM-based system
could translate natural-language queries into validated graph operations, such as route plan-
ning, accessibility-aware routing, congestion querying, or scenario simulation. For example,
a user could ask for the least crowded route from an entrance to a platform, or an operator
could ask which connector becomes critical under increased demand. In this direction, the
2.5D graph would act as the structured spatial reasoning layer, while the LLM would provide
the user-facing interface for querying, explaining, and comparing navigation options.

This extension should be treated carefully. The LLM should not replace the graph algorithm
or simulation model. Instead, it should call validated tools, retrieve graph and simulation
outputs, and explain the results in natural language. This would preserve the reliability of
the computational workflow while making it easier to use for real station navigation and

planning support.
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Figure 7.4.: Future work roadmap. The current workflow can be extended through data
calibration, systematic graph-abstraction testing, richer pedestrian profiles, additional case
studies, and LLM-based station navigation support.
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A. Reproducibility self-assessment

This appendix provides a self-assessment of the reproducibility of the thesis. The work in-
cludes code-based graph construction, routing, simulation, experiment execution, and figure
generation. However, the original Dadongmen Station BIM/IFC data cannot be redistributed
because they originate from professional project data and were used with permission for
academic research only. Therefore, the thesis is not fully reproducible from raw input data
by an external reader, but the workflow, configurations, selected processed outputs, and
result-generation logic are documented to support partial reproducibility.

A.1. Marks for each of the criteria

[level] Data criteria

[0] unavailable (including available upon request) and
not recreatable (even if documented or with metadata)

i
i
1
1
| [1] documented (including metadata) and

} recreatable (same or similar data can be retrieved from original source)
1

i

i

i

Input Data

[2] available, but non-public licenses/no license or non-permanent websites (e.g. no DOI)

[3] available, open and permanent (with DOI)

[0] unavailable (including available on request)

i

i

1 [1] documented (text, pseudo code, workflow description,
Criteria f()r Preprocessing 1 versions, Dockerfile, Vagrantfile)

! [2] available (source code online, e.g. Github;

i

1

1

I

[

1

ReprOdUCIble referring to specific example from paper)
Research [3] available and open (runtime image/container,
Methods standardised metadata, open license)
N S
Method, analysis, processing --------| |
!
Computational environment ————___ same
criteria
[level] Results criteria |~~~ """~ " 7T TT T T TTO T T T TI T TN )
~—— [0] unavailable/insufficient
Results —— [1] documented (understandable, context provided), i.e.

}—— [2] available, i.e. models, "output data", scripted plots/maps

i
]
|
|
|
ble statistical measur ies, textual descriptions, tables, maps |
|
|
|
‘—— [3] available, open and permanent i

]

Figure A.1.: Reproducibility criteria to be assessed.

Table A.1 summarizes the self-assessment using the five criteria provided in the thesis tem-
plate. The marks range from 0 to 3, where 0 means not reproducible and 3 means highly
reproducible.

Overall, the reproducibility level of this thesis is assessed as partial but transparent. The
main methodological logic and experimental outputs are documented, but full raw-data
reproduction is not possible without access to the original station BIM/IFC data.

99



A. Reproducibility self-assessment

Table A.1.: Reproducibility self-assessment of the thesis.

Criterion

Mark

Justification

Input data

Preprocessing

Methods

Computational envi-
ronment

Results

1/3

2/3

3/3

2/3

2/3

The raw Dadongmen Station BIM/IFC data can-
not be publicly redistributed because of data-
permission restrictions. The simplified pilot model,
methodological description, selected processed out-
puts, and figures are available or documented
where possible.

The preprocessing workflow is described in the
methodology, including IFC interpretation, level
selection, walkable-layer extraction, obstacle filter-
ing, node sampling, clearance filtering, and connec-
tor snapping. However, full external reproduction
is limited by the unavailability of the raw station
model.

The main methodological steps, algorithms, graph
construction logic, routing strategies, congestion-
aware replanning logic, and experimental design
are described in the thesis. The code and config-
uration files are documented in the project material
where redistribution is allowed.

The main tools and Python libraries are re-
ported, including IfcOpenShell, Shapely, Net-
workX, NumPy, SciPy, and Matplotlib. Exact pack-
age versions and local machine settings should be
checked against the repository or environment file
if available.

The main result tables, figures, graph statistics, and
experiment outputs are reported. The numerical
results are reproducible from the processed graph
and experiment configuration, but full end-to-end
reproduction from raw IFC is restricted by data-
access limitations.
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A.2. Self-reflection

A.2. Self-reflection

The main limitation for reproducibility is the input data. The Dadongmen Station BIM/IFC
model was obtained from a professional project context and was used with permission for
academic research. Because the model is not public project data, it is not redistributed with
the thesis. This means that an external reader cannot fully rerun the complete pipeline from
the raw IFC files.

To reduce this limitation, the thesis documents the workflow in detail and reports the in-
termediate and final outputs used in the experiments. The methodology describes how
IFC-derived information is converted into 2.5D walkable layers, how graph nodes and edges
are generated, how semantic origin—destination regions are attached, and how routing and
simulation experiments are performed. The Chapter 6 results also report graph statistics,
experiment settings, and movement-performance metrics so that the reasoning from graph
construction to simulation results can be inspected.

The code, configuration files, selected processed outputs, and figure-generation material are
documented in the project repository and online demonstration material where redistribu-
tion is allowed:

https://suewang291826.github.io/tud-thesis-showcase/index.html
If a separate GitHub repository is made available, it should be cited here as well:
https://github.com/SueWang291826/tud-thesis-showcase

The results should therefore be understood as reproducible at the level of method, config-
uration, processed outputs, and reported experiments, but not fully reproducible from the
original raw BIM data. This is a common constraint when research uses professional or non-
public building models. For future work, reproducibility could be improved by applying the
workflow to a fully open IFC dataset or by releasing a synthetic station model that preserves
the relevant graph and connector structure without disclosing professional project data.
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C. Statement on the Use of Al-assisted
Tools

Al-assisted tools were used in a controlled way during the preparation of this thesis. The
tools supported implementation efficiency, writing clarity, and figure preparation. They
were not used as independent sources of scientific evidence and did not replace the author’s
responsibility for methodology, experiments, results, or conclusions.

C.1. GitHub Copilot

GitHub Copilot was used in Visual Studio Code as a coding support tool. Its use included
code completion, boilerplate generation, debugging suggestions, refactoring support, and
assistance with utility scripts for processing outputs and generating figures. Copilot sug-
gestions were manually inspected, modified, and tested before being used. The final im-
plementation logic, parameter choices, experiment configuration, and result interpretation
remained the responsibility of the author.

C.2. ChatGPT

ChatGPT was used to support thesis writing and organization. Its use included language
polishing, paragraph restructuring, LaTeX formatting suggestions, improvement of figure
captions, and clarification of technical explanations. ChatGPT was also used to draft prompts
for schematic thesis figures and to help organize experimental results into readable tables
and discussion text.

ChatGPT was not used as a source of bibliographic evidence. References suggested by
Al tools were manually checked, and unverified or incomplete references were removed.
The author checked the consistency of the generated text with the implemented workflow,
experimental outputs, and thesis scope.

C.3. Figure-generation support

Al-assisted image generation was used for some schematic and explanatory figures, in-
cluding workflow diagrams, research-question diagrams, and discussion-summary graph-
ics. These figures were used as visual communication aids rather than as experimental
evidence. Quantitative result figures were generated from experiment outputs or manually
verified values. Where Al-assisted figures were used, their content, labels, and numerical
values were checked and corrected by the author before inclusion.
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C. Statement on the Use of Al-assisted Tools

C.4. Gemini and presentation preparation

Gemini was used only for presentation preparation and visual-communication brainstorm-
ing. It was not used to generate experimental results, analyse raw data, or provide thesis
evidence.

C.5. Author responsibility

All modelling decisions, code outputs, experimental results, figures, tables, and interpre-
tations were checked and revised by the author. The Al-assisted tools supported drafting,
coding efficiency, and communication, but the final responsibility for the thesis content re-
mains with the author.
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