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Resumo

As Analiticas Imersivas t€m como objetivo melhorar a andlise de dados ao colocar o analista dentro
de um ambiente tridimensional. No entanto, a construcao destas visualizacdes continua reservada
a especialistas, e os dados de fluxo abstratos, como transagdes financeiras, viagens ou trafego de
rede, sdo definidos pelas suas liga¢des e nao necessariamente por uma posicao fixa, ndo trazendo
qualquer geometria inerente que os situe num mundo 3D. Os sistemas existentes ou dependem de
dados que j4 trazem coordenadas, ou tratam o ambiente gerado como um contentor passivo, ou
sdo ferramentas de propdsito tinico.

Esta dissertagdo propde uma framework procedural que transforma qualquer conjunto de da-
dos de fluxo baseado em eventos num mundo de dados navegdvel em Realidade Virtual (VR), no
qual a prépria geragao procedimental é o canal analitico. Isto é, o relevo do terreno e a densidade
da vegetacdo codificam quantidades por né definidas pelo analista, tipicamente o fluxo de entrada
e de saida de cada nd, ao longo do tempo. O ambiente é gerado a partir dos dados e configu-
rado parcialmente através de um ficheiro JavaScript Object Notation (JSON) que acompanha o
conjunto de dados, sem alteracdes de c6digo nem modelacdo manual.

O protétipo, construido em Unity, dispde os nds com um algoritmo de forcas, gera o terreno
a partir de formulas com biomas, dgua e vegetacdo, anima os fluxos como particulas que viajam
ao longo de curvas entre origem e destino, e trata o tempo como uma fun¢@o pura do instante
normalizado, navegavel com reproducio, pausa e salto arbitrario, a taxas de imagem adequadas a
Realidade Virtual.

Como o contexto ambiental é um canal separdvel, a sua contribuicdo pode ser medida por
ablacdo. A avaliacdo tem trés vertentes: o desempenho do sistema; uma apreciacdo por especial-
istas com a framework SCORE, que quantifica a diegese do ambiente; e um estudo de utilizadores
que cruza o ambiente, bdsico contra procedimental, com a complexidade do conjunto de dados,
utilizando um sistema ptiblico de partilha de bicicletas amostrado em duas escalas, cujas viagens
sdo tratadas como fluxo abstrato, deixando de lado a geografia das estagdes.

Num estudo com vinte participantes, cada um a realizar todas as condi¢des, o ambiente pro-
cedimental melhorou a corre¢do das tarefas e reduziu a carga cognitiva percebida face a uma cena
abstrata equivalente, com o beneficio de carga a crescer a medida que o conjunto de dados se
adensa. A melhoria na correcdo foi unanime nas tarefas que o terreno codifica. O beneficio foi es-
pecifico desse canal. As tarefas lidas no terreno melhoraram nitidamente, enquanto uma tarefa de
controlo, ndo codificada pelo ambiente, e o canal de vegetacdo ndo mostraram efeito, o que indica
que o ganho vem da informagdo que os elementos gerados transmitem e ndo de uma cena global-
mente mais rica. O painel de especialistas classificou a condi¢do procedimental como tendo maior
diegese, concentrada nas dimensdes que o relevo determina, e dezoito de dezanove participantes
preferiram-na. Os resultados assentam numa amostra modesta e num tinico dominio.

Palavras-chave: Analiticas Imersivas e Geracio Procedimental de Contetidos e
Visualizacdo de Fluxos e Realidade Virtual e Terreno Orientado por Dados
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Abstract

Immersive Analytics (IA) aims to improve data analysis by placing the analyst inside a three-
dimensional environment. Yet authoring these visualizations remains the preserve of experts, and
abstract flow data, such as financial transactions, trips or network traffic, is defined by its connec-
tions, not necessarily by a fixed position, and so brings no inherent geometry with which to place
itin a 3D world. Existing systems either depend on data that already carries coordinates, treat the
generated environment as a passive container, or are single-purpose tools.

This dissertation proposes a procedural framework that turns any event-based flow dataset
into a navigable Virtual Reality (VR) data-world, in which the procedural generation itself is the
analytical channel. That is, the terrain relief and the vegetation density carry analyst-defined per-
node quantities, typically each node’s incoming and outgoing flow, over time. The environment is
generated from the data and configured partially through a JavaScript Object Notation (JSON) file
accompanying the dataset, with no code changes and no manual modeling.

The prototype, built on Unity, lays the nodes out with a force-directed algorithm, generates the
terrain from formulas together with biomes, water and vegetation, animates the flows as particles
traveling along curves between origin and destination, and treats time as a pure function of the
normalized instant, navigable through play, pause and arbitrary seeking, at frame rates suited to
VR.

Because the environmental context is a separable channel, its contribution can be measured by
ablation. The evaluation has three strands: the system’s performance; an expert assessment with
the SCORE framework, which quantifies the environment’s diegesis; and a user study crossing
the environment, basic against procedural, with dataset complexity, using a public bike-sharing
dataset sampled at two scales, whose trips are treated as abstract flow with their station geography
set aside.

In a within-subjects study with twenty participants, the procedural environment improved task
correctness, with every participant improving on the tasks the terrain encodes, and lowered per-
ceived cognitive load relative to an otherwise identical abstract scene, with the load benefit grow-
ing as the dataset densified. The benefit was specific to the channel the relief encodes. Tasks read
from the terrain improved sharply, while a control task the environment does not encode and the
vegetation channel showed no effect, which indicates that the gain comes from the information the
generated features carry and not from a generally richer scene. The expert panel rated the proce-
dural condition higher on diegesis, concentrated in the dimensions the relief drives, and eighteen
of nineteen participants preferred it. The findings rest on a modest sample in a single domain.

Keywords: Immersive Analytics e Procedural Content Generation e Flow Visualization e
Virtual Reality e Data-driven Terrain
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The United Nations Sustainable
Development Goals

The United Nations Sustainable Development Goalss (SDGs) provide a global framework for
achieving a better and more sustainable future for all. It includes 17 goals (https://sdgs.u
n.org/goals) to address the world’s most pressing challenges, including poverty, inequality,
climate change, environmental degradation, peace, and justice.

This dissertation is a methodological contribution at the intersection of procedural content
generation and immersive analytics. Its impact on the SDGs is therefore mostly enabling and
indirect. It does not tackle a societal challenge on its own, but it lowers the cost and the expertise
required to analyze complex movement data in immersive environments, and it is evaluated on
data drawn from sustainable urban mobility. The goals most relevant to the work are SDG 9,
SDG 11 and SDG 4.

The specific Sustainable Development Goals mentioned have the following names:

SDG 9 Build resilient infrastructure, promote inclusive and sustainable industrialization and fos-
ter innovation

SDG 11 Make cities and human settlements inclusive, safe, resilient and sustainable

SDG 4 Ensure inclusive and equitable quality education and promote lifelong learning opportu-
nities for all


https://sdgs.un.org/goals
https://sdgs.un.org/goals

SDG Target Contribution Performance Indicators and Met-
rics

9 9.5 Advances scientific research and  Research outputs (a working pro-
technological capability by con- totype, an expert SCORE as-
tributing a novel method that sessment and a controlled user
turns abstract, coordinate-free study); novelty with respect to prior
flow data into navigable immer- immersive-visualization systems.
sive 3D environments, together
with an empirical evaluation of
its analytical value.

9.c Increases access to advanced an- Reduction in expertise and time
alytical technology by express- needed to deploy an immersive vi-
ing all dataset-specific config- sualization for a new dataset; num-
uration as portable data rather ber of distinct domains served by
than code, so that an immersive the same pipeline without code
analysis can be set up without changes.
specialized 3D-modeling or pro-
gramming skills.

11 11.2  Supports the analysis of sustain- Applicability to mobility datasets;
able urban mobility. The system analysts’ accuracy and response
is evaluated on a public bike- time when identifying mobility pat-
sharing dataset and helps ana- terns, measured directly by the
lysts perceive spatial and tem- study tasks.
poral demand patterns, such as
busy stations and peak periods,
relevant to planning and operat-
ing transport systems.

4 4.4 May support data literacy and Perceived cognitive load and task

analytical training, since a nat-
uralistic, immersive represen-
tation can make complex re-
lational data more understand-
able and engaging than abstract
charts.

performance from the user study;
lower load and higher accuracy
would indicate improved under-
standability.
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Chapter 1

Introduction

Immersive Analytics (IA) was developed with the goal of exploring new approaches to data visu-
alization that create more engaging and immersive experiences. The aim is to support analytical
reasoning in the emerging field of big data [1], through more natural and intuitive ways of inter-
acting with information [2]. Skarbez et al.[3] suggested that IA is also built on the idea that the
combination of human and machine intelligences can lead to insights that are not possible to reach
alone, especially when working with large amounts of data. However, building these environments
still requires design expertise and manual modeling, which makes immersive analysis impractical
for everyday use.

One way to avoid this is to generate the environment automatically, instead of building it
by hand. This is what Procedural Content Generation (PCG) explores, for virtual environments
and virtual content in general. Togelius et al.[4] defined PCG as the algorithmic generation of
game content with limited or no direct human contribution, a category that spans not only levels,
maps and quests but also textures, visual effects, animation, audio, narrative and game rules,
excluding only the engine itself and the behavior of Non-Player Characters (NPCs). Procedural
generation is therefore not confined to the shaping of geometry. It reaches the visual, temporal
and multimodal facets of a virtual world. This breadth matters here, because the environment
this thesis generates conveys data not through terrain form alone but also through color, biomes,
vegetation and animated change over time. This approach allows experts to significantly reduce the
time and manual effort required to produce complex content. Moreover, game designers improve
their understanding of design, as they are required to encode the rules of world-building instead
of manually placing assets. Finally, improved PCG methods lead to a greater understanding of the
design process, which leads to even more advanced PCG methods. This highlights the evolutionary
nature of PCG, which explains why, after four decades of existence, it remains a major research
area [4, 5].

The applicability of PCG can be extended beyond games, as exemplified by Atlas [6], an
approach using PCG methods for procedural data visualization. However, while Atlas focused on
the generation of 2D charts, the intersection between IA and PCG in the context of 3D or spatial

environments has potential to be explored, particularly for visualizing highly interconnected data.



Introduction 2

1.1 Motivation

The growing volume and complexity of data require new approaches for its analysis. Different
research fields are concerned with the development of such methods. For data visualization, data
must follow a strict format and users usually require transformation libraries or interactive tools
to process it, which requires some expertise in programming or in specific tools [7]. For the
specific case of 1A, expertise in designing the visualization is necessary [8]. At the same time,
PCG techniques offer an efficient way to create 3D environments automatically from structured
data. This overcomes the need for a designer, which reduces both the costs and time required to
use immersive methods for data visualization [5]. Instead, the technical requirement shifts from
artistic modeling to the use of an automated generative system, allowing analysts to focus on the
data itself instead of the construction of the world [5].

The objective of this thesis is to design a framework that turns an event-based flow dataset into
a navigable Virtual Reality (VR) environment, built automatically from the data and configured
without code, in which the procedural generation itself is the analytical channel. While the poten-
tial for PCG-IA spans across all data types, this research strategically focuses on event-based flow
datasets. This focus is justified by the fact that flow data presents some of the most significant
visual challenges in the field, and provides a high-value entry point to test procedural mappings
within the constraints of an MSc dissertation. The motivation for this thesis arises from the recog-
nition that PCG has the potential to advance the entire field of IA by introducing automation and
scalability. To achieve this, it is necessary to first understand how principles from PCG can be
adapted to develop a framework that translates data into meaningful 3D immersive analytical en-
vironments. Simultaneously, the system must be designed to accurately map data into geometry in
a way that the structure, attributes, and relationships in the original dataset are maintained. Lastly,
it is essential to evaluate whether such a procedurally generated environment actually improves
the analyst’s ability to read spatial and temporal flow patterns, and at what cognitive cost, when

compared to a conventional abstract 3D baseline.

1.2 Problem

Despite the advances in IA and PCG, a solution that can automate the translation of tabular data
into 3D analytical environments through the intersection of these fields is not yet a standard ap-
proach.

Currently, the creation of 3D analytical environments relies on advanced software that typi-
cally requires expertise, or on human designers specialized in 3D Modeling, visualization design
and immersive interaction [8]. This makes [A an impractical option for daily use. An analyst with
a high-dimensional dataset cannot simply visualize it inside an immersive environment. This bot-
tleneck intensifies if the dataset in analysis is often updated, as manual modeling is significantly
slower than the rate of incoming data. Consequently, the high cost and time necessary for [A

reserve its use for specific cases instead of an everyday, functional tool for analysis.



1.3 Research Questions 3

While PCG is known to be effective in the creation of complex 3D Worlds, its application has
not yet been extended to data-driven generation for analysis. This is challenging, as it implies more
than just generating 3D geometry. For its use in this kind of generation, the system must produce
output that is coherent with the input data, ensuring that the original data is clearly identifiable.
Atlas has focused on 2D representation of data, which proves that this generation is possible [6].
However, for 3D generation, there are new challenges to be addressed, such as the navigation
within the environment and the management of large-scale datasets, where the increased amount
of data can obstruct readability. Moreover, the use of three dimensions for abstract data is itself
contested. It has long been criticised for introducing occlusion and perspective distortion without a
clear analytical gain [9]. IA reopens this question from a different starting point, yet recent surveys
observe that almost no framework supports data transformation inside the immersive pipeline and
that authoring remains restricted to experts [10].

The central problem this thesis aims to address is the general lack of automated "procedural
engines" for A capable of translating structured data into interactive and semantically correct 3D
environments, thereby making IA accessible and scalable for analysts to use. While the ultimate
goal of this intersection is a universal framework for arbitrary data, establishing such a founda-
tion requires first solving the mapping problem for a highly complex topology. Therefore, this
thesis focuses specifically on event-based flow data. By targeting a data structure that inherently
suffers from severe visual clutter and temporal occlusion in 2D formats, this work uses flow net-
works as the ideal, high-stress environment to demonstrate and validate the semantic capabilities

of procedural generation in 3D spaces.

1.3 Research Questions

To solve the problems identified in Section 1.2, this thesis aims to answer the following Research
Questions (RQ):

(RQ1) Framework: How can principles from Procedural Generation be adapted to process
and structure multidimensional flow data, integrating topological attributes with optional
semantic and kinematic fields, for the automatic creation of meaningful 3D immersive

analytical environments?

* This question concerns the system architecture: how to design a flexible rule-based
pipeline that ingests dynamic flow datasets and builds the 3D scene automatically.

It is answered by the framework itself.

(RQ2) Environment Quality: Does mapping flow attributes to procedural geometry and an
environmental context yield visualizations with higher diegesis than equivalent abstract

3D representations?



Introduction 4

* This question concerns the visual design. It is assessed by an expert evaluation with
the SCORE framework, checking whether the generated environment becomes part

of the data presentation instead of a container for it.

(RQ3) Analytical Utility: How does a procedurally generated environmental context affect

task performance and perceived cognitive load as dataset complexity grows?

* This question is answered by a controlled user study, an ablation that compares task
performance and cognitive load with and without the generated environment, across

two levels of dataset complexity.

1.4 Hypothesis

This thesis hypothesizes that by applying and adapting PCG techniques, it is possible to develop a
framework that automates the generation of interactive 3D analytical environments directly from
event-based flow data, producing data-worlds that are generated by algorithms yet remain seman-
tically coherent and analytically useful.

Furthermore, it is hypothesized that embedding the data in a procedurally generated environ-
ment, one whose own features carry per-node quantities computed from the flows, improves the
analyst’s ability to identify spatial and temporal flow patterns, and does so without increasing
cognitive load or breaking the sense of presence, when compared to an equivalent abstract 3D
environment that lacks the generated context. The analytical channel under test is the procedural
generation as a whole, not any single feature. This means that the terrain relief and the vegeta-
tion density are the two channels this work realizes, and the same mechanism could carry further
quantities through additional generated features. The separable nature of this environment, which
can be removed while leaving every other visual channel intact, is what makes this contribution

measurable through a controlled comparison and not just asserted.

1.5 Document Structure

Beyond this introduction, the document is organized into five chapters. Chapter 2 reviews the
state of the art in procedural generation and in the immersive visualization of abstract and flow
data, and identifies the gaps this thesis addresses. Chapter 3 presents the proposed approach, the
data-world concept, the flow data model and the mapping strategies used to turn a dataset into
a navigable environment. Chapter 4 details the system that realizes this approach. Chapter 5
describes the two-part evaluation, combining an expert assessment with the SCORE framework

and a controlled user study. Chapter 6 summarizes the contributions and outlines future work.



Chapter 2

State of the Art

The intersection of PCG and IA creates a new area of study regarding how to experience com-
plex data. While traditional methods for visualizing data often rely on abstract graphics, such
as charts and dashboards, immersive approaches want the users to feel presence within the data
environment. This chapter reviews the technologies that make this possible, the fundamental de-
sign principles involved, and the applications currently present in the literature. It concludes by

identifying the critical gaps that this thesis aims to address.

2.1 Technologies of Procedural Generation

PCG is broadly defined as the algorithmic creation of content with limited or no direct human
input [5, 11], and its method families have been organized in dedicated taxonomies and surveys
that distinguish, among others, search-based and experience-driven approaches [12, 13]. The
capability to generate coherent virtual worlds from data relies on a specific set of algorithms
that facilitate the transition from manual to automated creation. In this review, the technologies
are divided into three primary categories: stochastic generation, grammar-based systems, and

constraint satisfaction algorithms.

2.1.1 Stochastic Generation and Noise

Natural environments are rarely uniform. Instead, they usually present a structured form of ran-
domness. To replicate this effect in virtual environments, coherent noise functions such as Perlin
Noise or Simplex Noise are commonly used. Unlike white noise, which is completely unpre-
dictable and results in visual chaos, coherent noise ensures that spatially adjacent points have
correlated values.

While gradient noise functions are computationally efficient, they often lack the realism re-
quired for high-fidelity simulations[14]. To address this limitation, recent studies have moved be-
yond simple noise. For instance, methods simulating hydraulic and thermal erosion on large-scale
terrains have been proposed to model river formation and sediment transport based on physical

laws, not mathematical probability [15]. Furthermore, addressing the gap between low-resolution
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global data and the high-fidelity expectations of VR often requires advanced methods that add
footprint-level random details to topographic surfaces [16].

In the specific context of data visualization, stochastic functions serve as more than visual
tools. They act as a structural framework for data representation. This is evident in projects like
Archipelago, where geolocation history modulates the generation of virtual islands [17], illustrated
in Figure 2.1. Here, noise provides the topographical baseline, while user data sculpts the specific
features, effectively turning the terrain’s roughness and elevation into a semantic representation
of a digital footprint. Similarly, data from mobile sensors has been utilized to seed generation
functions for game levels, creating terrain tracks that reflect the roughness of real-world roads [18].
These examples demonstrate that well-parameterized noise becomes a medium for visualizing

statistical distributions in continuous space.

Figure 2.1: Archipelago: virtual islands whose topography is modulated by the user’s geolocation
history, so that personal movement data sculpts a navigable terrain instead of just decorating it.
Source: [17].

More recently, the field has also incorporated machine learning, in particular Generative Ad-
versarial Networks (GANSs), for terrain generation [19]. Unlike explicit algorithmic design, these
data-driven approaches learn the statistical features of real elevation data to create natural land-
scapes, such as "Stone Forest" landscapes or volcanic terrains for VR simulations, proving that

procedural methods can be tuned to represent distinct geological phenomena [20, 21].

2.1.2 Grammars and Rules

While random noise is effective for continuous surfaces, the generation of structured objects, such
as buildings, road networks, or layouts, requires a deterministic approach based on formal rules.
Consequently, random noise becomes insufficient for translating data into meaningful structures.
Technologies like Lindenmayer Systems (L-Systems) and Shape Grammars allow for the descrip-

tion of complex structures through iterative rewriting rules.
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In urban modeling, the standard technology remains Computer Generated Architecture (CGA).
Recent surveys indicate a transition in this field from purely geometric rules to semantic-aware
integration [22]. CGA rules allow the automatic extrusion and texturing of buildings from 2D
footprints, such that the generated architecture respects historical styles or planning constraints
without the need for manual modeling [23, 24]. This parametric approach is also used in in-
frastructure design, where rules can adjust street widths and lane configurations in real-time to
facilitate urban planning scenarios [25], shown in Figure 2.2.

(a) (b)
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Figure 2.2: Rule-based (CGA) modeling of “complete streets”: the same parametric grammar,

driven by the attribute panels (a, b), produces a street without (c¢) and with (d) a planted central
median. Source: [25].

A significant evolution in grammar-based generation is the capacity to be easily updated over
time. Realistic settlements are rarely the result of a single set of rules, usually tending to evolve.
Timeline-based approaches simulate the historical growth of settlements over different architec-
tural periods, layering styles to create cities that evolve [26]. Similar shape grammars have been
applied to digital architectural heritage to ensure that generated forms coherently represent specific
historical eras [27, 28].

Beyond static structures, the literature presents dynamic and agent-based grammars. Swarm
Grammars, for example, combine the rigor of the L-Systems’ structure with the adaptability of
multi-agent systems, allowing agents to build the environment as they traverse it [29]. Further-
more, the accessibility of these complex tools is being improved through systems that integrate

Natural Language Processing (NLP), allowing users to describe layouts in plain language that are
then translated into formal grammar rules [30].
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2.1.3 Constraint Satisfaction and Tessellation

To ensure that a generated world is not only visually consistent but also coherent with the data
and navigable, the intersection between random grammatical methods and constraint satisfaction
algorithms is the option that the literature presents.

The Wave Function Collapse (WFC) algorithm is valued for its ability to maintain local con-
sistency, ensuring that every element of a generated world is compatible with its neighbors. Some
studies have highlighted the utility of WFC in mixed-initiative tools, where it helps reduce the
workload of designers by automatically resolving adjacency constraints [31]. Other spatial par-
titioning methods, such as Binary Space Partitioning (BSP) trees, are used to create infinite or
scrolling 3D levels, enforcing connectivity constraints in real-time [32].

In VR, navigation imposes strict physical constraints. Generated spaces must not only be
coherent with the data but also structurally correct, as demonstrated by frameworks generating
architecturally consistent mazes [33]. Moreover, the movement limitations of the user’s play area
present a challenge. Adaptive virtual environments address this by using procedurally generated
portals and corridors to transform large worlds into small physical spaces [34, 35].

Graph-based methods provide another layer of structural control. Reinforcement Learning
(RL) has been applied to procedural graph generation, where agents learn to construct graphs
that satisfy complex structural constraints that are difficult to encode in static grammars [36].
Similarly, Minimum Spanning Trees (MSTs) are used to generate indoor level layouts, ensuring
reachability and efficient corridor networks [37]. On a larger scale, tessellation techniques are
used to reconstruct landscapes from remote sensing images, dividing agricultural fields or urban
blocks using Voronoi-like structures to mimic natural spatial divisions [38, 39]. These structural
methods are often complemented by procedural placement models that follow precise spatial limits

to populate environments with vegetation in plausible locations [40], depicted in Figure 2.3.

Figure 2.3: Procedural urban forestry: from a real city block (left), vegetation is placed according
to spatial and ecological constraints (center) to generate a plausibly populated 3D scene (right),
rather than scattered at random. Source: [40].

2.2 Design Principles in Immersive Analytics

The transition from raw data to virtual environments requires more than algorithms. It demands
design principles that ensure the user can read and understand the environment while maintaining

a sense of immersion.
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2.2.1 Spatial Metaphors and Data Mapping

Mapping is the process of translating data variables into the sensory properties of virtual objects.
In TA, this mapping expands beyond color and size to include spatial, physical, and behavioral
properties.

Direct mapping strategies align the visualization structure strictly with the source dataset. For
example, ecological data can be mapped directly to a virtual forest, where variables like biomass
density or tree species determine the 3D geometry [41, 42]. This allows scientists to "walk"
through their data. In contrast, abstract approaches generate glyphs inspired by organic forms,
where multiple data types control the morphology of the object, such as the shape of diatoms [43],
as can be seen in Figure 2.4. The success of these systems depends on the clarity of the metaphor.
The user must intuitively understand that a larger tree or a rougher terrain corresponds to a higher

data value, minimizing the need to constantly consult a legend.

Figure 2.4: Generative glyphs in which the columns of an urban-mobility dataset (region, area,
population, and bike, transit and walk scores) are each assigned a distinct mark, so that a record’s
combined attributes determine the form of a single composite glyph. The metaphor carries the
values through shape instead of a legend. Source: [43].

Metaphor also operates at a second level, not only between data and visual object but between
the author and the generator itself. Khaled, Nelson and Barr propose four design metaphors that
describe the possible relationships between a designer and a procedural generator, casting it as a
tool, a material, a designer in its own right, or a domain expert, each implying a different balance
of control, effort and predictability over the generated result [44]. This authoring perspective bears
directly on a system meant to be configured by non-programmers. The mapping the generator
applies has to remain legible and controllable by the analyst, and not only by whoever implemented
it.

User preference studies in immersive environments suggest a tendency toward intuitive inter-
actions that try to mimic real-world behaviors [45], reinforcing the idea that data mappings should
align with physical expectations. This is particularly important in training simulations, such as
procedurally generated colonoscopy models, where the mapping is literal and the geometry must

behave exactly like human anatomy to provide valid training data [46].
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2.2.2 Validating Coherence and Presence

The validity of an immersive analytic environment depends on the maintenance of "presence",
the sense of being there. Theoretical frameworks like Heterotopias position virtual spaces as
discursive playgrounds, where the internal logic of the world is fundamental for learning [47].
If the generated environment presents logical errors, such as impossible architecture or strange
lighting, the immersion is broken, the trust in the data diminishes and the interpretability becomes
harder.

Interactivity is a key point in maintaining this coherence. By using game engines for historical
reconstruction, users can interact with the space instead of just viewing it, validating their under-
standing through action [48]. The literature points out that procedurally generated environments
do not inherently break presence if the generative rules are consistent with the user’s expectation

of that reality.

2.3 Immersive Analytics of Abstract and Network Data

A long-standing objection in the visualization community is that the third dimension is harmful,
not beneficial, for data that has no inherent spatial form. Munzner argues that adding depth to
abstract data introduces occlusion, perspective distortion and increased interaction cost, with little
analytical gain [9]. IA revisits this objection from a different starting point. Instead of a 3D pro-
jection shown on a flat screen, the analyst is placed inside a stereoscopic environment where head
motion, depth perception and direct manipulation may offset the classical drawbacks. Whether im-
mersion actually reverses the objection is still an open empirical question, as a recent survey makes
explicit when it asks how network layouts, scatterplots and parallel coordinates in immersive en-
vironments can be designed to improve upon classic desktop setups [10]. Concrete realizations of
exactly these idioms already exist. Moutinho, for example, reconstructs 2D scatterplots and paral-
lel coordinates inside a virtual reality environment, asking whether immersion eases the reading of
multidimensional abstract data that has no natural spatial form [49]. As can be seen in Figure 2.5,

the plots are transposed into VR yet stay suspended in space, not embedded in any environment.
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Figure 2.5: Immersive 2D scatterplots and parallel coordinates rendered in a virtual reality en-
vironment: standard abstract-data idioms transposed into VR, with the data suspended in space
rather than embedded in an environment. Source: [49].

For network data specifically, the immersive literature is small but consistent. Ware and Franck
showed, already in the 1990s, that viewing information networks in a head-coupled stereoscopic
display lets users trace substantially larger graphs than an equivalent 2D diagram [50]. More
recent work confirms and refines this result with current hardware. Kwon et al. study layout,
rendering and interaction for immersive graphs and report that a spherical 3D layout, paired with
a matching interaction technique, yields faster and more accurate task solving than 2D layouts as
graphs grow larger [51]. Cordeil et al. compare Cave Automatic Virtual Environment (CAVE) and
head-mounted display setups on collaborative graph-analysis tasks such as path finding, finding the
two media broadly equivalent and favoring the cheaper, more accessible Head-Mounted Display
(HMD) [52]. A common thread runs through all of these systems, however. The graph is treated
as a figure suspended in empty space. The volume around and beneath the nodes carries no
information, and the layout encodes only connectivity, not the magnitude or temporal behavior
of the underlying flows.

A different way of giving abstract data a spatial presence is to surround it with a built envi-
ronment, not a layout. In recent work within the same group as this thesis, Medina Pereira maps
continuous-integration and delivery pipelines to an immersive factory, where each workflow be-
comes a floor and its individual runs become blocks placed upon it [53], shown in Figure 2.6. This
is closer in spirit to the present proposal, since the analyst inhabits a place, not reading a diagram.
The distinction, returned to in Section 2.5, is that the factory is a fixed architectural metaphor that
houses the data, whereas this thesis generates the environment from the data and makes its relief

carry the magnitudes.
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Figure 2.6: An immersive “factory” generated from continuous-integration data: each workflow
becomes a floor and its runs become blocks placed along it. The environment houses abstract data
through a fixed architectural metaphor, in contrast with the data-generated terrain proposed in this
thesis. Source: [53].

When the relational data is also a flow, that is, directed and timestamped movement between
entities, the closest immersive work places the flows on pre-existing geography, drawing origin-
destination arcs over immersive maps or globes [54], illustrated in Figure 2.7. Such systems inherit
their spatial frame from the real world, which is appropriate for geographically anchored data but
unavailable for abstract flow datasets whose nodes are stations, accounts or network hosts, not
coordinates. The broader analysis of movement data likewise assumes a spatial substrate and a
temporal axis as given [55]. The question of how to generate a spatial frame, and an information-

bearing environment, for flow data that carries no coordinates of its own remains unaddressed.

Figure 2.7: Origin-destination flows drawn over pre-existing geography in an immersive envi-
ronment, with arcs raised above a 3D globe to separate overlapping routes. The spatial frame is
inherited from the real world, which abstract flow data does not provide. Source: [54].

Finally, the same survey that motivates the immersive turn also identifies a practical barrier
that this thesis targets directly. It observes that hardly any framework supports data transformation
procedures in immersive environments, and calls for authoring environments that make immer-
sive visualization accessible to non-experts without advanced programming skills [10]. Existing
immersive systems tend to be built per study, by their authors, against a single fixed dataset. A
configurable pipeline that ingests an arbitrary flow dataset and emits a navigable environment,
with no modeling and no code, is precisely the gap between the controlled experiments above and

a tool an analyst could actually use.
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2.4 Existing Intersections: PCG Applied to Visualization

The application of PCG in data visualization is diverse. The current literature can be categorized
into four main domains, depending on the type of input data and the purpose of the generated

space.

2.4.1 Geospatial and Urban Reconstruction

This category represents the most mature application of PCG in visualization, where geographic
data (GIS) generate digital cities.

Historical reconstruction projects often prioritize accuracy based on maps, using procedu-
ral generation to transform 2D data into 3D visualizations [23], depicted in Figure 2.8. Similar
data-driven modeling techniques have been applied to old architectures, using semantic rules to

reconstruct heritage sites with cultural fidelity [28].

Figure 2.8: Procedural 3D reconstruction of a historical city, with buildings extruded and textured
from 2D cadastral footprints. The generated space faithfully reconstructs reality but does not itself
encode any further data. Source: [23].

The concept of "Semantic Cities" is born from these reconstructions, ensuring that the gener-
ated city understands its own sociological structure. Frameworks have been proposed where the
semantics of a zone (e.g., commercial vs. residential) guide the geometry and the behavior of
the agents [24, 56]. This layer can be extended to simulate dynamic scenes, such as virtual con-
struction sites generated directly from OpenStreetMap data for safety training before construction
[57].

Distinct from reconstruction, PCG is extensively used to generate training data. Large virtual
city datasets are generated to train deep learning models for object detection, demonstrating the
need for statistical fidelity where the virtual world must match the variability of the real world
[58]. Efficiency is also a concern for real-time applications, where procedural methods must be
optimized for limited hardware [59]. Search-based procedural generation has been used to create

road networks specifically to test and break self-driving car software [60].
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2.4.2 Virtual Archives and Museums

In this domain, PCG generates architectural containers for information. In these cases, the gener-
ated space serves as a canvas for selected content.

Systems have been developed to generate virtual art galleries based on user search queries
[61, 62], shown in Figure 2.9. If a user searches for a specific art movement, the system creates
a virtual room of appropriate dimensions to house the results. This concept has been scaled to an
infinite museum capable of housing thousands of paintings [63]. While technically impressive,
the architecture in these systems often remains simple, with similar corridors that do not change

according to the data shown.

Top
Top left Right
Bottom Bottom
Left Right

Figure 2.9: A virtual art gallery generated from a user query: the retrieved works are distributed
across procedurally arranged rooms (top) to produce a navigable exhibition space (bottom). The
environment is a container for the content, not a representation of it. Source: [61].

Multimedia archives in mixed reality have also been explored using spatial organization con-
cepts to create layouts that facilitate connection between documents [47]. Variations include gen-
erating social virtual spaces that map onto real-world scanned rooms, allowing the virtual museum

to adapt to the physical furniture of the user’s environment [64].

2.4.3 Navigation in Solution Spaces

In these applications, PCG is combined with Artificial Intelligence (Al) to generate thousands of
design variants. The visualization component serves as a navigation interface for this "space of

possibilities."



2.4 Existing Intersections: PCG Applied to Visualization 15

Frameworks like V-Dream use VR to explore the solution space of generative design, where
the user navigates through clusters of design options instead of a single world [65], illustrated in
Figure 2.10. Similarly, Al tools generate procedural design suggestions for environments which

the user can accept or refine [66].

Figure 2.10: A user in virtual reality reaching into V-Dream, an interface for exploring the solution
space of a generative-design problem by moving among the generated options instead of inspecting
a single result. Source: [65].

Hybrid approaches expand on this by proposing partnerships where human experts train the
generative design assistant, creating a feedback loop that refines the solution over time [67].

These concepts are extended to the lifecycle of buildings, with "Digital Circular Twins" using
visual programming to evaluate designs based on economy principles [68]. Genetic algorithms
and L-Systems are also used to generate game rooms and rule sets, allowing designers to explore

different gameplay possibilities [69, 70].

2.4.4 Scientific and Ecological Visualization

This category aligns most closely with the concept of this research, the "Abstract-to-World," where
complex scientific data drives the creation of a natural environment.

One of the main articles presents an approach that involves visually exploring climate change
models through generated forests. In these systems, every tree represents real data regarding

biomass, species, and age, creating a direct mapping from scientific data to a natural immersive
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environment [41, 42], as can be seen in Figure 2.11. Other procedural generation methods sup-
port this by driving plant distribution via soil wetness and sun exposure maps instead of random
scattering [71].

Figure 2.11: A data-driven virtual forest in which each tree’s species, size and age encode forest-
inventory data, letting scientists walk through climate-change projections rather than read them
from a chart. This is the work most closely related to the present proposal, a natural environment
that is the data. Source: [42].

At the micro-scale, procedural generation is used to animate the dynamics of cellular micro-
tubules based on measurement data, representing behavior that cannot be filmed directly [72].
Furthermore, there exists generation of biological models for medical training, where procedural
content is strictly driven by physical constraints [46]. Other contributions offer methods to gener-
ate specific ecological niches, such as rivers or Mediterranean environments, from single images
or parameters [73, 74].

In disaster management, Digital Twins are used to visualize wildfire propagation, combining
real-time data with procedural terrain models to support decision-making [75]. Here, the world is

a functional replica of reality, augmented by predictive data layers.

2.5 Gap Analysis

The literature reviewed above converges on three gaps, which this thesis takes as the starting point

for the approach it proposes.
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Dependency on spatial data. Most systems that generate a coherent world from data, whether
the urban reconstructions of Section 2.4.1 or the immersive flow maps of Section 2.3, assume input
that already carries geographic or physical coordinates. Frameworks that accept purely abstract,
tabular flow data and synthesize a spatial frame from it, instead of borrowing one from the real
world, are all but absent.

Container versus content, and the authoring barrier. Where the environment is generated,
it tends to be a passive container, architecture that accommodates data without representing it. The
environment itself is rarely an analytical channel. The immersive pipeline factory discussed in
Section 2.3 is a recent instance, a generated building that houses the data through metaphor while
its floors and walls encode no magnitude [53]. Compounding this, the immersive-analytics litera-
ture reports that almost no framework supports data transformation inside the immersive pipeline,
and that authoring remains restricted to experts [10]. There is therefore a double opportunity: to
make the generated environment carry the data, and to make that generation configurable by a
non-programmer.

Limited generalization, and the empty environment of immersive networks. Scientific and
ecological systems are typically single-purpose, tied to one data type and not repurposable. The
immersive-network studies of Section 2.3, although general in method, treat the graph as a figure
in empty space and never use the surrounding environment as a bearer of magnitude or temporal
behavior. No general methodology combines the configurability of visualization grammars with
the immersion of procedural environments to turn an arbitrary flow dataset into a navigable data
landscape.

These three gaps together motivate the approach this thesis proposes to explore: generating
the immersive environment as the visualization, directly from abstract event-based flow data, and
exposing the whole mapping as portable configuration instead of code. Table 2.1 sets the reviewed
families against the three properties the gaps concern. Several generate a coherent world and a
few let it carry the data, but the combination this work sets out to explore, a carrier environment
built from abstract, coordinate-free input with the mapping exposed as portable configuration, is
one the surveyed families leave open.

Figure 2.12 places these families on the two axes the gaps define. The upper-right region they

leave vacant is the one this thesis sets out to occupy.
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Table 2.1: The reviewed families of work against the three properties the gap analysis concerns:
whether the input data is abstract (carries no spatial coordinates of its own), whether the generated
environment carries the data as an analytical channel instead of just containing it, and whether
the mapping is configurable by a non-programmer. Each property is met by some families; the
combination of all three is what this thesis sets out to provide.

Family (representative work) Input data Environment role ~ Abstract input Carrier env.
Urban reconstruction [23] Spatial (GIS) Container No No
Virtual museums [61] Collection/query Container No No
Solution-space navigation [65] Design space Interface No No
Ecological forests [42] Spatial/scientific Carrier No Yes
Immersive networks [51, 52] Abstract graph Empty space Yes No
Immersive flow maps [54] Spatial (geographic) Borrowed No Partly
Pipeline factory [53] Abstract Container Yes No
This thesis Abstract flow Carrier Yes Yes

All listed immersive systems are configured per study against a fixed dataset; this thesis additionally sets out to expose
the mapping as portable, non-programmer configuration (gap 3).

Ecological /
scientific
Immersive
networks / flows

Solution-space

Urban
reconstructiom——
Virtual
museums

Input data: spatial coordinates — abstract, no geometry

navigation

Environment: container — analytical carrier

Figure 2.12: Positioning of this thesis within the reviewed landscape. The horizontal axis runs
from input data that already carries spatial coordinates to abstract data with no inherent geometry
(gap 1); the vertical axis from environments that just contain the data to environments that carry it
as an analytical channel (gap 2). The existing families cluster away from the upper-right region;
this thesis sets out to occupy it, generating an information-bearing environment directly from
abstract flow data, and additionally to expose the whole mapping as portable configuration (gap 3).



Chapter 3

A Procedural Framework for Flow

Visualization

The objective of this thesis, introduced in Chapter 1, is to design a framework that turns an event-
based flow dataset into a navigable VR environment, built automatically from the data and config-
ured without code, in which the procedural generation itself is the analytical channel. This chapter
presents the conceptual proposal that pursues it, responding to the gaps identified in Chapter 2 and
realized by the system described in Chapter 4. It justifies the decision to focus on event-based
flow data, introduces the central concept of the data-world (an immersive environment generated
from, and semantically bound to, the dataset it visualizes), and derives from that concept the visual

mappings and the requirements that guided the implementation.

3.1 Scoping: From Arbitrary Data to Flow Data

The long-term ambition behind this research is a general procedural engine capable of translating
arbitrary tabular data into immersive analytical environments. The gap analysis in Section 2.5,
however, showed that no theoretical foundation currently exists for such a general mapping into
3D environments. Existing systems either depend on data that already carries spatial coordinates,
treat the generated space as a passive container for the data, or are single-purpose tools that cannot
be repurposed. Attempting such a framework directly would therefore mean designing mappings
for every data topology at once, with no literature to ground any of them, which is incompatible
with the rigor expected of the validation.

Instead, this thesis narrows the scope to event-based flow data, where each record is a directed,
timestamped event between two identifiable entities, such as a financial transaction between coun-
tries, a flight between airports, a trip between bike-sharing stations, or a packet between network

hosts. This choice is justified on three grounds:

» Flow data is a high-stress test case. Flow datasets combine network topology, time, direc-
tion and magnitude in a single structure, and are notorious for visual clutter and temporal

occlusion in conventional 2D representations. A procedural mapping that remains readable
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under these conditions provides stronger evidence for the approach than one validated on

simpler topologies.

* Flow data needs no inherent geometry. A flow dataset is defined by its connections,
not by any position in space. Some flow datasets do carry coordinates (airports and bike
stations have known locations), but the approach deliberately sets them aside and generates
the spatial layout from the connectivity instead. This directly addresses the first identified
gap, the dependency of existing systems on pre-existing spatial data, and contrasts with the
geospatial and urban-reconstruction systems of Section 2.4.1, which require coordinates the

data may not have.

» Flow data is ubiquitous. Finance, transportation, communications and logistics all produce
event-based flow data with at least a common set of features (origin, destination, timestamp,
optional attributes). A single mapping may therefore serve many domains, which partially

recovers the generality that the narrowed scope appears to sacrifice.

The narrowing is one of scope, not of architecture. As Chapter 4 details, every dataset-specific
aspect of the system is expressed as a portable configuration rather than code, so the framework

itself remains a candidate foundation for other data topologies in future work.

3.2 The Data-World Concept

The central proposal of this thesis is to treat the dataset not as content to be placed inside a virtual
world, but as the seed that generates the world itself. The second gap identified in the literature,
the separation between container and content (generated architecture that houses data without
representing it), is addressed by inverting the relationship, so that every salient feature of the
generated environment is a function of the data and the environment as a whole becomes the
visualization.

In concrete terms, the analyst who enters the environment inhabits a procedurally generated

landscape in which:

* the nodes of the flow network are spatially arranged so that their proximity reflects the

connectivity structure of the data;

* the terrain relief carries an analyst-defined per-node quantity computed from the flows, with
each node resting on a hill whose height reflects, at every instant of the playback, what is

happening in the data at that moment;

* the vegetation density carries a second analyst-defined per-node quantity, independent of
the relief, so that two complementary measures (typically incoming and outgoing flow) can

be read at once;

* the flows themselves are visible events, small spheres with trails traveling along curves be-

tween origin and destination, sized by an analyst-defined function of the record’s attributes;
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* the remaining environmental layers (altitude-based biomes, water) amplify the visibility of

these channels while making the scene read as a place rather than a diagram.

What carries the data is therefore the procedural generation itself, not one privileged feature.
The relief and the vegetation are the two channels realized here, chosen because each maps a
fundamental per-node aggregate (incoming and outgoing flow) onto a feature that is pre-attentively
read as magnitude, more height and more greenery both signifying “more.” The same generative
machinery could in principle drive further features as additional channels — a direction left to future
work (Chapter 6).

This claim is about the environment, not about everything inside it. The terrain, biomes, water
and vegetation are generated from the data and make up the world the analyst moves through. The
pillars that mark the nodes and the spheres that carry the flows stay abstract on purpose. Giving
them a literal form, birds or vehicles for the moving flows, would suggest a meaning the data does
not have, and on a dataset of network traffic or money transfers that would mislead more than help.
Calling the result a data-world therefore means the world is generated from the data, not that every
object in sight belongs to it.

The environment in Figure 3.1 is generated from a flights dataset, one of the datasets the

system was applied to, where each node is an airport and each flow a flight between two airports.

Figure 3.1: The generated data-world for a flights dataset (procedural condition). Each airport
rests on a hill whose height tracks its activity at the current instant; altitude-based biomes and a
water plane dress the relief; and flow spheres with trails travel along curves between airports.

The guiding intent is to give the analyst a world to inhabit instead of a chart to interpret, as

Figure 3.1 shows. The motivation is not purely aesthetic. IA research argues that presence and
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spatial cognition contribute to analytical reasoning [3, 8]. The ecological visualization systems
reviewed in Section 2.4.4 show that natural metaphors like forests and terrain can carry scientific
data legibly [41, 42]. And mappings aligned with physical intuition, where higher means more,
cut the need for legends and training [45]. The terrain metaphor inherits all of these properties.
Elevation is universally pre-attentively read as magnitude, and the space beneath the nodes, which
a conventional node-link diagram leaves empty, becomes an information-bearing surface.

A defining property of this proposal, and the basis of its evaluation, is that the environmen-
tal context is a separable channel. The terrain (with its dependent layers, water and vegetation)
can be replaced by a flat neutral plane, shown in Figure 3.2, while every other channel remains
untouched. Node positions, colors, flow animation and aggregation are identical in both modes.
This separability is what allows the contribution of the procedural environment to be measured

empirically through an ablation design (Chapter 5), instead of being assumed.

(a) Basic (B): flat neutral plane. (b) Procedural (P): data-driven environment.

Figure 3.2: The two environmental-context conditions, shown on the same dataset, instant and
viewpoint: (a) Basic and (b) Procedural. Every other channel (node layout, colors, flows, aggre-
gation) is identical between them; only the procedural environment is added or removed, which
keeps the ablation comparison clean.

3.3 Flow Data Model

The system operates on a canonical model of event-based flow data, summarized in Table 3.1.

Each record represents one directed event and carries:

* an origin and a destination node identifier (required);

* a departure timestamp (required) and an optional arrival timestamp, from which the visual

duration of the event can be derived;
* an optional categorical type (e.g. carrier, transaction type);

* any number of additional attribute columns (magnitudes, scores, counts) that the analyst

may reference in the visual mappings.
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Table 3.1: The canonical flow-data model. Real datasets are mapped onto these logical fields by a
declarative schema, without ever modifying the data.

Logical field Required Role

Origin Yes Source node identifier

Destination  Yes Target node identifier

Departure Yes Event timestamp (start of the event)

Arrival No End timestamp; derives the event’s visual duration
Type No Categorical label (e.g. carrier, membership class)
Attributes No Any number of extra columns, referenced by the map-

ping formulas

Real datasets never arrive in this canonical shape, and a hard premise of the approach is that
the dataset is never modified. Adaptation happens entirely in a declarative schema that maps
the dataset’s actual column names onto the canonical fields and lists which extra columns must
remain available to the mapping formulas. The timeline of the dataset, from the earliest to the
latest timestamp, is normalized to the interval [0, 1], which becomes the navigable time axis of the
entire environment.

This model captures the common denominator of flow datasets across domains. Everything
domain-specific, such as what the magnitude column means or which aggregation answers the

analyst’s question, is pushed into configuration, in line with the generality argument of Section 3.1.

3.4 Mapping Strategies

The translation from the data model to the generated world is organized as a set of visual channels,
each with a distinct analytical role. Two principles cut across all of them.

The first is the separation between the analytical layer (what is computed from the data) and
the visual layer (how the computed value is presented). Analytical quantities are defined by user-
configurable formulas with clear semantics; scale transformations, normalization and legibility
corrections are applied afterward, in the visual layer, without contaminating the meaning of the
formula. This separation keeps formulas interpretable, since the analyst reasons about “net incom-
ing amount,” not about logarithms, while letting the system guarantee readability regardless of the
raw scale of the data.

The second is that the state of the world at any normalized instant ¢ is a pure function of ¢.
The user must be able to play, pause and seek to any point of the timeline, forward or backward;
every time-dependent channel must therefore be reconstructible from ¢ alone, which excludes path-
dependent accumulators (running averages, integrated counters) in favor of precomputed time-
indexed tables.

Table 3.2 summarizes the full set, showing the data each channel carries and the visual form

it takes. The last two entries carry no data of their own. The biomes make the relief easier to read
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and the water gives the scene a natural setting, so both are there only to help. The sections that

follow describe each channel in turn.

Table 3.2: The marks and channels that convey the data, following the framework of [9]. The last
two rows amplify the reading and add context without encoding data of their own.

Driven by Mark Channel Role

Connectivity structure node pillar position (XZ) proximity shows connectivity
Node identity node pillar color (hue) tells nodes apart and labels them
Incoming per-node aggregate  terrain hill height, animated  primary analytical channel
Outgoing per-node aggregate  vegetation density second analytical channel
Per-flow magnitude sphere and trail ~ size flow magnitude

Origin and destination sphere and trail  color flow identity and direction
Altitude, from the relief biomes color bands aids relief reading

Configured water level water plane waterline context and natural setting

3.4.1 Terrain Elevation as a Configurable Aggregate

The terrain relief is the primary channel of the proposal, a third visual dimension that carries a
per-node quantity over time. What that quantity should represent cannot be fixed in advance.
For a financial dataset the question may be “how much money is entering each country?”, for
flights “how many landings is each airport receiving?”, for another analysis “what is the difference
between inflow and outflow?”. The mapping is therefore defined by a formula authored by the
analyst, whose named terms aggregate a chosen column over the flows entering or leaving each
node, anchored to a chosen temporal reference (departure, arrival, or the in-flight interval), and
combine with the four basic arithmetic operations.

Figure 3.3 shows what such a formula produces, on the bike-sharing scene of the evaluation,
at four instants of one playback from a fixed viewpoint. The hill beneath each node rises and falls
as its incoming trips vary, and the vegetation around the nodes follows their outgoing trips, so both
quantities are read off a landscape that changes with the data. The rest of this section defines how

that mapping is configured.
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(a) (b)

©) (d)

Figure 3.3: The relief and vegetation channels on the bike-sharing scene, at four instants of one
playback from a fixed viewpoint (a—d). The hill beneath the central (blue) node grows and shrinks
as its incoming trips rise and fall, reaching almost flat ground in (d), while the vegetation density
follows each node’s outgoing trips. Both channels are recomputed from the data at every instant,
so the landscape itself animates with the flow.

The formula language is restricted to basic arithmetic. Sums and differences express linear
combinations like totals and balances. Products and quotients express ratios and rates. More
advanced operations, such as exponentials or logarithms, rarely add analytical meaning. What
they provide is scale transformation, which belongs to the visual layer, where the system offers it
as a separate, global option. The result is a small language that covers nearly all per-node questions
an analyst asks of flow data, while remaining explainable to non-programmers.

Concretely, a formula is a small block of portable data, a list of named terms, each fixing the
column to aggregate (left empty when the term simply counts events), the direction (incoming or
outgoing flows) and the temporal anchor, plus a single expression string that combines those

names. Listing 3.1 shows the relief formula used for the bike-sharing dataset of the evaluation,
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where a single term counts the trips arriving at each node within a sliding time window. The
expression grammar is intentionally minimal: term names as operands, the four arithmetic
operators, parentheses, unary minus and numeric literals, and nothing else; Appendix B gives the
grammar and the term structure in full, with worked examples. The full configuration file in which
this formula sits is reproduced in Appendix A. The same machinery, applied to a second formula,
drives the vegetation density as a complementary per-node channel (Section 4.5.3). Listing 3.2 is
the companion formula used in the evaluation, identical in grammar to the relief but counting the
trips that leave each node, anchored to departure, so that relief and vegetation together carry two
quantities, the incoming and the outgoing flow of each node. The analytical channel is thus the

generated environment as a whole, not the relief alone.

Listing 3.1: Terrain relief formula for the bike-sharing dataset. A single term counts incoming
trips (field left empty for a count) anchored to arrival time over a sliding window, and the

expression uses it directly as the per-node elevation.

"formula": {
"terms": [
{ "name": "arrivals", "field": "", "direction": "Incoming",
"timeAnchor": "Arrival", "windowSize": 0.05 }
1,
"expression": "arrivals",
"postProcessing”": "ClampToZero",

"logScale": false,

"normalise": true

Listing 3.2: Vegetation-density formula for the same dataset, the companion to the relief of List-
ing 3.1. The grammar is identical; only the term changes, counting the trips leaving each node

(Outgoing) anchored to departure, so the foliage carries the outflow while the relief carries the

inflow.
"formula": {
"terms": [
{ "name": "departures", "field": "", "direction": "Outgoing",
"timeAnchor": "Departure", "windowSize": 0.05 }
1,
"expression": "departures",
"postProcessing": "ClampToZero",

"logScale": false,

"normalise": true
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Listing 3.1 can be read in plain language. It counts every trip arriving at a node and uses
that count as the node’s elevation. The term leaves its field empty, so it counts events instead
of summing a column, sets its direction to incoming, and anchors on the arrival time, over
a sliding window of five percent of the timeline. The expression is the term’s name on its
own, so the count becomes the height with nothing in between. An analyst changes only these few
fields, choosing the column to aggregate, whether to read flows entering or leaving the node, which
timestamp to anchor on, and how the named terms combine under the four arithmetic operators.
What the language leaves out matters as much. It has no control flow and no way to call into code,
so a reader who does not program can still follow what a formula computes. The scale corrections
that would otherwise blur that meaning, such as a logarithm or the normalization, are separate
fields applied only at the end, once the analytical value is fixed.

A single term is the simplest formula, not the most a formula can be. Since the expression is
ordinary arithmetic over the named terms, several of them combine into a quantity that no single
column carries. Consider a dataset of international money transfers, where each record carries
the amount moved and a money-laundering risk score, and suppose the relief should raise the
nodes that behave like laundering sinks. Listing 3.3 does this with four terms over those two
columns: inflow and out flow sum the amount entering and leaving the node, while riskIn
and riskOut sum the risk score in each direction. The expression (inflow - outflow) =
riskIn / (riskIn + riskOut) reads as the net money a node absorbs, multiplied by the
share of its flagged risk that is inbound. A node that takes in far more than it sends, with risky
activity mostly on the way in, rises highest, while ClampToZero flattens the net senders and the
logarithm tames the long tail of monetary values. What matters here is not the particular indicator
but that the four arithmetic operators and parentheses, together with numeric constants, are enough
to turn columns an analyst already understands into a derived measure, with nothing else in the

language.

Listing 3.3: A relief formula that combines several terms, on a dataset of international money
transfers. Four terms aggregate two columns, the transferred amount and a risk score, in both
directions, and the expression composes them into one derived measure: the net money a node

absorbs, weighted by the inbound share of its flagged risk.

"formula": {
"terms": [
{ "name": "inflow", "field": "Amount (USD)",
"direction": "Incoming", "timeAnchor": "Departure", "windowSize": 0.01 },
{ "name": "outflow", "field": "Amount (USD)",
"direction": "Outgoing", "timeAnchor": "Departure", "windowSize": 0.01 },
{ "name": "riskIn", "field": "Money Laundering Risk Score",
"direction": "Incoming", "timeAnchor": "Departure", "windowSize": 0.01 },
{ "name": "riskOut", "field": "Money Laundering Risk Score",

"direction": "Outgoing", "timeAnchor": "Departure", "windowSize": 0.01 }
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"expression": " (inflow - outflow) = riskIn / (riskIn + riskOut)",
"postProcessing”": "ClampToZero",
"logScale": true,

"normalise": true

3.4.2 Flows as Animated, Sized Events

Each record (or aggregated group of records) is materialised as a sphere with a trail traveling along
a curve from origin to destination during its temporal window. Its size is governed by a second
analyst-defined formula, simpler than the terrain’s since it evaluates over a single record with no
direction or temporal anchoring, so that magnitude reaches the analyst’s eye directly. A large,
risky, direct transaction can be made visibly larger than the routine majority. Because many real
flow datasets are heavily long-tailed, the visual layer offers logarithmic normalization, without
which the typical record would appear far too small to see next to the extremes. Listing 3.4 is
the size formula used in the evaluation, a single term counting the trips merged into each aggre-
gated sphere, log-normalized and remapped to a bounded size range. It reuses the same minimal
grammar and term structure as the terrain (Appendix B), dropping only the direction and temporal

anchor, since a flow formula evaluates over a single record.

Listing 3.4: Per-flow size formula for the bike-sharing dataset. A single term counts the trips
aggregated into each sphere (field left empty for a count), the expression uses it directly,
and the result is log-normalized and remapped to the size range [outputMin, outputMax].

Unlike the terrain formula it has no direction or temporal anchor, since it evaluates over one record.

"visualFormula": ({
"terms": [
{ "name": "trips", "field": "" }
I
"expression": "trips",
"postProcessing”": "ClampToZero",
"normalisation": "Log",

"outputMin": 0.4,
"outputMax": 5.0

Dense datasets pose a structural problem that no per-record encoding survives. Hundreds of
simultaneous spheres are computationally renderable but cognitively intractable, and quantised
timestamps produce artificial synchronized bursts. The proposal adopts visual aggregation, merg-
ing records that share the same directed pair and the same temporal window into one larger sphere
whose formula inputs are summed over its constituents. Aggregation is preferred over filtering

or sampling because it preserves all information, with every record remaining represented, while
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reducing the number of visual objects to what the scene and the viewer can sustain. An established
alternative, common in two-dimensional node-link visualization, is edge bundling, which routes
spatially similar connections together to reduce line crossings [76]. The present approach instead
reduces clutter by aggregating events in time and by exploiting the third dimension, so that indi-
vidual connections remain legible as discrete moving events instead of merging into static bundled

lines.

3.4.3 Identity Through Color and Form

The spatial arrangement of the nodes is produced by a force-directed layout [77], the standard
approach to drawing node-link data, so that the planar distance between two nodes reflects their
connectivity, not any external coordinate; this is the same family of layout shown to support graph
reading in immersive settings [51, 52]. Node identity is communicated by color, from a determin-
istic palette that guarantees perceptual distinctness across dozens of nodes and assigns the same
color to the same node in every session. Flows reuse the same palette, with the sphere taking the
destination’s color and the trail the origin’s, so that the question “where is this going, where did
it come from?” is answered by the same visual vocabulary that identifies the nodes themselves.
Nodes are rendered as uniform low pillars, categorically distinct from the moving spheres, and
carry no data encoding of their own. Activity is communicated exclusively by the terrain beneath,

which keeps the ablation comparison clean.

3.4.4 Time as a Navigable Axis

The timeline is navigated, not just played back. The analyst scrubs to any instant and the whole
world (terrain heights, in-flight spheres, their progress along their curves) reconstructs the state
corresponding to that instant. This requirement, combined with the pure-function-of-time princi-
ple, shapes the entire technical design (Chapter 4): per-node activity is precomputed into time-
indexed lookup tables at load, and the set of in-flight events at any ¢ is recomputed on demand

instead of accumulated.

3.5 Requirements

The concept above, together with the constraints of VR and of the planned evaluation, yields the

following requirements for the system:

1. Dataset independence. The system must accept arbitrary flow datasets, with any column
naming and any timestamp convention, through configuration alone, never through code

changes or dataset edits.

2. Configurable semantics. The quantities communicated by the terrain and by the flow sizes

must be definable by the analyst, per dataset, as formulas over the data.
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3. Free temporal navigation. Play, pause and seek to any normalized instant, in either direc-

tion, with the full scene state reconstructed deterministically.

4. VR-grade performance. Stable frame rates suitable for head-mounted displays, which
calls for minimizing runtime allocation, per-frame geometry rebuilding, and object instanti-

ation during playback.

5. Clean ablation. The environmental context must be removable atomically, leaving every

other channel untouched, to support the comparative evaluation.

6. Cross-channel coherence. Colors, positions, sizes and durations must stay mutually con-
sistent, so that the same node always has the same color everywhere and node positions

follow the terrain as it animates.

7. Non-programmer configuration. All configuration must be expressible as portable, plain
data (a JavaScript Object Notation (JSON) file accompanying the dataset), so that the system

can be operated outside the development environment.

These requirements are not independent. Free temporal navigation and VR-grade performance
jointly force the precomputation strategy, while clean ablation and cross-channel coherence force
a single point of truth for ground height and for color. Chapter 4 describes how the architecture

satisfies them simultaneously.

3.6 Summary

This chapter set out the framework this thesis proposes, one that turns any event-based flow dataset
into a navigable VR environment in which the procedural generation itself is the analytical chan-
nel, with its relief and vegetation carrying the data, a data-world and not a data container. The
scope was narrowed to flow data to ground the mappings in a concrete and demanding topology.
The mappings keep the analytical meaning of a value separate from how it is shown, and the envi-
ronment can be removed without touching any other channel, so that its contribution to analytical
performance and cognitive load can be measured instead of assumed. The next chapter describes

the system that realizes it.



Chapter 4
Implementing the Data-World

This chapter describes the system that realizes the approach proposed in Chapter 3. It covers the
architecture and its structuring decisions, the technological platform, and the implementation of
each layer of the generated world: data ingestion, spatial layout, the procedural terrain with its
biomes, water and vegetation, the flow visualization, and the interaction model. It closes with
the performance engineering that makes the combination viable in VR and with the empirically

observed scalability limits of the approach.

4.1 Architecture

Three demands shape the architecture, and the rest of the design follows from how each is met.
Time has to be freely navigable in both directions, so that the user can seek to any instant without
artefacts left over from how that instant was reached. The system has to be configurable without
writing code, by an analyst who is not a programmer. And its subsystems have to be replaceable
in isolation, so that one part can change without rewriting the others. Each demand is answered by
one of the three decisions described below, and the post-load pipeline they produce is summarized

at the end of the section.

4.1.1 Timeline and Playback

A single component, the timeline orchestrator, owns the playback cursor. Every time-dependent
system (terrain animation, flow spawning, visual aggregation) listens to this component instead
of keeping its own clock. The decisive consequence is that the scene state at any instant is a
pure function of normalized time. Seeking backward works for the same reason seeking forward
does, because no subsystem holds hidden path-dependent state that would need unwinding. In
practice this excludes whole classes of technically simple solutions, such as moving averages,
accumulated counters, or anything else whose value depends on how the user reached the current
instant, in favor of precomputed time-indexed tables and on-demand reconstruction.

When the user seeks, the orchestrator resets the cursor, returns all active visual instances to

their pools, recomputes which events should be in flight at the target instant and at what progress
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along their curves, and rebuilds the world state for that instant. The result is deterministic and

identical regardless of the path the user took to get there.

4.1.2 Configuration Model

Every structure describing the system’s behavior (the column schema, the terrain formula, the
flow-size formula, aggregation and layout parameters) is modelled as plain data: numbers, strings,
lists, with no references to scene objects or engine types. This makes two equivalent configu-
ration interfaces possible: the Unity Inspector during development and testing, and a JSON file
accompanying the dataset for use outside the development environment. Both edit the same in-
ternal models, and the JSON file is authoritative. Any value it defines overrides the Inspector,
and a missing or invalid file halts the pipeline with a concrete error. Because the structures were

designed as pure data from the start, adding the JSON loader required no refactoring.

4.1.3 Subsystem Communication

The subsystems of the world (terrain builder, flow renderer, spline cache, node factory, ablation
controller, terrain animator) do not reference each other directly. They communicate through cen-
tral domain events (dataset loaded, layout complete, terrain toggled) and through one coordinator
that owns the order of post-load operations. Replacing a subsystem, for example migrating the
flow renderer from pooled objects to Graphics Processing Unit (GPU) particles, requires only that
the new implementation subscribe to the same events. The post-load ordering is concentrated in a

single auditable place, not scattered across implicit dependencies.

4.1.4 Pipeline Overview

At startup the configuration layer reads and validates the JSON file and writes its values into
every component. An invalid or missing file halts the run here (Section 4.1.2). The parser then
streams the unmodified Comma-Separated Values (CSV) once through the schema, validating the
required fields and producing an immutable record set with the timeline bounds, and announces
dataset loaded. On that event the coordinator runs a fixed ordered sequence: force-directed node
layout, baking the per-node activity table and evaluating the relief at r=0, building the terrain mesh
once, projecting node heights onto the surface, instantiating the node pillars with their persistent
colors, and building one flow curve per directed pair. The same event also triggers, in parallel,
the bakes that do not depend on that order, the flow renderer preparing its flow-size table and
aggregation bundles, the vegetation system its density table, and the orchestrator sorting the events
by departure. The coordinator then announces layout complete, the viewer rig, node interaction
and water are placed, and playback begins.

At runtime the orchestrator is the single clock. Each frame it advances normalized time,
spawns from the pool whatever events enter their temporal window, and announces the new time.
The terrain animator, throttled, then evaluates the activity table at that instant, rewrites vertex

heights and normals, snaps the node heights, and refreshes the spline and vegetation heights to
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match. The ablation toggle can fire at any time, on which the controller swaps the terrain for a
flat plane, announces terrain toggled, and the layout reprojects the node heights while the terrain,
water and vegetation update accordingly. Figure 4.1 shows the five stages and the three events that

connect them.

[ Configuration (startup): read and validate settings. json }

Ingestion: stream the CSV through the

schema into an immutable record set

dataset loaded

Post-load pipeline (coordinator): layout, terrain tables,

mesh, node pillars, flow curves, aggregation bundles

layout complete

Runtime (single clock): spawn due
flows, animate terrain and nodes

terrain toggled

[ Ablation (any time): swap terrain for a flat plane J

Figure 4.1: The pipeline as built: its five stages and the three domain events (in italic) that are
the only cross-system coupling. Configuration and ingestion run once, the post-load pipeline
prepares every time-indexed structure, and at runtime a single clock drives flow spawning and
terrain animation as pure functions of normalized time. The stages are described in the text.

4.2 Technologies and Platform

The prototype is built on the Unity engine with the Universal Render Pipeline (URP), target-
ing OpenXR head-mounted displays, in practice the Meta Quest 3 family driven from a desktop
computer. VR interaction is built on the XR Interaction Toolkit, and rendering uses Single-Pass
Instanced stereo to halve the per-eye draw cost. Flow trajectories are represented with Unity’s
Splines package, sampled analytically at animation time. The configuration files are parsed with
the Newtonsoft.Json library, chosen over the engine’s built-in serializer for its fuller support of the
nested objects and lists the settings format uses. All shading specific to the system (terrain biomes,
water, flow trails) is implemented as custom URP shaders, since the stock materials proved either
too costly or semantically wrong for these uses (Section 4.6.3).

The choice of a game engine over a visualization toolkit is a direct consequence of the pro-
posal. The system generates a world, with terrain meshes, lighting, vegetation and locomotion,
and game engines are the mature technology for exactly that combination, while still allowing

every generated element to be driven from data.
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4.3 Data Ingestion and Configuration

The dataset is a CSV file that is never modified. A declarative schema maps its actual headers
to the canonical fields (origin, destination, departure, optional arrival and type) and lists the pass-
through columns that must remain available to the formulas. Timestamp parsing accepts ISO 8601
and common formats automatically, an explicit format string for unusual cases, and Unix epoch
seconds, the latter added for network captures whose fields are epochs. Relative times (seconds
since the start of a capture, with no absolute anchor) are not supported. Fabricating an anchor
would be an arbitrary decision, and one candidate dataset was discarded for this reason.

Each dataset is described by its own settings file, and switching datasets is a file swap, with no

scene or code changes. This is the operational proof of the dataset-independence requirement.

4.4 Spatial Layout and Node Representation

Since flow data carries no inherent geometry, node positions are computed with a Fruchterman—
Reingold force-directed layout [77] over the directed-pair graph, scaled to a configurable world
radius. Force-directed placement makes proximity meaningful, since densely connected nodes
gravitate together, and that is the property the terrain metaphor builds on. The graph dispersion is
proportional to the world size, so enlarging the world genuinely spreads the nodes apart instead of
leaving a central clump in empty space.

Nodes are rendered as low, wide cylindrical pillars of uniform size. The shape was chosen
for two reasons. First, the flows traveling between nodes are spheres; making nodes spheres as
well saturated the scene with one shape, forcing the viewer to consciously classify each object.
The squat pillars separate the two categories pre-attentively. Broad static markers are nodes, and
compact moving objects are flows. The pillars were flattened from an earlier tall, thin form, which
was easy to miss against the relief and read ambiguously against the upright flow trails. Second, the
uniform size is an experimental-design decision. An earlier version scaled nodes by accumulated
importance, but that was a static parallel channel that kept encoding activity even in the ablation
condition with the terrain off, polluting the comparison. Activity is communicated only by the
terrain, and identity by color and an on-demand label, shown in Figure 4.2.

These markers, like the flow spheres and their trails, are intentionally non-diegetic. They
are not meant to blend into the landscape but to stand apart from it, which follows from the
framework’s aim of remaining abstract enough for any flow dataset. A fully diegetic encoding
would have to dress the data in concrete real-world objects, and that commitment risks suggesting
properties the data does not carry. Keeping the data-bearing elements visually distinct, even at
a cost to the immersive coherence that the expert assessment of Chapter 5 rewards, keeps the
representation honest and dataset-independent.

Node colors come from a deterministic palette combining golden-ratio hue stepping, which
covers the hue spectrum as uniformly as possible for any number of nodes, with a rotation through

three saturation/value tiers (vivid, dark, pastel). The tiers were introduced because hue stepping
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alone produces colors of identical visual energy that become hard to tell apart beyond a few dozen
nodes. Assigned colors are persisted in a registry, so the same node identifier receives the same

color in every session, and an analyst returning to a dataset recognizes the nodes studied before.

Figure 4.2: A node rendered as a uniform vertical pillar with its on-demand label revealed on
hover. The pillar form is categorically distinct from the moving flow spheres, and labels are
otherwise hidden, keeping the scene free of permanent text.

4.5 The Procedural Terrain

The terrain is the primary analytical channel, and building it raises a difficulty the other layers
avoid. It must exist as a complete 3D mesh, yet reshape itself continuously as the timeline advances
and each node’s underlying quantity rises and falls. Rebuilding the mesh on every frame would
be both too costly for VR and wasteful, since the vertex grid and the triangle connectivity never
change and only the heights do. The whole terrain pipeline is organized around that fact. The
expensive and fixed parts (the vertex grid and the triangle topology) are built once when the dataset
loads, while the per-tick update touches only the vertex heights and their normals, fed by a per-

node activity that has itself been precomputed for the entire timeline.

4.5.1 From Formula to Relief

The quantity carried by the relief is defined by the analyst as a formula (Section 3.4.1), built from
named terms, each aggregating a column over incoming or outgoing flows with a temporal anchor,
combined arithmetically. At load time, the system makes a single pass over the records and builds,
for each term, a lookup table indexed by node and by discretized time interval (512 intervals by

default, covering the normalized timeline). During playback, updating the terrain reduces to one
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table read per term per node, the arithmetic evaluation of the formula, and a height update. This
cost is independent of the dataset size and proportional only to the number of nodes and terms.

Raw formula values arrive in arbitrary scales (millions of currency units, small counts, signed
differences), while the terrain works in a fixed range of world meters. After evaluation, values are
normalized against the global maximum of the formula over the whole dataset, computed once, so
that hill heights remain visually comparable across instants. Negative values are clamped to zero
by default (such nodes read as flat ground), with absolute value as an alternative. True valleys
below ground level are identified as a possible extension. Scale options (linear or logarithmic) are
applied in the visual layer, after the formula, preserving the separation between analytical meaning
and presentation.

One legibility correction lives explicitly in the visual layer. When the formula produces values
spanning a wide range, secondary peaks can normalize to near-invisibility. A configurable mini-
mum visual peak height compresses the output range upward so that every active node produces
a discernible hill, while relative ordering is preserved. The analytical values themselves are never

altered.

4.5.2 Peak Shape

Each node sits on a finite-support peak, and overlapping peaks combine by taking the maximum,
not the sum, of their contributions. A sum of smooth contributions, as in the initial summed-
Gaussian implementation, produces plateaus between nearby nodes that hide each node’s individ-
ual value. The maximum of truncated peaks keeps every hill a separate entity, with a visible valley
around it, as illustrated in Figure 4.3. A configurable falloff exponent controls peak sharpness,
with higher values deepening the valleys between neighbors at some cost in naturalism. Both peak
height and base radius are expressed as fractions of the world size, not absolute meters, so the

relief scales with the space it occupies and remains readable when the world grows.

elevation

- - - sum of smooth peaks

— max of finite-suppor peaks

4

== position

Figure 4.3: Why overlapping peaks combine by maximum, not sum. For two nearby nodes,
summing smooth contributions (dashed) merges them into a single plateau that hides each node’s
individual value, whereas taking the maximum of truncated, finite-support peaks (solid) keeps
each hill a separate entity with a clear valley between them.
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4.5.3 Biomes, Textures, Water and Vegetation

The terrain geometry carries a per-node quantity, and the biome, texture and water layers above it
amplify its readability and make the environment read as a place. The vegetation is the exception
among these layers. As described below it carries a second per-node quantity in its own right, so
it is a data channel and not dressing.

Biomes. A custom shader blends grass, rock and snow as a function of altitude, with smooth
transitions, plus a slope rule that renders sufficiently steep surfaces as rock regardless of altitude.
The green, gray and white triplet is read as relief without legend or training, as can be seen in
Figure 4.4. A heat-map alternative was considered and rejected because warm colors carry emo-
tional associations that could be misread as analytical meaning. The altitude bands are measured
against the highest peak currently present as the terrain animates, not against a fixed ceiling. Since
isolated instants rarely approach the theoretical maximum of the formula, a fixed reference left the
upper bands (especially snow) almost never reached. Anchoring to the instantaneous maximum
guarantees the full spectrum is always distributed across the visible relief. The most active node
of each moment carries a snowy summit, intermediate peaks read as rock, and the comparison
between peaks becomes categorical (color), not just geometric. The accepted trade-off is that in
instants where all peaks are uniformly low, modest elevations can reach the snow band. With

realistically unequal datasets this does not occur at analytically meaningful moments.

Figure 4.4: Altitude-based biomes on the relief: grass at the base, rock at mid altitudes and snow
at the summit, with smooth transitions. The bands are measured against the tallest peak currently
present, so the full spectrum is always distributed across the visible relief.
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Flat colors read as artificial in VR, so each band carries two chromatic variants mixed by per-
pixel procedural noise at multiple scales. Optionally, each band can also receive a real texture
image (grass, rock, snow), projected in world space and tiled at a physically meaningful rate. The
texture multiplies the band color, so an unlinked slot degrades gracefully to the flat-color behavior.
Swapping a landscape’s look is thus a configuration operation of linking image files, never a shader
edit.!

Water. The peaks emerge from a nearly opaque animated water plane slightly above ground
level. Since the inter-node ground is built flat at height zero, most of the world submerges and only
the active peaks emerge, as islands rising from the sea, with the waterline as a natural metric ref-
erence. The water is kept nearly opaque on purpose. A translucent first attempt let the submerged
plain show through and read as two superimposed layers. The wave motion is purely a shader
effect (analytic normal perturbation from two scrolling sine waves) over a single static quad. Wa-
ter is disabled together with the terrain in the ablation condition, because it indirectly encodes
the presence of relief and leaving it on would contaminate the comparison. It also disables itself
automatically when the formula mode preserves negative values, whose valleys the plane would
intersect.

Vegetation. Foliage elements (grass tufts, ferns, shrubs) are scattered on the lower band of
each hill, the same band the biome shader paints as grass, depicted in Figure 4.5. The placement
satisfies several constraints at once. It sits above the waterline. It occupies the band that moves
least as peaks grow and shrink. And it coexists with sharp peaks through a profile that widens
the skirt while keeping the summit pointed. Each element is re-seated on the surface at every
terrain update and hidden when it leaves the valid band. The amount of foliage visible at each
node is driven by its own formula, authored in the same grammar and with the same options as
the relief (a chosen column aggregated over incoming or outgoing flows, with a temporal anchor),
and evaluated at the cursor each tick so it follows the data over time rather than being fixed. It is
thus not bound to the relief. Given the same formula it echoes the terrain, given a different one it
shows a complementary quantity. The evaluation configuration uses the latter, the terrain carrying
each node’s incoming flow and the vegetation its outgoing flow, so arrivals and departures are read
side by side. A candidate pool is sized once per node from the formula’s timeline maximum, and
the per-tick count reveals a subset of it, so the foliage animates without any runtime instantiation.
Distribution is anchored to each peak rather than to a global disc. An earlier global-scatter attempt
produced a visible ring at the disc boundary and bald circles around nodes, immediately read as

machine-generated, and was rejected.

'The grass, rock and snow base-color textures, and the foliage models (grass tufts, ferns, shrubs) used by the
vegetation layer, are taken from Unity’s Terrain Sample Asset Pack: https://assetstore.unity.com/packa
ges/3d/environments/landscapes/terrain-sample—-asset-pack-145808.


https://assetstore.unity.com/packages/3d/environments/landscapes/terrain-sample-asset-pack-145808
https://assetstore.unity.com/packages/3d/environments/landscapes/terrain-sample-asset-pack-145808
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Figure 4.5: Vegetation scattered on the lower, grass band of a hill, placed relative to each peak
rather than over a global disc. Anchoring the scatter to the peak avoids the boundary ring and the
bald circles around nodes that a flat disc-scatter produced and that read as machine-generated.

Integrating third-party foliage assets surfaced instructive hidden assumptions. The asset ma-
terials embedded a distance fade tuned for human-scale scenes, which made vegetation vanish
everywhere except near the viewer in a kilometer-scale world, neutralised by pushing the fade
threshold beyond the world extent, and the materials target a different render pipeline, which cur-
rently renders acceptably but is flagged as fragile for standalone builds. The general lesson, that
external assets embed assumptions about scale and pipeline which only become visible on colli-

sion, is recorded as part of the cost of procedural integration.

4.5.4 Ablation Support

A single controller swaps the terrain (and its dependent water and vegetation) for a flat neutral
plane, atomically, leaving all other channels untouched. Every height query in the system goes
through one sampling point that returns zero when the terrain is off, so no subsystem needs to
know which condition is active. Designing the ablation in from the start, instead of retrofitting it,

keeps the experimental conditions clean (Chapter 5).

4.6 Flow Visualization

Unlike the terrain and the nodes, which persist for the whole session, a flow is transient. It exists
only for the span of its event, traveling from origin to destination and then vanishing. Flows are
also the most numerous moving objects in the scene and the most prone to clutter, which makes
them the part of the system where legibility and runtime cost press hardest. Two constraints run
through their implementation. First, nothing may be created or destroyed during playback, so flows
are drawn from a pool and their entire state, including position along the curve, is reconstructed
from the timeline cursor, not accumulated, which is what lets the user seek freely. Second, when
many are in flight at once, each must still answer at a glance how much is moving, between which

two nodes, and in which direction, without merging into an indistinct mass.
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4.6.1 Size from a Per-Record Formula

Each flow’s sphere and trail width are scaled by the analyst’s flow formula evaluated over the
record’s attributes. At load, one pass over the dataset evaluates the formula everywhere, applies
the configured post-processing, and records the global minimum and maximum. At spawn, the
record’s value is mapped through those precomputed bounds into a configured output range. Pre-
computing the bounds, not adapting them to what is currently on screen, keeps sphere size com-
parable across the whole session. The same size always means the same magnitude. Linear and
logarithmic normalization modes are offered. The logarithmic mode exists because long-tailed

datasets otherwise render the typical record invisibly small next to the extremes.

4.6.2 Visual Aggregation

Records sharing a directed pair and a temporal window are merged into a single bundle, visualized
as one larger sphere, with the formula’s column inputs summed over the constituents. The window
count is configurable, trading temporal detail against visual density, and setting it fine enough re-
covers per-record behavior, so aggregation degrades gracefully rather than being a separate mode.
Bundle storage is sparse, holding only the populated pair-and-window combinations, and within
each window the visual launch of each pair is staggered deterministically as a function of the pair
itself, dissolving the synchronized-burst artefact of quantised timestamps without breaking seek
reproducibility. A random stagger would make the scene irreproducible across seeks. Figure 4.6

shows both steps, the merge into one bundle and the staggered launch within a bucket.

e ® o ® several records, one pair

z|
[ ) one bundle, size = their sum

time, divided into buckets

(a) records on one pair within a bucket merge into a single bundle

. a burst at each
quantized
bucket boundary

launches spread
staggered © © © © o o o o o o o

within each bucket

time, divided into buckets
(b) within a bucket, launches are staggered instead of fired all at once

Figure 4.6: Visual aggregation. (a) Records that share a directed pair and fall in the same bucket
are merged into one bundle, whose size is the sum of their magnitudes. (b) To avoid a synchronized
burst at each bucket boundary, the launch of each pair’s bundle is offset deterministically within
the bucket.
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A consequence accepted by design is that a sphere’s visual landing does not coincide to the
millisecond with the growth of its destination hill. Both derive from the same aggregated data, but
at different granularities, the hill at window level, interpolated smoothly between windows, and
the sphere at the level of the staggered event. Making the relief react to each individual arrival
would be both prohibitively expensive and incorrect, as it would reintroduce the bursts and break

the pure-function-of-time requirement.

4.6.3 Color, Trails and Reuse

Each flow carries its endpoints’ identities. The sphere takes the destination’s color, constant for
its whole life, and the trail takes the origin’s color, fading out behind, shown in Figure 4.7. This
replaced an earlier scheme that interpolated between the two colors along the path, which routinely
produced unidentifiable gray mid-tones, exactly when the sphere was most visible. The destination
goes on the sphere on purpose. “Where is this going?” is the analytically dominant question, while
the origin remains available redundantly through the trail’s direction and color.

Two presentation details required dedicated work. The stock URP material renders trail vertex
colors black, because it interprets them as lighting data, not albedo. A minimal custom shader
(vertex color times base color, unlit, double-sided) restored the encoding at negligible cost. And
because flow spheres are pooled rather than instantiated, a reused sphere previously dragged a
straight trail segment from its old position to its new spawn point, producing dozens of spurious
straight lines converging on busy nodes, the scene’s single worst clutter source. The fix is tempo-
ral. Trail emission is suspended before the repositioning and resumed after, with the trail history

cleared, so the sphere moves with the “pen lifted”.

Figure 4.7: A flow in transit: a sphere in the destination’s color trailed by a ribbon in the origin’s
color, fading out behind it, traveling along its curve between the two nodes. Sphere and trail width
both scale with the flow’s magnitude.
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4.6.4 Trajectories over Animated Relief

Flow curves must clear any relief between their endpoints, since a curve that pierces a mountain
reads as the flow passing through the terrain, and must keep clearing it while the relief animates.
Each trajectory is a single cubic curve defined by its endpoints and two independent tangents.
Tangent directions follow the terrain horizon seen from each endpoint. One pass over the height
samples along the path finds the slope that forces the highest launch angle, and clearing that ob-
stacle clears all the others. Tangent magnitudes are then grown until the sampled curve maintains
the configured clearance, falling back to a gentle minimal arc over flat ground, as illustrated in
Figure 4.8. The check samples the terrain at the current animation instant, so trajectories follow
the relief as it rises and falls, and the recomputation is cheap enough to run on every terrain update

for all active pairs.

origin destination

Figure 4.8: Routing a flow curve over the relief. A low arc (dashed) between two stations can pass
through an intervening hill; instead, the trajectory’s tangents are grown until the cubic clears the
terrain horizon by a configured margin (solid). The check re-runs as the terrain animates, so the
curve keeps clearing the hill while it grows and shrinks.

Two limitations are accepted and documented. With several tall scattered peaks along one
path, two tangents cannot hug the relief’s upper contour and the whole arc must rise; intermediate
control points would be the principled fix, left out to keep curves cheap to recompute every tick.
And because curves are recomputed while spheres are in flight, a peak growing under an active
path momentarily bends the trajectory into a slight swerve; this is a conscious trade between
always-current clearance and per-flight stability, resolved in favor of clearance, with alternatives
(freezing curves at launch, continuous-function reshaping, lower recompute cadence) identified as

future work.

4.7 Timeline and Interaction

The interaction design follows one position. The environment is the information, and the interface
only controls system state. There are no node lists, rankings or floating numbers. This is partly
because any textual readout would answer the study’s tasks before the participant looked at the
world, the reason an earlier panel version with a ranked node list was removed, and more basically
because the thesis claims the environment itself communicates the data, a claim only testable if

the environment is the sole source of information.
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The default VR interaction stack was pared down. The analyst flies freely, head-oriented, with
no gravity or collision and a speed tuned to cross the world in tens of seconds, because the useful
analytical viewpoints, from oblique overviews to close node inspection and rapid repositioning, do
not benefit from a walking metaphor. Rotation is snap-based at 15° with a short debounce, closer to
perceptual continuity than the conservative 45° default, but still discrete per step, avoiding the drift
sensitivity of continuous turn. On load, the viewer is placed automatically at a scale-proportional
overview facing the data. The arc-teleport ray, the left controller’s interaction ray, and per-hover
haptic pulses were all removed. Each is reasonable in generic VR applications, but in an analytical
scene with a hundred-plus interactive nodes they become persistent visual or sensorial noise.

The remaining interface is asymmetric by design. The right controller acts on the world. Its
ray reveals a node’s label on hover, with labels otherwise hidden to keep the scene free of text
clutter, and, with the trigger, teleports the viewer to a position facing that node, so the analyst can
identify, decide and jump in one continuous gesture. The left controller controls the system. One
button summons a minimal floating panel (current normalized time, a scrub slider, play/pause)
positioned in front of the camera, as can be seen in Figure 4.9. While it is open, locomotion
is suspended, turning timeline manipulation into a deliberate pause. Pausing freezes the whole
scene, including in-flight spheres, so the analyst can examine an instant in place. This asymmetric
scheme currently assumes a right-handed user. The roles assigned to the two controllers are fixed,
and a left-handed participant in the expert assessment found it awkward to point at nodes with the
non-dominant hand, so making the assignment swappable is a small improvement left to future

work.

Figure 4.9: The minimal floating control panel, summoned by the left controller: current normal-
ized time, a scrub slider and a play/pause button, and nothing else. While it is open, locomotion is
suspended and the scene is frozen, in-flight spheres included, so the analyst can examine an instant
in place.

4.8 Performance Engineering

VR imposes high, stable frame rates. Combined with free temporal navigation and potentially
large datasets, this is viable only through a consistent set of techniques, each already introduced

above and gathered here:
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Object pooling. Flow spheres are drawn from and returned to a pool, and nothing is instan-

tiated or destroyed during playback.

* Time-indexed precomputation. Per-node activity is baked into lookup tables at load, and
per-tick terrain updates cost a fixed small number of reads and arithmetic operations per
node, independent of record count. Flow-formula bounds and aggregation bundles are like-

wise baked once.

* Partial geometry updates. The terrain’s triangle topology and UVs are built once per

dataset load, and animation rewrites only vertex heights and normals.

* Visual aggregation. The number of in-flight visual objects scales with active pairs and

windows, not with records.

4.9 Verification

Correctness of the system was established along two lines: properties that hold by design, and
targeted runtime checks of the parts where a silent error would corrupt the analysis.

The strongest guarantee is structural and falls out of the study apparatus itself. The experi-
ment needs a ground-truth answer for each task (which node receives or sends the most flow in
a window, when a node peaks, which directed pair is busiest), and that oracle computes its an-
swer directly from the dataset, with the same per-node, per-time-bucket aggregation of arrivals
and departures that feeds the terrain table. Because the decision each task reduces to is an argmax,
which node or pair is largest, it is invariant to the monotonic post-processing the relief applies for
presentation (the optional logarithm, the normalization, the minimum-visible-height compression
of Section 4.5.1). Those transformations change every hill’s height but never the ranking of the
nodes by magnitude. The tallest hill the participant sees is therefore the node the oracle reports.
The visualization and its own correctness oracle cannot disagree, which both validates the data-to-
relief mapping and supplies the experiment’s ground truth from a single source. The same oracle
also reports the margin between the top value and the runner-up, which flags the instants where the
answer is genuinely ambiguous and operationalises the almost correct marking band of the user
study (Section 5.3.4).

The time architecture was checked against its defining property, that scene state is a pure
function of normalized time. Seeking to an instant and arriving at it by forward playback must
produce the same set of in-flight flows at the same progress, since both are reconstructed from the
cursor alone. This equality was verified by comparison across the two paths. Visual aggregation
was checked to be total-preserving. A bundle sums its constituents, so no record is dropped, and
per-pair counts reconstruct from the bundles. Finally, formula misconfiguration, the most likely
operator error, is caught at load rather than failing silently. The expression parser rejects any
identifier that does not name a declared term, and each term whose column never appears in the
data raises a single warning, turning the otherwise mute failure modes (flat terrain, uniformly sized

flows) into an explicit diagnostic.
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4.10 Datasets and Observed Limits

Beyond the study datasets (Section 5.3.3), three real datasets of different domains were prepared,
each adapted purely through its settings file: domestic flights (the validated reference),” urban taxi
trips,” and network traffic flows.* The latter two were chosen as stress tests, valuable for gauging
the limits of the approach because they show exactly where it stops working.

Table 4.1 characterizes each dataset by the structural metrics that decide whether it remains
tractable, together with a dynamic one. The peak flows column reports, for the busiest time win-
dow, the raw record count and, after it, the number of flows actually drawn once aggregation
collapses each directed pair into a single sphere. The gap between the two is the clutter reduction
the aggregation buys: large where the data is sparse and asymmetric (flights, 2004 — 194) and ab-
sent where almost every record is its own pair (network, 551 — 551), exactly the case aggregation
cannot help. The window means are lighter than these peaks. The study sets average three and

twenty-six drawn flows, and the flights set one hundred and eighty.

Table 4.1: Each dataset by its structural metrics and a dynamic one. Density is directed pairs over
the maximum N (N — 1). Peak flows is the busiest window’s raw record count and the distinct
directed pairs actually drawn after aggregation (window count 150 for the Divvy study sets, 200
for the others). The taxi figures are measured over its dominant month, January 2020; the file’s
sparse pre-2020 timestamps otherwise stretch the timeline. Limit names the scalability axis each
dataset stresses, or — inside the regime the system targets.

Dataset Nodes  Pairs (dens.) Records Size Peak (raw — drawn) Limit

Study S 16 28 (12%) 6357 1.1MB 198 — 9 —

Study M 59 345 (10%) 18788 3.3MB 527 — 75 —

Flights 107 224 2%) 336776 41 MB 2004 — 194 —

Taxi 262 31027 (45%) 6.4M 566 MB 59647 — 7265 volume, density

Network 10000 99928 (0.1%) 100000 12MB 551 — 551 node count

These metrics show that scalability is not a single axis but three independent ones:

* Record volume (taxis: 6.4M records, 566 MB). The pipeline loads the full file into memory,
putting this at the edge of feasibility. A resource limit, and the easiest to mitigate through

subsetting, plus the existing visual aggregation on the rendering side.

* Graph density (taxis: 262 zones, 31 027 directed pairs, 45% origin-destination density). A
near-complete graph has no spatial structure for force-directed placement to reveal. Attrac-
tion forces balance in all directions and the layout collapses into a central clump, depicted
in Figure 4.10. This is not an implementation defect but a mismatch between dense origin-

destination matrices and the metaphor itself, which reads well on sparse or asymmetric

2public dataset, available at https://www.kaggle.com/datasets/mahoora00135/flights.

3Public dataset, available at ht tps: //www.kaggle.com/datasets/diishasiing/revenue-for-cab
—drivers.

4Public dataset, available at ht tps: //www.kaggle.com/datasets/saidasalloum/network—flows.


https://www.kaggle.com/datasets/mahoora00135/flights
https://www.kaggle.com/datasets/diishasiing/revenue-for-cab-drivers
https://www.kaggle.com/datasets/diishasiing/revenue-for-cab-drivers
https://www.kaggle.com/datasets/saidasalloum/network-flows
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flows. Density of this kind breaks the layout only when the node count is high as well, since
a graph of a few nodes stays readable however densely it is connected. A legibility limit,

unaffected by subsetting.

* Node count (network: 100k records but 10 000 distinct nodes, ~100k directed pairs). The
scene fails to open. Layout repulsion is quadratic in nodes, terrain evaluation is linear in
nodes per vertex per tick, and one curve per directed pair approaches one curve per record.
A performance limit. The design assumes hundreds of nodes, consistent with the intended
analytical use, since a scene with thousands of nodes would stop being readable in VR long

before it stopped running.

Figure 4.10: The graph-density limit on the taxi stress dataset. A near-complete origin-destination
matrix offers no spatial structure for the force-directed layout to reveal, so the attraction forces
balance in all directions and the nodes collapse into a central clump. This is a mismatch between
dense matrices and the metaphor, not an implementation defect, and is unaffected by subsetting.

This three-way distinction matters for the evaluation. “Dataset complexity” is not a single
quantity. The user study of Chapter 5 varies it within the regime where the metaphor holds,
while these limits mark where that regime ends. The system is therefore not a flow visualizer that
works everywhere, but one that reads convincingly on the sparse, asymmetric flows of human-

scale networks.



Chapter 5
Expert Assessment and Ablation Study

The central claim of this thesis is that a procedurally generated environmental context, derived
from the data itself, contributes to the analytical understanding of flow data when compared with
an equivalent but abstract 3D representation. The evidence for it comes in three strands, the first
establishing that the system runs comfortably in VR at all, the other two measuring the analytical
value of what it generates. The user study follows an ablation logic. Instead of benchmarking the
system against a different external tool, which would confound many variables at once, it removes
a single channel, the procedural environment, from an otherwise identical scene, which is the
comparative methodology prevalent in immersive-visualization research [10].

The three strands map onto the research questions of Section 1.3:

* (RQ1), the framework. How procedural generation principles can be adapted to structure
flow data into meaningful immersive environments. It is answered constructively, by the
system and the design rationale of Chapters 3 and 4, while the VR-performance premise on

which the rest of the evaluation depends is established separately in Section 5.1.

* (RQ2), diegesis. Whether mapping flow attributes to procedural geometry and environmen-
tal context yields a representation of higher diegesis, with the environment an integral part
of the data presentation and not a container for it, than an equivalent abstract scene. It is

assessed by expert evaluation with the SCORE framework (Section 5.2).

* (RQ3), analytical utility. How the procedurally generated environmental context affects
task performance and perceived cognitive load as dataset complexity increases. It is the

object of the controlled user study (Section 5.3).

The hypothesis under test is graded, not binary. It holds not just that the environment helps
in absolute terms, but that its contribution grows with the visual complexity of the scene. In a
sparse scene every channel communicates clearly and the marginal contribution of an additional
context channel is small. In a dense scene the channels compete, and the environment, being
a context channel and not a point-information channel, is hypothesised to degrade less than the
others. Complexity is therefore varied across dataset sizes, so that the interaction between envi-

ronment and complexity can be measured alongside the main effect. The initial design used three
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levels, which would additionally reveal the shape of the trend. A pilot session showed that the
resulting six conditions made sessions infeasibly long, and complexity was reduced to two levels
(Section 5.3.1).

5.1 System Performance

Everything the rest of this chapter measures presupposes that the system sustains the frame rates
immersive comfort requires. An unstable or low frame rate is itself a confound, since it induces
discomfort and degrades reading, as the pilot session made clear (Section 5.3.2). This section re-
ports the runtime behavior of the system, substantiating the feasibility premise that the architecture
of Chapter 4 was engineered to meet (Section 4.8).

Measurements are taken on a single hardware configuration, a laptop driving a Meta Quest 3
over Quest Link,' with the scene running in the Unity Editor in Play mode and rendered in Single-
Pass Instanced stereo to the headset at its 72 Hz refresh rate. The Editor adds a fixed overhead,
so the figures are a conservative lower bound on a standalone build. Each prepared dataset (Sec-
tion 4.10) is loaded through its own settings file, with no other change. A lightweight probe then
records four quantities over a sampling window in the procedural condition during active play-
back, with flows in flight and the terrain animating, the most demanding regime. These are the
frame rate as the mean and the 1% low, the one-off build time from scene start to the first interac-
tive frame, the peak engine-tracked memory, and the managed allocation per frame. The 1% low is
reported because it captures the brief stutters that dominate the perception of smoothness, and the
peak memory, dominated by the engine baseline, is chiefly a relative figure. The basic condition
removes the terrain, water, vegetation and their per-tick updates, performing a strict subset of the

procedural condition’s work, and is therefore unconditionally cheaper.

Table 5.1: System performance per dataset, measured in the procedural condition during active
playback. Memory is the engine-tracked peak, dominated by the baseline. The taxi and network
stress sets never reach an interactive frame rate.

Dataset Nodes  Pairs Mean FPS 1% low FPS Build (s) Peak mem. (MB)
Study S (small) 16 28 71.8 67.8 2.6 1574
Study M (medium) 59 345 63.2 30.7 2.8 1421
Flights (ref.) 107 224 45.4 17.4 5.6 1393
Taxi (stress) 262 31027 0.4 0.2 69 1315
Network (stress) ~10000 ~100k 0.04 0.04 193 1495

Across the study regime the system holds comfortable rates (Table 5.1). The small subset
sits at the headset’s 72 Hz ceiling, the medium subset averages 63 FPS, and the denser flights
reference falls to 45 FPS. The frame time is almost entirely on the CPU, with the GPU near-idle

at a few milliseconds, so the binding cost is the per-tick terrain and trajectory work, which grows

IAn AMD Ryzen 7 7840HS Central Processing Unit (CPU), an NVIDIA GeForce RTX 4060 Laptop GPU (8 GB)
and 32 GB of RAM.
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with node and pair count, not the rendering. That the cost falls on the CPU is a property of
this implementation and not of the work itself. The per-vertex and per-pair computation is data-
parallel, each result independent of the others, so it could run on the GPU instead, which would
be the clearest way to raise these limits and is set out as future work (Chapter 6). This is the
user-visible face of the node-count limit of Section 4.10, and it matches the pilot, where comfort
degraded once the scene reached the order of a hundred nodes (Section 5.3.2). The two stress
datasets confirm the other two axes. The taxi set (6.4 M records) and the network set (ten thousand
nodes) never reach an interactive frame rate, with build times of roughly one and three minutes
and playback effectively frozen. These are the record-volume and node-count limits characterized
analytically in Section 4.10.

The same pass surfaced one finding that revises a design claim. The per-frame managed allo-
cation is not zero. It measures about 15 KB on the small subset, 80 KB on flights and 107 KB on
the medium subset, tracking the number of directed pairs, not the node count. The cause is the per-
tick re-routing of the flow trajectories. Every terrain update rewrites one spline per directed pair,
and the knot-mutation calls of the third-party splines library allocate internally on each rewrite,
while the project’s own trajectory mathematics stays allocation-free. The allocation is bounded
and produced no perceptible stutter at the study scale, but it means the system is low-allocation,
not strictly allocation-free as the design intended. The problem was found during this final mea-
surement pass, too late in the project to re-engineer safely, so the design was kept and the cost is

documented here; removing it is set out as future work (Chapter 6).

5.2 Expert Assessment with SCORE

Diegesis, a term this thesis borrows together with the SCORE framework from narrative theory,
separates elements that belong to the world being presented from elements layered on top of it. In
a film, the orchestral score the characters cannot hear is non-diegetic, whereas a song coming from
aradio inside the scene is diegetic. Transposed to situated and immersive visualization, a data rep-
resentation is diegetic to the degree that it belongs to the environment the analyst inhabits instead
of floating over it as an overlay. The data-world concept targets this property for the environment
itself, the relief, biomes, water and vegetation that the procedural condition adds (Section 3.2). It
does not claim full diegesis for every element. The nodes, the flow spheres and their trails stay
deliberately non-diegetic markers, distinct from the world so that the representation remains ab-
stract enough for any dataset (Section 4.4). What the assessment compares is the diegesis of the
environment, between a procedural scene in which the surroundings are the visualization and an
abstract scene in which the same data hangs in empty space.

SCORE [78] makes diegesis assessable by decomposing it into five dimensions, scored inde-
pendently so that an environment yields a profile, not a single number. In broad terms, spatial
proximity captures how close a representation sits to its referent; concreteness, how tangible and

object-like rather than symbolic it is; coherence, how consistently it obeys the internal logic of
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the surrounding world; referential context, the cues the environment supplies to anchor a repre-
sentation to what it stands for; and environmental context, the degree to which the surroundings
themselves participate in conveying the data. The precise operational definitions and rating pro-
cedure are those of the framework’s authors and are given, as administered, in Appendix C; what
matters for this evaluation is that the five-dimension profile lets the procedural and basic conditions
be compared dimension by dimension, not only in aggregate.

Independently of the user sessions, the exact system configurations used in the study are as-
sessed by a small panel of immersive-visualization experts. The assessment covers the central
contrast between the procedural environment and its absence, at each of the complexity levels
used in the study, verifying both whether the procedural condition scores higher on diegesis and
whether the advantage persists as the scene densifies.

The assessment plays two roles in the evaluation. It answers (RQ2) directly and dimension by
dimension, locating where any diegesis advantage originates. A gain concentrated in environmen-
tal context and concreteness would point to the terrain and its dressing doing the work, whereas a
gain in referential context would implicate the color and labeling that the basic condition shares.
And it provides an interpretive frame for the user study. If conditions with markedly different
SCORE profiles produce indistinguishable task performance, that dissociation is itself informa-
tive. If the profiles track the performance differences, the two instruments agree with each other.
Because the panel scores the very configurations the participants use, the two evaluations measure
the same stimuli and are directly comparable.

Two methodological choices shaped the assessment. SCORE is applied by experts, not by
participants. It was designed as a specialist characterization instrument, and non-specialist partic-
ipants lack the technical vocabulary to judge dimensions such as coherence or referential context
as the framework requires. And the application is itself a small contribution to the framework. Its
authors identify extension to fully virtual environments as future work, the original being situated

in Augmented Reality, and this thesis inscribes itself in that extension.

5.3 User Study Design

Turning the ablation into a runnable experiment means keeping the procedural environment as
the only thing that varies, while holding off everything else that could be mistaken for its effect.
Four such threats shape the design: the order in which a participant meets the conditions, the
learning that carries from one condition to the next, the differences in ability and prior experience
between participants, and the domain of the data itself. The design answers each in turn, with a
within-subjects structure so that every participant serves as their own control, a counterbalanced
presentation order, disjoint but equivalent dataset subsets at each size so that no answer can be
reused between a participant’s two visits, and a single dataset sampled at two scales. All of this
sits under a constraint that a pilot made concrete. A session has to stay short enough to remain

comfortable in a headset.
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5.3.1 Factorial Structure

The study is a within-subjects 2x2 factorial design, shown in Figure 5.1. Each participant experi-

ences four conditions, crossing:

* Environmental context. Basic (B): flat neutral plane, no relief, water or vegetation; versus
Procedural (P): the full generated terrain, with hills, biomes, water and vegetation driven by
the data. All other channels (node layout, colors, flows, aggregation) are identical between

the two.

* Dataset complexity. Small and medium: subsets of one dataset at two scales, differing in

node count and consequent visual density.

Small (S) Medium (M)
. Basic x Small Basic x Medium
Basic (B)
(BS) (BM)
Procedural x Small Procedural x Medium
Procedural (P)
(PS) (PM)

Figure 5.1: The within-subjects 2 x 2 design: environmental context (Basic versus Procedural)
crossed with dataset complexity (Small versus Medium). Each participant visits all four condi-
tions; order is counterbalanced with a Latin square in which same-size datasets are never adjacent,
so that familiarity acquired at one size does not transfer immediately to its second visit.

The design initially crossed the environment with three complexity levels, adding a large sub-
set of over a hundred stations, for six conditions in total. A pilot session led to dropping the largest
level and reducing the design to the four conditions above. The pilot and the three changes it pro-
duced are described in Section 5.3.2. With two levels the interaction between environment and
complexity remains measurable; what is lost is the shape of the trend (Section 5.7).

The within-subjects choice, with each participant as their own control, is dictated by statistical
power at the achievable sample size (Section 5.3.7). Condition order is counterbalanced with a
Latin square in which each condition appears equally often in each position and same-size datasets
are never adjacent within a participant’s sequence, so that familiarity acquired at one size does not

transfer immediately to its second visit. The participant count is accordingly a multiple of four.

5.3.2 Pilot Study and Design Refinement

The design was exercised end to end in a pilot session with a single participant, who ran the
original six-condition version in full, the environment crossed with three complexity levels (small,
medium, and a large subset of over a hundred stations). The pilot was not meant to produce perfor-
mance data but to check session length, task clarity and comfort before committing to recruitment,

and it changed the design in three ways.
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First, the session ran to about forty-five minutes, beyond a comfortable single sitting in a
head-mounted display, with the time concentrated almost entirely in the two large conditions. The
individual questions were answered quickly. What was slow was reading a scene of that density to
locate the answer. Dropping the large level, by joint decision with the supervisor, removed most of
the duration while keeping the small-versus-medium contrast the hypothesis needs, and brought
the projected session to roughly half an hour (Section 5.3.7).

Second, the large conditions exposed a performance ceiling. With over a hundred stations
the frame rate fell low enough to be felt. The terrain animation and the many simultaneous tra-
jectories at that node count exceeded the comfort budget (Section 5.1), the scene became visibly
less smooth, and the participant reported the onset of nausea, the only point in the session where
discomfort was noted. This both reinforced dropping the large level and confirmed, from the user
side, the node-count limit characterized analytically in Section 4.10. A scene with that many nodes
becomes uncomfortable in VR before it stops running.

Third, the pilot showed that in the denser scenes the correct answer was often barely distin-
guishable from its closest competitor, so a participant who read the visualization correctly could
still name an adjacent node. A binary correct/incorrect score would have penalised sound ana-
lytical reading as if it were failure. Correctness was therefore re-cast on the three-level scale of
Section 5.3.4 (correct, almost correct, incorrect), separating an imprecise answer reached by the
right procedure from a genuinely wrong one.

The pilot’s small and medium conditions coincide, in the same order, with the first counter-
balancing sequence of the reduced design, so its task correctness and response time for those
four conditions are pooled with the main study, giving twenty participants for those measures. Its
binary marking maps onto the correct and incorrect levels, with no almost-correct. The question-
naires it answered under the six-condition protocol are not comparable and are excluded, leaving

nineteen for the cognitive-load and sickness instruments.

5.3.3 Datasets: One Domain at Two Scales

The complexity levels are two scales of a single dataset, trips from a large city’s public bike-
sharing system,” where stations are nodes and each trip is a flow, illustrated in Figure 5.2. Each
scale is drawn independently by the same stratified procedure, so the smaller is not a strict subset
of the larger; what is held constant is the domain, not the particular stations. Using one subsampled
domain, instead of different datasets per level, removes the principal confound of the alternative
design. With different domains, any observed difference would be inseparably confounded be-
tween “more complex” and “different subject”. Here domain, task vocabulary and topology stay
constant, and density is the only variable. The generality of the system across domains is a claim
of (RQ1), demonstrated separately by its application to several datasets (Section 4.10); the perfor-

mance study gains rigor by staying mono-domain.

2The Divvy bike-sharing system of Chicago, July 2021; public trip data available at ht tps: //www.kaggle .com
/datasets/evangower/cyclistic—bike-share.
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Station selection for each subset is spatially stratified, taking the busiest station of each cell of
a grid over the city map, not simply the globally busiest stations. The distinction is consequential.
The busiest stations concentrate downtown and connect almost all-to-all, a near-complete graph
that collapses force-directed layout into an unreadable clump, the same degeneration documented
with the taxi stress test in Section 4.10. The stratified sample preserves the neighborhood struc-
ture the layout needs, keeps both scales legible, and still guarantees each selected station enough
activity for the tasks to have clear answers. This keeps the study inside the regime the system was

designed for. Table 5.2 reports the two resulting subsets.

Table 5.2: The two study subsets, sampled from one month of the bike-sharing dataset by spatial
stratification. Density is the number of directed station pairs over the maximum possible N(N — 1);
round trips returning to the same station are not counted as pairs.

Subset Stations Directed pairs Density  Trips
Small (S) 16 28 0.117 6357
Medium (M) 59 345 0.101 18788

(a) Small (S): 16 stations. (b) Medium (M): 59 stations.
Figure 5.2: The two complexity levels, sampled from the same bike-sharing dataset: (a) Small and
(b) Medium. Only the number of stations and the resulting visual density change; domain, task
vocabulary and topology are held constant.

5.3.4 Tasks

In each condition the participant performs four short analytical tasks over the flow network:

* Most incoming flow: navigate to a specified time window and identify the node receiving

the most flow within it.

* Peak moment of a node: focus on a specified node and identify the instant at which its

activity peaks, within an adequate tolerance.

* Busiest directed pair: for a specified time window, identify the origin-to-destination pair

carrying the most flow.
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* Most outgoing flow: for a specified time window, identify the node sending the most flow.

These four tasks cover categories that recur in graph-visualization and spatio-temporal task
taxonomies: lookups over the network’s nodes (the incoming and outgoing variants), an elemen-
tary when query over the temporal axis, and a lookup over the network’s edges [55, 79], which
keeps them representative of genuine analytical operations, not idiosyncratic to this system. They
also span the range over which the environment’s benefit is expected to vary. Three of them bear
on per-node quantities the generated environment carries, incoming flow by the terrain relief, out-
going flow by the vegetation density, and the peak moment by the relief’s animation over time,
while the busiest-pair task depends on the flows alone, which are identical in both conditions, and
so approaches a control on which little or no environment effect is predicted. This contrast is
by design, and methodologically central. If the procedural condition helps on the three channel-
aligned tasks but not on the pair task, the benefit is attributable to the information the generated
features carry, not to a generic novelty, engagement or spatial-reference effect that a prettier 3D
scene might produce regardless of what it encodes.

Responses are scored for correctness and response time. Correctness is marked on a three-
level scale: correct, almost correct, and incorrect, where almost correct marks an answer reached
by the right procedure but imprecise in its specifics. The pilot showed that in denser scenes the
correct answer can be nearly indistinguishable from the runner-up, and a binary criterion would
penalise participants whose reading of the visualization, the very ability under measurement, is
sound. The analysis may treat correctness as graded or collapse the first two levels into a binary
measure, with the criterion stated explicitly. The tasks are kept simple on purpose. With a modest
sample, complex tasks inflate variance and let individual characteristics (VR familiarity, visuospa-
tial ability) dominate the experimental effect. Each task is answerable in both conditions, through
hill height and animation with the terrain and through flow density and rhythm without it, possibly
with different effectiveness, and that difference is exactly what is being measured.

Because each participant visits each dataset size twice (once per environment condition),
reusing the same stations would let the second visit recall the first answer. Each size therefore
exists as two disjoint but equivalent subsets of stations (A and B), and a participant never sees
the same subset twice at a given size. The four task types are asked in every condition, but over
different stations. Which subset is paired with which environment is itself counterbalanced across
the Latin square, so that at sample level each subset appears equally often under each environment
and any residual difficulty difference between subsets cancels in the group means. The analysis
is correspondingly conducted at group level. The subsets are generated by one neutral procedure,
not tuned to equal difficulty, and the counterbalancing, not any engineered parity, is what makes

the comparison fair (Appendix D.2).

5.3.5 Measurement Instruments

Pre-questionnaire. Before the first condition, participants report prior familiarity with graphs and

network diagrams, with data visualization, and with VR. These serve as covariates. The benefit of
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the environment may plausibly differ with visual literacy, and recording it allows the results to be
interpreted accordingly.

Cognitive load. The raw variant of NASA Task Load Index (NASA-TLX) [80, 81], com-
prising the six subscales without the pairwise weighting phase, is administered after each of the
four conditions. Each subscale (mental, physical and temporal demand, performance, effort and
frustration) is rated on a 0-10 scale, and the raw index is their unweighted arithmetic mean. Omit-
ting the pairwise weighting is exactly what distinguishes the raw variant from the original. The
original instrument uses a 0—100 range. It was administered here on the 0—10 scale that is the
widest a Google Forms linear-scale question permits, and the values rescale to the conventional
range by multiplying by ten. Per-condition measurement is essential for (RQ3), which concerns
the variation of load with complexity. A single end-of-session measure could not attribute load to
a level. The raw variant is validated, correlates strongly with the weighted version, and takes about
a minute, making repeated administrations feasible where the full weighting procedure would not
be.

Simulator sickness. Two complementary instruments are combined. The Simulator Sickness
Questionnaire (SSQ) [82] scores sixteen symptoms on a four-point scale (none, slight, moderate,
severe; 0-3) and combines them, with the standard weights, into three subscales, nausea, ocu-
lomotor and disorientation, and a total severity score.® It is taken before and after the session,
so that any change in discomfort over the whole session can be measured. The single-item Fast
Motion Sickness Scale (FMS) [83] is a verbal rating from 0 (no sickness) to 20 (severe), designed
for fast repeated sampling, taken after each condition. Its trajectory across the conditions, not
any single value, is what is read. The combination retains the richer instrument’s detail without
overloading the transitions, and serves both the secondary question of whether discomfort differs
between conditions and well-being monitoring, with a session free to stop at any point without in-
validating the data already collected. Figure 5.3 shows the full session and where each instrument

is administered.

3With Sy, So, Sp the summed item scores of the three (overlapping) symptom groups, the scores are N = 9.54 Sy,
0 =17.58S80, D =13.92Sp and the total TS =3.74 (Sy +So + Sp) [82].
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Figure 5.3: The session a participant goes through. The four conditions are ordered by the par-
ticipant’s Latin-square sequence (Section 5.3.1). After each condition the participant removes the
headset for a short break, answers the raw NASA-TLX and a single FMS rating, and puts it back
on for the next when ready. The SSQ is taken only before and after the whole session.

5.3.6 Procedure

A session runs as follows. The participant is welcomed and given a plain-language explanation of
the study: its purpose, that it involves wearing a VR headset and answering short questions about
animated data, that the session may be stopped at any moment and for any reason, discomfort in
particular, and that the recorded data are anonymous and used only for this research. The session
proceeds once the participant agrees to take part. No personal identifying data are collected beyond
the covariates of the pre-questionnaire, there is no deception, and the only foreseeable risk is the
ordinary discomfort VR can cause, which the simulator-sickness monitoring already tracks. The
consent step is correspondingly brief.

After a baseline SSQ and the pre-questionnaire, the participant puts on the headset and com-
pletes the four conditions in the order fixed by their Latin-square sequence (Section 5.3.1). In each
condition they perform the four tasks (Section 5.3.4). After each condition they take off the head-
set for a short break and answer the raw NASA-TLX and a single FMS rating for that condition,
putting it back on for the next when they feel ready. The SSQ is administered once more at the
end of the session. These breaks reset attention and limit cumulative discomfort. Answers are
marked live by the tester, the researcher running the session, on a three-key input (correct, almost
correct, incorrect) and logged with their response time by the session-management tool, which

also presents the conditions in the correct order and holds the ground-truth answer key, consulted
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only after the participant has committed to an answer, never during the search. The full protocol,

the questionnaire items and the tester’s answer sheet are reproduced in Appendix D.

5.3.7 Participants

The study ran with twenty participants, a multiple of four so that each Latin-square sequence was
traversed equally. The size is justified by the within-subjects design, which gives higher power
at small samples, by session duration, and by the prevailing practice in comparable immersive-
visualization studies. Duration matters here because the pilot’s six conditions took about forty-five
minutes, whereas four conditions with questionnaires and breaks bring a session nearer half an
hour. The statistical analysis favors non-parametric methods, is explicit about confidence intervals
and about the kinds of conclusion a sample of this order can support, and treats the per-size and
per-task breakdowns as exploratory.

The sample skewed young and male: nineteen participants were aged 18 to 24 and one 35 to
44, and seventeen were men and three women. On the pre-session covariates, prior familiarity with
graph and network diagrams (mean 4.4 on a 1-5 scale), with data visualization in general (4.3) and
with 3D games (4.5) was uniformly high, while prior experience with VR was low (2.3, median 2).
The participants were therefore fluent readers of abstract graphs but, for the most part, new to VR,
a profile worth bearing in mind when reading their preference for the immersive condition. No
participant reported a colour-vision deficiency, the third covariate, recorded because node identity
is carried by colour. Had one done so, that participant’s data would have been examined separately
for a colour-dependent effect. The sample is too small to test any of these covariates as a formal
moderator, so subgroup patterns, such as whether the environment’s benefit varies with prior VR

experience, are treated as exploratory, not analysed inferentially.

5.4 What the Comparison Can and Cannot Show

A natural objection precedes any result. If the procedural condition proves better, is that because
of the particular channels chosen (incoming flow on the relief, outgoing flow on the vegetation),
or because of procedural generation in general? The evaluation is built so that this question is
answered with evidence, not assumed, and so that the limit of what it can claim is stated plainly.

What the ablation isolates. The comparison holds every other channel constant and removes
only the generated environment, so any measured difference is attributable to that environment,
as configured for the study, and to nothing else in the scene. The study therefore measures one
concrete realization of the data-world concept, not procedural generation in the abstract. This is an
intentional scoping, since a controlled comparison requires a fixed configuration. The generality
of the approach is argued separately, by its application across domains and by the configurability
of the channels themselves (RQ1).

Separating channel information from a generic effect. The four tasks were chosen to make
exactly this separation (Section 5.3.4). Three of them read quantities that the environment carries.

The busiest-pair task reads a property of the flows alone, identical in both conditions, which the
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environment does not encode. If the procedural condition helps on the three channel-aligned tasks
but not on the pair task, the benefit is attributable to the information the generated features carry,
and not to a generic effect that any richer 3D scene might produce, whether greater engagement,
novelty, or simply a better spatial frame of reference. If instead the advantage appears uniformly,
the pair task included, that points to such a generic effect, which is itself a finding and not a failure.
The SCORE assessment (Section 5.2) adds an independent check. A performance advantage that
tracks the diegesis dimensions the channels drive corroborates the channel explanation, while one
that does not flags a generic cause.

What the study cannot attribute. Three claims are explicitly out of reach, and are not made.
The study does not decompose the benefit among the individual features. It cannot say how much
comes from the relief, how much from the vegetation, and how much from the spatial structure the
environment provides, because all are added and removed together. It does not establish that these
channels are optimal. A different mapping could perform differently. And it does not guarantee
that the effect size transfers to other channel choices. Separating the contribution of each feature
would require a factorial design that ablates the relief, the vegetation, the color and the motion one
at a time, which is left as future work (Chapter 6).

What counts as a confound here. Under the framing of this thesis the analytical channel is the
procedural generation as a whole, not any single feature. Part of what a strict reading would call a
confound, the spatial reference and the sense of place that an inhabited generated world provides,
is therefore part of the claim and not a nuisance to be removed. The value of the data-world is
jointly the information its features carry and the navigable structure it gives that information. The
ablation measures their sum by design, because that sum is precisely what the thesis means by an

environment that is the visualization, not a container for it.

5.5 Results

The results are reported in the order of the questions they answer. The expert assessment of
diegesis, addressing (RQ2), comes first, then the user study of task performance and perceived

cognitive load, addressing (RQ?3).

5.5.1 SCORE Expert Assessment

Two immersive-visualization experts independently rated the four study configurations on the five
SCORE dimensions, following the procedure of Section 5.2. The two raters agreed closely, differ-
ing on a single cell of the twenty, so the profiles are reported as their means (Table 5.3).

The procedural environment scored higher on diegesis than the basic condition, and by the
same margin at both complexity levels. The composite SCORE rose from 0.92 at the small size and
1.06 at the medium one under the basic condition to 1.69 at both procedural conditions, a gain of
about 0.70 on the instrument’s 0-5 scale. The advantage is concentrated in exactly the dimensions
the generated environment is meant to drive. Concreteness rose from 1.0 to 3.0 and environmental

context from 1.0 to 2.0, while coherence barely moved (1.75 to 2.0). Weighted into the composite,
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Table 5.3: Expert SCORE profile of the two conditions, averaged over the two raters and the two
complexity levels, since the procedural advantage was identical at both sizes. Each dimension
is rated 0-5; the composite weights them by the framework’s coefficients, given in parentheses.
Spatial proximity and referential context are structurally zero in a fully virtual scene.

SCORE dimension (weight) Basic  Procedural

Spatial proximity (0.09) 0.0 0.0
Concreteness (0.15) 1.0 3.0
Coherence (0.29) 1.75 2.0
Referential context (0.14) 0.0 0.0
Environmental context (0.33) 1.0 2.0
Composite SCORE (0-5) 0.99 1.69

the environmental-context dimension, at a third of the total weight, and concreteness account for
almost the whole difference.

Spatial proximity and referential context were rated zero in every condition, basic and pro-
cedural alike. A fully virtual scene offers no physical object for a representation to sit beside or
to point back to, so these two dimensions, designed for the augmented-reality setting the frame-
work originates in, are structurally unavailable here and cap the achievable total. This is why the
absolute values are low. The assessment establishes the contrast between the conditions, not the
absolute level, and that contrast favors the procedural environment on every dimension a virtual
scene can express.

The profile matches the design intent and, as the rest of this section will show, the user-study
results. The diegesis advantage lives in the environment itself becoming part of the data presen-
tation, the environmental-context dimension, and in the relief reading as a tangible, object-like
surface, the concreteness dimension, not in the color and labeling the basic condition already
shares. That the gain is flat across the two sizes, while the user study’s load benefit grows with
density (Section 5.6), is coherent: diegesis is a property of how the representation is built, judged
on a static configuration, whereas the load benefit is a property of reading it under task pressure.
The panel’s two members make these figures descriptive, not inferential, a limitation their close
agreement only partly offsets (Section 5.7).

A two-member panel measuring a contrast between conditions supports little beyond a narrow
reading, and that reading is the answer to (RQ2). Mapping the flows onto the generated envi-
ronment produces a more diegetic visualization than an abstract 3D scene, which is independent,
qualitative support for the thesis’s central move, that the environment can be the visualization and
not a container for it. Whether that higher diegesis also brings a measurable analytical benefit is

the question the user study takes up next.
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5.5.2 Task Correctness

The user study ran with twenty participants. Task correctness and response time are analysed over
all twenty: nineteen completed the four-condition protocol, and the pilot contributes its small and
medium conditions, which coincide, in the same order, with the first counterbalancing sequence
(Section 5.3.2). The questionnaire instruments, which the pilot answered under the earlier six-
condition protocol, are analysed over the nineteen. With a sample of this size the per-size and
per-task breakdowns remain exploratory. All comparisons are within-subjects and tested with the
exact Wilcoxon signed-rank test, summarized by the median difference, the matched-pairs rank-
biserial effect size r,, (where +1 means every participant moved the same way), and a bootstrap
95% confidence interval. Correctness uses the three-level scale, scoring almost correct at 0.8, a
near miss that named the runner-up rather than a half-failure. The exact weight does not drive any
conclusion: re-running the analysis with the weight set anywhere from O to 1 leaves every effect
and its significance essentially unchanged (the relief tasks stay at A=~ 0.46-0.51, p < 0.001; the
vegetation and control tasks stay null).

Both procedural conditions outscored both basic conditions (Table 5.4). Aggregated over the
three channel-aligned tasks, the procedural environment improved correctness by A = 0.31 on the
0-1 scale (p < 0.001, r,,, = 1.0, Confidence Interval (CI) [0.23,0.39]); no participant scored higher

without the environment than with it.

Table 5.4: Correctness per condition and task, scored on the three-level scale (correct = 1, almost
correct = 0.8, incorrect = 0), averaged over the twenty participants. The last two columns average
each task over the two sizes. The relief tasks (most incoming, peak moment) separate the proce-
dural conditions sharply from the basic ones; the vegetation and control tasks do not.

Task BS BM PS PM Bavg Pavg
Most incoming (relief) 0.32 0.88 097 0.99 0.60  0.98
Peak moment (relief animation) 0.35 0.38 0.92 0.94 0.37 0.93
Most outgoing (vegetation) 0.59 045 046 0.53 0.52  0.50
Busiest pair (control) 0.80 0.74 0.85 0.68 0.77  0.77
All four tasks 0.52 0.61 080 0.79 0.56  0.79

The decomposition by task is the central result. The gain is carried entirely by the two relief
tasks: most incoming improved by A =0.38 (p < 0.001, r,,, = 0.97) and peak moment by A =0.57
(p < 0.001, r,p, = 1.0). The vegetation task, most outgoing, showed no effect (A = —0.03, p =
0.69), and the busiest-pair control task showed none either (A = —0.01, p = 0.76), as predicted
for a property the environment does not encode. Taken together the two relief tasks improved by
A=0.47 (p <0.001, r,, = 1.0). Table 5.5 collects the paired comparisons.
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Table 5.5: Paired comparisons (Procedural minus Basic), exact Wilcoxon signed-rank. Correct-
ness is over twenty participants, cognitive load over nineteen (the pilot answered the questionnaires
under the earlier protocol). Correctness is on the 0-1 scale, load on the form’s 0-10 scale; 7, is
the matched-pairs rank-biserial effect size.

Comparison A (P—B) p Trp 95% CI
Correctness, channel-aligned +0.31 < 0.001 1.00 [0.23,0.39]
relief tasks only +0.47 < 0.001 1.00 [0.36,0.58]
most incoming +0.38 < 0.001 0.97 [0.25,0.51]
peak moment +0.57 < 0.001 1.00 [0.40,0.73]
most outgoing (vegetation) —0.03 0.69 —0.14 [—0.18,0.13]
busiest pair (control) —0.01 0.76 0.08 [—0.22,0.20]
NASA-TLX load, overall -2.10 <0.001 —1.00 [-2.65,—1.54]
5.5.3 Response Time
Response times point the same way without reaching significance in aggregate (A = —3.2s, p =

0.50). The pattern is again task-specific. The relief tasks were both faster under the procedural
environment (most incoming about 11 to 13 versus 22 to 32 seconds in median, peak moment
about 22 to 30 versus 35 to 55), the control task was unchanged, and the vegetation task was
slower under the environment (about 30 versus 16 seconds). The relief gains are therefore not
a speed-accuracy trade-off. The procedural condition was both more accurate and faster there.
There is a non-significant tendency for the environment to help response time more at the medium

size than the small (A = —5 s in the size interaction, p = 0.41).

5.5.4 Perceived Cognitive Load

The raw NASA-TLX index (mean of the six subscales on the form’s 0—10 scale) was lower under
the procedural environment in every participant (A = —2.10, p < 0.001, r,,, = —1.0; Table 5.5).
The per-condition means show why this matters for the graded hypothesis (Table 5.6). Under
the basic condition, load climbed from the small to the medium dataset (4.2 — 5.6), whereas
under the procedural environment it stayed low and barely moved (2.7 — 2.8). The load reduction
was accordingly larger at the medium size (A = —2.7, p < 0.001) than at the small (A = —1.5,
p =0.004), though both are significant. On the cognitive-load axis, then, the environment’s benefit

grows with scene density.
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Table 5.6: Raw NASA-TLX load per condition (mean of the six subscales, form scale 0-10; lower
is better), with standard deviation over nineteen participants. Load rises with density in the basic
condition but not in the procedural one.

BS BM PS PM

Meanload 4.19 559 2.74 284
SD 208 172 131 1.36

5.5.5 Simulator Sickness

Discomfort stayed low and no session was stopped. The single-item FMS averaged 2.5 on its 0-20
scale, with a single peak of 10, and did not accumulate over a session (means of 3.0, 2.3, 2.2 and
2.6 at the four successive positions); it did not differ between the basic and procedural conditions
(2.3 versus 2.7), so the relief animation and the denser visuals of the procedural condition did
not add measurable sickness. The SSQ total severity, weighted by the standard subscale formula
[82], rose only slightly from a mean of 14.6 at baseline to 16.1 at the end of the session (A = +1.6,
p = 0.49, not significant), the increase falling within the between-participant spread of the baseline
itself, since several participants arrived already reporting some fatigue. The nausea noted in the
pilot was confined to the large conditions that were subsequently dropped (Section 5.3.2); within

the two retained sizes the comfort budget held.

5.5.6 Subjective Preference and Open Feedback

Asked which condition let them understand the data better, eighteen of the nineteen participants
chose the procedural environment; the one exception qualified the choice by noting that the terrain
helps when flow is heavy but adds clutter when it is sparse. Rated usefulness of the generated
environment averaged 4.32 out of 5 (median 4.0). The open comments are consistent with the
quantitative pattern and sharpen it. The relief was repeatedly singled out as making incoming-
flow questions “trivial”’; several participants reported that the terrain helped more as the flow
grew dense, exactly the regime where the basic condition’s spheres became hard to follow. The
vegetation drew the opposite reaction. Multiple participants found the shrubs too low in contrast
against the terrain and hard to read at a distance, and one questioned whether count is the right
thing to map to vegetation at all. The busiest-pair question was described as the hardest and
least supported by the environment, as its control role intends. A few comments concerned the
flow rendering rather than the generated environment: several participants found the per-flow
sphere and node sizes hard to judge, and one found the colour at a sphere’s leading tip difficult
to read against its trail. Recurring feature requests, playback-speed control, smoothing of the per-
tick terrain animation, and an on-demand per-node history readout, are recorded as future work
(Chapter 6).
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5.6 Discussion

The data give a clear and coherent picture. The procedural environment improved analytical cor-
rectness and lowered perceived load, and both effects are specific to the channel the environment
actually encodes.

The graded hypothesis holds on the load axis, not on the accuracy axis. The hypothesis
was that the environment’s contribution grows with scene density. In correctness, the procedural
advantage is already large at the small size and does not grow toward the medium one. If anything
it is slightly smaller at medium, because the basic-small most incoming question proved unex-
pectedly hard, with many participants defaulting to the visually prominent tourist station instead
of the one busiest in the queried window. In perceived load, by contrast, the prediction is met.
The basic condition’s load climbs with density while the procedural condition’s does not, so the
load reduction is concentrated at the medium size. This is what one expects of a context channel
that offloads working memory, and the open comments converge on it, with participants reporting
that the terrain mattered most when the flow was heaviest. The level that would have shown the
effect most strongly in accuracy, the large dataset, is precisely the one the pilot forced us to drop
for comfort (Section 5.3.2), which is the cost of that decision made visible.

The benefit is attributable to the relief channel, not to a generic effect. Section 5.4 set
out the test in advance. If the procedural condition helped uniformly, including on the busiest-
pair control, the cause would be a generic novelty, engagement or spatial-reference effect and
not the information the environment carries, a concern sharpened by a sample largely new to VR
(Section 5.3.7). That is not what happened. The control task showed no advantage, and neither did
the vegetation task, while the two relief tasks improved sharply. The benefit tracks the channel,
which is the outcome that supports the channel-information account over a generic “prettier scene”
account.

The vegetation channel did not work, and that is a finding. The relief carries a clear, readily
read quantity. The vegetation density, as currently realized, does not. The open feedback explains
why, pointing to weak contrast against the terrain and poor legibility at distance, and the response
times suggest the channel may even have cost effort without paying it back. This was a first
realization of a second generated channel, and the verdict is that it was the wrong encoding, not
that a second channel is impossible. It motivates the per-feature factorial ablation and the search
for stronger secondary encodings already set out as future work (Chapter 6). A participant’s own
suggestion, a per-node heat readout or a width-based encoding, is one candidate.

Relation to the mixed evidence on 3D. The visualization literature is divided on whether
three-dimensional and immersive presentations help. Some studies find advantages for graph
reading in 3D and in VR [50, 51], while others caution against three dimensions adopted without a
task that justifies them [9]. These results sit naturally between the two positions. The environment
helped where its channel encoded the queried quantity (the relief tasks) and did not help where it
encoded nothing relevant (the control) or encoded it poorly (the vegetation). The vegetation is the

informative case, since it carried a relevant quantity, the outgoing flow, yet did not help, because



Expert Assessment and Ablation Study 64

it was not legible. What helps is therefore not the presence of an immersive environment but a
generated feature that carries the answer in a form the eye reads easily, which is the justified-3D
position applied to a generated world.

Research questions. (RQ2), on diegesis, is answered by the expert assessment (Section 5.5.1):
the procedural condition scored higher on diegesis at both sizes, with the gain concentrated in the
environmental-context and concreteness dimensions the relief drives, the profile the user-study
results had led us to predict, and one that lines up with the relief’s performance advantage, not
with the inert vegetation. (RQ3), on how the environmental context affects performance and load
as complexity grows, receives an answer: the environment improves correctness, by way of the
relief channel, and lowers perceived load, with the load benefit growing as the scene densifies.
These conclusions rest on twenty participants (nineteen for the load and sickness instruments).
A larger sample would still sharpen the per-size and per-task estimates and settle whether the

accuracy advantage carries any dependence on density at the two sizes retained.

5.7 Limitations of the Study

Several structural limitations are acknowledged in advance. The mono-domain choice that re-
moves the confound between complexity and domain limits the generality of the measured effect
to the tested domain (urban bike mobility). The framework’s cross-domain generality is argued
by other means, but the performance effect is not directly transferable. The stratified sampling
keeps the study inside the metaphor’s legible regime, so the study measures the environment’s
utility where the system is applicable, not how it behaves where the metaphor degenerates (dense
origin-destination matrices, node counts orders of magnitude higher). Those regimes are mapped
separately in Section 4.10. The reduction to two complexity levels, imposed by the pilot’s session
duration, restricts what the study can say about how the environment’s benefit scales with density.
Two points measure the interaction but not the shape of the trend, and the densest regime, exactly
where the hypothesis predicts the largest benefit, falls outside the tested range. The simplicity of
the tasks guarantees interpretability but underrepresents real analytical work, which chains ques-
tions, forms hypotheses and iterates.

The sample size detects medium average effects but not subtle interactions or subpopulation
differences, and it is too small to analyse the recorded covariates (prior visualization and VR
experience) as formal moderators. Node identity is carried by colour, so a colour-vision deficiency
would matter for the comparison. None was reported, but a sample of this size cannot exclude an
undetected case.

The evaluation also cannot attribute any effect to individual environmental features, only to
the generated environment as a whole. That boundary, and the control built into the task set to
address it, are set out in Section 5.4.

The SCORE assessment carries limitations of its own. Beyond the small panel, whose variance
the raters’ close agreement only partly offsets, the raters were not blind to the conditions, since

the presence or absence of the generated terrain is immediately obvious, and the rate-discuss-rate
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protocol leaves the revised ratings non-independent across the panel. Two of its five dimensions,
spatial proximity and referential context, are structurally inapplicable to a fully virtual scene and
were zero throughout, so the instrument measures the contrast between conditions, not an absolute
level.

Some participants also reported friction with the locomotion itself, needing head movement
to change altitude and preferring to stand, a prototype usability factor that the seated free-flight
scheme does not fully address and that may have added a roughly constant effort across conditions.
Finally, the study runs on a single headset family and runtime, and device-specific characteristics

(resolution, field of view, refresh rate) may influence results.



Chapter 6

Conclusions and Future Work

This thesis set out to demonstrate that Procedural Content Generation can serve Immersive Ana-
Iytics not as decoration but as the visualization itself, showing that an environment generated from
a flow dataset, with its terrain, water, vegetation and animated flows, can carry analytical meaning
and be navigated as a world, not read as a chart.

The work began from a concrete difficulty. Event-based flow data, common across finance,
transport and communications, packs network topology, time, direction and magnitude into a sin-
gle structure, and conventional 2D representations of it suffer from clutter and temporal occlusion.
IA argues that an inhabited 3D space can ease reading of this kind, and PCG is the mature tech-
nology for generating such spaces, yet the two had mostly met with the generated world serving
as a passive container for data laid on top of it.

The state of the art left three gaps that framed the thesis. Existing immersive systems depended
on data that already carried spatial coordinates, treated the generated space as a backdrop kept
separate from the data it held, or were single-purpose tools that could not be repurposed. The
data-world proposal, an environment generated from and bound to the dataset, was the response
to all three, and the chapters above built and evaluated one realization of it for flow data.

This chapter summarizes the contributions, revisits the research questions, and identifies the

limitations and the work that naturally follows.
6.1 Summary of Contributions

The main contributions of this work are:

¢ A functional procedural framework for immersive flow visualization. A working system
that translates arbitrary event-based flow datasets into navigable VR environments, config-
ured entirely through portable data (a JSON file accompanying the dataset) with no code
changes, demonstrated across domains as different as air traffic, international finance, urban

mobility and network traffic.

66
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* The procedurally generated environment as an analytical channel. A configurable map-
ping in which features of the generated world carry analyst-defined, time-varying per-node
quantities: the terrain relief and, independently, the vegetation density, typically mapping a
node’s incoming and outgoing flow. The supporting design vocabulary includes formula-
based semantics separated from visual normalization, finite-support peaks combined by
maximum for per-node legibility, and biome and water layers that amplify rather than en-
code. The relief and vegetation are the two channels realized here, and the same machinery

admits further generated channels.

* An architecture for freely navigable time in VR. The combination of a single timeline
owner, scene state as a pure function of normalized time, and time-indexed precomputation,
which together deliver deterministic bidirectional seeking at VR frame rates and are reusable

beyond this prototype.

¢ An ablation-ready experimental design and its instrumentation. The environmental
context as a separable channel, a 2x2 within-subjects study crossing it with dataset com-
plexity over two scales of one domain, and the accompanying application of the SCORE

framework to fully virtual environments, an extension its authors identified as future work.

* An empirical delineation of the approach’s limits. Stress tests showing that scalability de-
composes into three independent axes (record volume, graph density and node count), with

distinct causes and mitigations, delimiting the regime in which the metaphor is applicable.

6.2 Research Questions Revisited

With the system built and the study run, the three research questions of Section 1.3 can now be
answered in turn.

(RQ1), Framework. The question of how procedural generation principles can be adapted to
structure multidimensional flow data into meaningful immersive environments is answered con-
structively by the system. The key adaptations proved to be: reducing domain specificity to a
declarative schema plus arithmetic formulas over canonical fields, making every generated feature
a function of data and time and not of authored placement, and separating analytical semantics
from visual presentation so that the same generative machinery serves different datasets and ques-
tions.

(RQ2), Diegesis. The expert assessment with SCORE answers this question in the affirma-
tive. A two-member expert panel rated the procedural environments higher on diegesis than their
abstract counterparts, by the same margin at both complexity levels, with the advantage concen-
trated in the environmental-context and concreteness dimensions the relief drives, and the spatial-
proximity and referential-context dimensions structurally inapplicable to a fully virtual scene (Sec-
tion 5.5.1). The profile aligns with the relief’s advantage in the user study, the two instruments
agreeing with each other. The small panel makes the result descriptive, to be read alongside the

objective task data, not on its own.
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(RQ3), Analytical utility. The user study answers this question over twenty participants.
The procedurally generated environment improved analytical correctness and lowered perceived
cognitive load relative to an otherwise identical abstract scene, and both effects were specific to
the channel the environment actually encodes. The gain was carried by the relief, which maps
incoming flow, while the vegetation channel and the unencoded control task showed no effect.
That specificity is evidence that the benefit comes from the information the generated features
carry, not from a generic effect of a richer scene. The graded hypothesis, that the contribution
grows with scene density, was met on the cognitive-load axis, where the environment’s advantage
grew from the small to the medium dataset, but not on the accuracy axis, where the advantage was
already large at the small size. The sample remains modest, so the per-size and per-task estimates

are best read as indicative.

6.3 Limitations
The principal limitations, gathered from the preceding chapters:

* Scope. The framework is validated on event-based flow data only; the generalisation to
other data topologies is architectural (pure-data configuration, mediated subsystems) but

not demonstrated.

* Regime of applicability. The metaphor degrades on dense origin-destination matrices (lay-
out collapse) and the design assumes node counts in the hundreds; both limits are character-

ized but not overcome.

* Presentation choices not perceptually validated. The color palette, biome thresholds and
related presentation decisions rest on informed judgment and visual iteration, not on formal

perception studies. Color-vision deficiency in particular is only partially mitigated.

* Trajectory simplifications. Two-tangent arcs cannot hug multiple scattered peaks, and
curves recomputed under in-flight spheres produce momentary swerves. Both are accepted
trade-offs with identified fixes.

* Platform dependence. The prototype runs tethered to a desktop. A standalone headset
build remains to be produced. Third-party vegetation materials target a different render

pipeline and are fragile outside the editor.

» Evaluation scope. The performance evidence, once collected, is bounded by the study’s
own limitations (mono-domain, simple tasks, modest sample, single device family) as dis-

cussed in Section 5.7.

6.4 Future Work

Several directions follow naturally from this work:
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Beyond flow data. Extending the framework to other abstract data topologies, such as
hierarchies, collections of time series, or high-dimensional tabular data, reusing the config-
uration model and the time architecture, and building toward the general procedural engine

that motivated the thesis.

Richer relief semantics. True valleys for signed quantities (negative balances as depres-
sions below the waterline), and intermediate control points in flow trajectories so that arcs

follow the upper contour of rugged relief.

Allocation-free trajectories. The per-tick re-routing rewrites one spline per directed pair
through a third-party library whose knot mutation allocates managed memory proportional
to the pair count (Section 5.1). Replacing that library with a custom cubic evaluated directly
from cached control points, or gating the refresh on actual height change so untouched ticks

allocate nothing, would restore the intended allocation-free playback.

More generated channels. The relief and vegetation already show that the generated en-
vironment can carry more than one per-node quantity. Further features (rock strata, water
level, atmospheric density, the density of generated settlements) could each become an addi-
tional configurable channel, turning the world into a multi-variable display whose channels
stay perceptually separable, alongside a study of how many such channels a viewer can read

at once before they interfere.

More diegetic data markers. The node pillars and the flow spheres are kept abstract so that
no dataset is given a meaning it does not carry, but that choice leaves part of the scene outside
the world it sits in. Giving the markers forms that belong to the generated environment,
where this does not mislead, and measuring whether a more diegetic representation helps or

distracts the reader, is a question this thesis leaves open.

Scaling the metaphor. Community-based node aggregation, focus interactions that re-
strict visible flows to the observed node, and GPU-particle flow rendering: the identified
responses to the density and node-count limits. The last of these is already scaffolded: the
flow renderer sits behind an IF1owRenderer interface, and Unity’s Visual Effect Graph is
present in the project for a future implementation that feeds the cached splines into a particle

system in place of the pooled objects.

Moving the per-tick computation to the GPU. The final performance measurements lo-
cated the bottleneck not in the rendering but in the computation that runs every tick, which
runs on the CPU while the GPU stays almost idle (Section 5.1). The work is data-parallel:
each terrain vertex and each flow trajectory is computed on its own, from the same per-node
table, without depending on the others. The GPU can carry out these calculations easily,
through a compute shader that handles one vertex, and one directed pair, per thread and
reads the node weights from a shared buffer. The vertex heights and normals, together with

the spline control points, could all be produced this way. What needs care is the few heights
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the CPU still reads for non-visual use, placing the node pillars on the surface and decid-
ing where a teleport lands, which would either be read back from the GPU at the cost of
a frame of delay or computed on the GPU as well. This matters beyond raw speed, since
the cost grows with the number of nodes and pairs, so moving it onto hardware that is oth-
erwise doing nothing is the most direct way past the size limits the stress datasets reached
(Section 4.10). It was realised late in the development, and is possibly the most important

change for letting the system handle larger data.

* In-scene configuration and controls. Two extensions belong in the framework’s own in-
terface rather than its configuration file. The first moves the simpler parameters into in-
scene controls (peak sharpness, world size, texture sets), editing the same pure-data models
that the JSON file defines, and eventually offers a guided authoring interface for the for-
mulas themselves. The second adds the runtime controls that study participants asked for
(Section 5.5): a playback-speed control on the timeline, which the timeline owner already
carries internally and which mainly needs surfacing in the panel and keeping the flows syn-
chronized to the cursor at non-default speeds; smoother per-tick terrain animation; and an
on-demand per-node history readout. Both keep configuration as portable data, the interface

editing the model rather than replacing it.

» Standalone deployment. An Android OpenXR build for untethered use, including replac-
ing pipeline-incompatible third-party materials.

* Broader evaluation. Replication on other domains and devices, more ecologically valid
task sets, and, if the graded hypothesis is supported, a focused investigation of which prop-
erties of the environmental context (relief, color bands, water reference line, motion) carry
the benefit.

6.5 Closing Remarks

The work delivered a complete, configurable and performant realization of the data-world concept
for flow data, together with the experimental apparatus to measure its value. The evaluation is
encouraging. Where a generated feature carried the answer in a form the eye reads easily, the
relief, participants were both more accurate and under less cognitive load than in the equivalent
abstract scene, and they overwhelmingly preferred the generated environment. Where a feature
encoded its quantity poorly, the vegetation, the environment did not help, a reminder that the value
lies in the mapping and not in the spectacle. Beyond any single effect size, the framework shows
that the gap between procedural world generation and immersive analytics can be closed. The

world can, in a precise and reproducible sense, be the data.
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Appendix A

Study Dataset Configuration File

This appendix reproduces, in full, the configuration file (Listing A.1) used for the medium-
complexity condition of the user study (Section 5.3.3), the larger of the two complexity levels
retained for the study. It is included as the operational instance of two requirements of the ap-
proach, dataset independence and non-programmer, portable configuration (Section 3.5). Every
dataset-specific aspect of the system is expressed here as plain data, with no references to scene
objects or engine types. Switching to another dataset, or to the small complexity level, is a matter
of editing this single file and never the scene or the code. The small condition differs from the file
below only in the csvFile entry and in the world-scale parameters.

The file is organized in blocks that mirror the pipeline (Section 4.1.4). The dataset
block names the source file and declares the schema that maps the dataset’s real headers
(start_station_name, started_at, and so on) onto the canonical fields. The terrain
block carries the two analytical formulas, for relief and for vegetation density, in the syntax de-
scribed in Section 3.4.1 and illustrated in Listing 3.1. The flows block carries the per-flow
size formula and the aggregation parameters (Section 4.6). The remaining entries (playback,
layout, nodes, and the appearance, animator, splines, trail sub-blocks) tune the vi-
sual presentation and the performance budget, and have no effect on the analytical meaning of the

scene.

Listing A.1: Complete configuration file for the medium-complexity study condition

(settings.divvy.M. json).

"dataset": {

"csvFile": "divvy_M.csv",

"delimiter": ", ",

"schema": {
"origin": "start_station_name",
"destination": "end_station_name",
"departure": "started_at",
"arrival": "ended_at",
"type": "member_casual",

78




11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Study Dataset Configuration File 79

"timestampFormat": "yyyy-MM-dd HH:mm:ss",

"passThroughColumns": []
o

"playback": {
"durationSeconds": 180,
"speed": 1,
"autoPlayOnLoad": true,
"autoResumeOnScrub": false

b

"layout": {
"worldRadius": 400,

"nodeElevation": 0.25,

"reprojectDuration": 0.5,

"forceDirected": {
"iterations": 250,

"temperature": 0.2,
"cooling": 0.95,

"randomSeed": 42

b

"nodes": {
"baseScale": 0.6

by

"terrain": {
"appearance": {

"resolution": 128,
"worldSize": 1500,
"maxHeightFraction": 0.12,
"baseRadiusFraction": 0.07,
"radiusGrowth": 0.4,
"peakSharpness": 4,
"minRenderHeight": 0.02,
"minPeakHeightFraction": 0.04

by
"formula": {
"terms": [
{
"name": "arrivals",
"field": "",
"direction": "Incoming",
"timeAnchor": "Arrival",
"windowSize": 0.05
}
1,
"expression": "arrivals",
"postProcessing": "ClampToZero",
"logScale": false,
"normalise": true,
"timeBuckets": 512
by
"animator": {

"minUpdateInterval": 0.1,
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"forceUpdateDelta": 0.005
I
"vegetation": {
"enabled": true,
"densityPerSquareMetre": 0.004,
"maxPerNode": 800,
"maxTotalInstances": 30000,
"minHeightFraction": O,
"maxHeightFraction": 0.6,
"waterMargin": 0.2,
"scaleMin": 1,
"scaleMax": 3,
"randomSeed": 1337,
"minInstancesPerNode": 15,
"maxInstancesPerNode": 800,
"formula": {
"terms": [
{
"name": "departures",
"field": "",
"direction": "Outgoing",
"timeAnchor": "Departure",

"windowSize": 0.05

1,

"expression": "departures",
"postProcessing": "ClampToZero",
"logScale": false,

"normalise": true,

"timeBuckets": 512

by

"flows": {

"splines": {
"arcHeightRatio": 0.25,
"maxArcHeightFraction": 0.0533,
"minArcHeightFraction": 0.01,
"clearanceFraction": 0.015,
"sampleSpacingFraction": 0.012

o

"duration": {
"defaultSeconds": 3,
"multiplier": 1

I

"trail": |
"time": 1.2,
"width": 0.1

o

"aggregation": {
"buckets": 150,
"durationFraction": 3.0

¥

"visualFormula": {
"terms": [

{ "name": "trips", "field": "" }
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1,

"expression": "trips",
"postProcessing": "ClampToZero",
"normalisation": "Log",

"outputMin": 0.4,
"outputMax": 5.0
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Appendix B

The Configuration Formula Language

This appendix specifies the small language through which the analyst defines what the generated
environment encodes, without editing code. It is the operational basis of the non-programmer
configuration requirement (Section 3.5) and of the mapping strategies of Section 3.4. Two formula
kinds share one arithmetic grammar: the per-node formula that drives terrain relief and vegetation
density (Section 3.4.1), and the per-record formula that sizes each flow (Section 4.6.1). Listing A.1
of Appendix A shows both in use.

B.1 Expression Grammar

An expression combines named terms with arithmetic. Identifiers must match a declared term
name; numeric literals and parentheses are allowed. The grammar, in Extended Backus-Naur
Form (EBNF), is:

expression ::= term £ ("+"™ | "-") term }

term ::= factor { ("%" | "/") factor }

factor ::= "-" factor | primary

primary ::= number | identifier | " (" expression ")"

number ::= digit {digit} ["." digit {digit}] | "." digit {digit}
identifier ::= (letter | "_") { letter | digit | "_" }

Operators follow standard precedence. Multiplication and division bind tighter than addition
and subtraction, unary minus binds tightest, and parentheses override both. Division by a zero or
undefined denominator yields zero instead of failing, so that transient zero denominators during
a timeline scrub cannot break the visualization. An empty expression denotes a flat, unencoded
channel. The expression is parsed once at load, and an unmatched identifier or a syntax error halts

the pipeline with a concrete message.
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B.2 Per-Node Terms

A per-node formula, for terrain or for vegetation, is a list of named terms together with the ex-
pression that combines them. Each term aggregates one quantity per node over a window of the

timeline. Table B.1 lists the term fields and Table B.2 the formula-level options.

Table B.1: Fields of a per-node term. The term yields one value per node and per timeline bucket.

Field Meaning
name Identifier used inside the expression.
field CSV column to aggregate. Empty means count semantics (one

per matching record).

direction Incoming (the record arrives at this node) or Outgoing (it
leaves this node).

timeAnchor Departure, Arrival,or InFlight (the record’s own interval
between departure and arrival, which ignores windowSize).

windowSize Contribution width in normalized time for the Departure and Ar-
rival anchors. Zero is a single-bucket pulse.

Table B.2: Formula-level options applied after the expression is evaluated per node.

Option Meaning

expression Arithmetic combination of the term names (Section B.1).

postProcessing ClampToZero (negatives become zero), AbsoluteValue
(magnitude only), or Identity (pass-through).

logScale Apply log(1 + max(0,x)) before normalization, for heavy-tailed
data.

normalise Rescale so the global maximum is one, the range the terrain ex-
pects.

timeBuckets Number of discrete timeline buckets the table is precomputed

over, from 16 to 4096 (default 512).

B.3 Per-Record Flow Formula

The per-flow formula sizes each flow event, its sphere and trail, from the record’s own columns.
It reuses the same expression grammar, but its terms carry no direction and no time anchor, only a
name and a field, since they are evaluated once per record, not aggregated per node. After post-
processing and an optional logarithm, the value is linearly remapped from the dataset’s observed
range onto a configured output interval, so that the smallest event maps to outputMin and the

largest to outputMax. An empty expression leaves every flow at unit size.
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B.4 Worked Examples

The configuration of the user-study dataset (Appendix A, Listing A.1) instantiates all three chan-

nels:

e Terrain relief. One term arrivals with empty field (count), direction Incoming,
anchor Arrival, window 0.05; expression arrivals. Each node’s hill tracks how many

trips arrive at it in the current window.

* Vegetation density. One term departures (count, Outgoing, Departure, 0.05); ex-

pression departures. The complementary outgoing channel.

* Flow size. One term trips (count); expression trips; logarithmic normalization to

[0.4,5.0]. Busier bundles read as larger spheres with thicker trails.

A net-flow relief, for instance, would declare two terms in and out and write the expres-
sion in - out with Identity post-processing, raising hills where arrivals dominate. The
other datasets the framework was applied to (Section 4.10) use field-based terms such as bytes,

amount and dist in place of counts, with no other change to the pipeline.



Appendix C

SCORE Expert-Assessment Materials

This appendix reproduces the instrument used for the expert assessment of the environment’s die-
gesis (Section 5.2, answering (RQ?2)), the counterpart, for the SCORE strand, of what Appendix D

is for the user study. The realized panel and its results are reported in Section 5.5.1.

C.1 Dimensions and Rubric

SCORE rates a visualization on five ordinal dimensions, each from O to 5, after Hasan et al. [78].

Table C.1 gives the anchors shown to the raters.

Table C.1: The five SCORE dimensions and the 0-5 anchors shown to the raters [78].

Dimension Anchors, from 0 to 5

S Spatial proximity Non-situated, In-situ, Linked, Situated, Overlaid, Embedded (1:1). How
close the representation sits to what it represents.

C Concreteness Symbolic, Geometric primitive, Schematic, Simplified replica, Detailed
replica, Realistic facsimile. How object-like, not symbolic, the form is.

O cOherence Incohesive, Weak, Partial, Moderate, Strong, Cohesive. Consistency with
the logic of a plausible world.

R Referential context No alignment, Ambiguous, Indirect, Clear, Meaningful, Inseparable.
Strength of the link to the referent (a node or value).

E Environmental context No alignment, Ambiguous, Indirect, Clear, Meaningful, Inseparable. How
far the surrounding environment conveys the datum.

C.2 Procedure

A small panel of domain experts rates each of the four study conditions (BS, BM, PS, PM) live
in the headset, with the headset view mirrored to a screen so the rest of the panel follows each
pass. The session uses the framework’s rate-discuss-rate protocol [78]. After a shared calibration
on the paper’s published example figure, each condition runs as follows: every expert explores the

scene and rates the five dimensions privately, the panel then discusses its reasoning aloud without

85



SCORE Expert-Assessment Materials 86

forcing consensus, and each expert submits a revised individual rating. Individual ratings are kept,
not collapsed to a consensus, which preserves the inter-rater spread. Conditions are presented in a

counterbalanced order, with same-size conditions never adjacent.

C.3 Form Items

Each expert submits one response per condition. The form records an identifier, the condition (BS,
BM, PS or PM), the five dimension ratings on a 0-5 linear scale with the anchors of Table C.1,
and an optional free-text justification. The export carries one row per expert and condition, with

columns for the rater, the condition, the five dimension scores, and the comment.

C.4 Scoring

Each row’s composite is the weighted sum the framework derives by principal-component analysis
[78]:
SCORE =0.095+0.15C+0.290+0.14R+0.33E, SCORE € [0,5].

cOherence and the two context dimensions carry most of the weight, with O and E together ac-
counting for 62% of it. Per condition, the dimension means and the composite are averaged
over the panel. The environment effect is read as the basic-to-procedural contrast at each size,
PS — BS and PM — BM, and its persistence from the small to the medium scale. With a small
panel the agreement is reported descriptively, as the per-condition range across raters, not with a
reliability coefficient. The limitations of this assessment (its non-blind nature, the small panel, the
non-independence of group rating, and the structural inapplicability of two dimensions to a fully

virtual scene) are discussed with the rest of the study’s limitations in Section 5.7.



Appendix D

User Study Protocol and Instruments

This appendix reproduces the materials used to run the user study of Chapter 5: the participant
briefing and consent step, the counterbalancing scheme, the questionnaire items, and the tester’s
answer sheet and automatic log format. Together they make the procedure of Section 5.3.6 repro-
ducible.

D.1 Briefing and Consent

Before the headset is fitted, the tester reads a short briefing, in the participant’s language, convey-
ing the following. The session is part of a master’s dissertation on immersive data visualization.
It involves wearing a virtual-reality headset and answering a few short questions about animated
data shown in four scenes. It takes about half an hour, including questionnaires and breaks. The
participant may stop at any moment and for any reason, discomfort in particular, and stopping
does not invalidate the data already collected. No personal identifying data are recorded beyond
the background questions below; responses are anonymous and used only for this research. The
participant then states whether they agree to take part, and the session proceeds only on agreement.

There is no deception, no sensitive data, and no physical risk beyond the ordinary discomfort
virtual reality can cause, which the simulator-sickness instruments (Section D.4) monitor through-

out.

D.2 Counterbalancing

Each participant is assigned to one of four sequences by their identifier, s = ((id — 1) mod 4) 4 1,
so that consecutive participants traverse different sequences and the four are filled equally when
the sample is a multiple of four. Within a sequence each of the four conditions appears once, no
two same-size conditions are adjacent, and first-order carryover is near-balanced (Table D.1).

The no-reuse requirement of Section 5.3.4 is met with two disjoint subsets, A and B, of each
dataset size, drawn so that the questions asked over one cannot be answered from memory of

the other. The subset-to-condition mapping alternates between sequences (columns M1/M2 of
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Table D.1): under M1 the basic conditions use subset A and the procedural conditions subset B,
and under M2 the assignment is swapped. With two sequences on each mapping, every subset
occurs equally often in each environment condition, so any residual difficulty difference between

subsets cancels at group level and does not confound the environment effect.

Table D.1: The four counterbalancing sequences. Condition codes combine environment (B = ba-
sic, P = procedural) with size (S = small, M = medium). The M1/M2 column gives the subset-to-
condition mapping (Section D.2).

Sequence Assigned to (id) Position 1 Position 2 Position 3 Position 4 Subset map

1 id=1 (mod4)  BS PM PS BM Ml
2 id=2 (mod4)  PS BM BS PM M2
3 id=3 (mod4) BM PS PM BS Ml
4  id=0 (mod4) PM BS BM PS M2

D.3 Pre-Questionnaire

Administered once, before the first condition. Items 1 to 3 are rated on a five-point scale (1 = none,
5 =very high). They serve as covariates for interpreting the environment’s benefit by visual literacy

and prior immersion.

1. Familiarity with graphs and network (node-link) diagrams.
2. Familiarity with data visualization in general (charts, dashboards).
3. Prior experience with virtual-reality head-mounted displays.

4. Self-reported color-vision deficiency (yes / no / unsure), recorded because node identity is

encoded by color.

D.4 Per-Condition and Inter-Condition Questionnaires

Raw NASA-TLX, after each condition. The six subscales below are each rated on a 0-10 scale.

The raw index is their unweighted mean (Section 5.3.5).

[

. Mental demand: how mentally demanding was the task?

[\

. Physical demand: how physically demanding was the task?

W

. Temporal demand: how hurried or rushed was the pace?
4. Performance: how successful were you in accomplishing it?

5. Effort: how hard did you have to work?
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6. Frustration: how insecure, irritated or annoyed were you?

SSQ, at baseline, mid-session and end. Each of the sixteen symptoms is rated O (none), 1
(slight), 2 (moderate) or 3 (severe): general discomfort, fatigue, headache, eye strain, difficulty
focusing, increased salivation, sweating, nausea, difficulty concentrating, fullness of head, blurred
vision, dizziness with eyes open, dizziness with eyes closed, vertigo, stomach awareness, and
burping. Scoring follows Kennedy et al. [82] (Section 5.3.5).

FMS, between the remaining conditions. A single verbal rating from 0 (no sickness at all) to
20 (severe sickness) [83].

D.5 Answer Sheet and Log Format

For each task the tester records the participant’s answer, compares it with the ground-truth key,
available to the tester and consulted only after the participant commits, and marks correctness on
the three-level scale (Table D.2). Response time is measured from the moment the task is posed
to the moment the participant commits. The task set and ground-truth definitions are those of
Section 5.3.4.

The session-management tool logs one row per task to a CSV file with the following
columns: participant_id, sequence_id, ab_mapping (M1/M2), condition_index,
representation (B/P), size (S/M), subset (A/B), task_index, task_type,
ground_truth, mark (correct / almost / incorrect), duration_s, and the start and answer
timestamps. The marking is entered live on a three-key control (one key per correctness level),
and the tool also drives the condition order and holds the ground-truth key, so the recorded order

always matches the assigned sequence.

Table D.2: Answer-sheet template (one group of rows per condition, in the order of Table D.1).
“Mark” is C (correct), Q (almost correct, right procedure but imprecise) or E (incorrect).

Task Type Participant answer Ground truth Mark (C/Q/E) Time (s)

1 most incoming
2 peak instant
3 busiest pair
4 most outgoing
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