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Resumo

Métodos educacionais tradicionais frequentemente encontram dificuldades para transmitir
conceitos complexos, espaciais e dinamicos como os da mecanica orbital. A recente con-
vergéncia entre a Realidade Mista (RM) de consumo e os sofisticados agentes de Inteligén-
cia Artificial (IA) Generativa apresenta uma oportunidade para criar um novo paradigma
de interfaces de aprendizagem intuitivas e experienciais. Este trabalho detalha o projeto,
desenvolvimento e demonstracao de uma plataforma educacional interativa para a explo-
racao dos principios da mecanica orbital. O objetivo principal do sistema é conectar a
teoria de leis fisicas abstratas a compreensao intuitiva, permitindo que os usudrios apren-
dam por meio da interacao corporificada. A metodologia é centrada em uma arquitetura
modular que integra dois componentes principais: (1) um “cérebro” agente generativo,
impulsionado por Modelos de Linguagem Abrangentes, que interpreta comandos em lin-
guagem natural e atua como um guia educacional especializado; e (2) um "mundo” de
simulagao em tempo real e visualizacao imersiva em realidade mista, construido no motor
Unity para o Meta Quest 3, que renderiza trajetérias orbitais fisicamente precisas em
um espago tridimensional onde os usudrios vivenciam a mecanica orbital de dentro. A
plataforma facilita um ciclo de interacao multimodal continuo, onde os comandos de voz
do usudrio sao capturados, processados pelo agente para alterar os parametros da simu-
lagao e refletidos na visualizagao imersiva em RV com feedback auditivo conversacional.
Este trabalho entrega um protétipo funcional que demonstra uma nova abordagem para
a educagao cientifica, transformando dados abstratos em uma experiéncia manipulével
e conversacional para promover uma aprendizagem exploratoria e profundamente enga-
jadora. A plataforma é disponibilizada como software de codigo aberto para permitir

validagao, adaptacao e extensao pela comunidade para diversos contextos educacionais.



Abstract

Traditional educational methods often struggle to convey complex, spatial, and dynamic
concepts such as those found in orbital mechanics. The recent convergence of consumer-
grade Mixed Reality (MR) and sophisticated Generative Al agents presents an opportunity
to create a new paradigm for intuitive and experiential learning interfaces. This paper de-
tails the design, development, and demonstration of an interactive educational platform
for exploring the principles of orbital mechanics. The system’s primary objective is to
bridge the gap between abstract physical laws and intuitive comprehension by enabling
users to learn through embodied interaction. The methodology is centered on a modular
architecture that integrates two core components: (1) a generative agent "brain,” powered
by Large Language Models, which interprets natural language commands and acts as an
expert educational guide; and (2) a real-time simulation and immersive mixed reality visu-
alization "world,” built in the Unity engine for the Meta Quest 3, which renders physically
accurate orbital trajectories in a three-dimensional space where users experience orbital
mechanics from within. The platform facilitates a seamless multimodal interaction loop
where a user’s voice commands are captured, processed by the agent to alter simulation
parameters, and reflected in the immersive VR visualization with conversational auditory
feedback. This work delivers a functional prototype that demonstrates a novel approach
to science education, transforming abstract data into a manipulable, conversational ex-
perience to foster exploratory and deeply engaging learning. The platform is released
as open-source software to enable community validation, adaptation, and extension for

diverse educational contexts.
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1 Introduction

1.1 Organisation

This work is organised into five main chapters, each addressing a distinct aspect of

the project. The breakdown is as follows:

e Chapter 1: Introduction. This chapter sets the stage for the research and develop-

ment.

— Motivation (§1.2): Presents the core argument that the convergence of im-
mersive reality technologies—particularly Virtual Reality—and generative Al

enables a new, more intuitive paradigm for educational interfaces.

— Objectives (§1.3): Defines the project’s specific, actionable goals, centered on
the development and demonstration of an interactive, agent-guided simulation

platform.

e Chapter 2: Literature Review. This chapter provides the theoretical and technical

foundation for the work by reviewing three key domains.

— Augmented and Virtual Reality (§2.1): Reviews the evolution of immersive
hardware and software ecosystems and establishes their pedagogical value for

spatial learning.

— Generative Agents (§2.2): Defines the architecture of modern LLM-powered
agents, detailing their ability to use planning, memory, and external tools to

reason through and execute complex tasks.

— Orbital Mechanics (§2.3): Outlines the fundamental physics of celestial mo-
tion, including the two-body problem, classical orbital elements, and impulsive

maneuvers, which form the mathematical basis for the simulation.

e Chapter 3: Methodology. This chapter details the design philosophy, system archi-

tecture, and technical implementation approach.
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— Design Philosophy and Approach (§3.1): Establishes the iterative, prototype-
driven development methodology guided by principles of modularity and ex-

ploratory research into novel human-computer interaction paradigms.

— System Architecture and Data Flow (§3.2): Describes the end-to-end interac-
tion cycle, illustrating how user voice input flows through speech recognition,
agent reasoning, tool execution, physics simulation, and VR rendering in a

continuous loop.

— Mized Reality Design Rationale (§3.3): Explains the pedagogical reasoning for
focusing exclusively on immersive VR for orbital mechanics education, with
discussion of why AR passthrough was not implemented and remains future
work, addressing the mismatch between cosmic-scale phenomena and room-

scale spatial contexts.

— Technical Implementation (§3.4): Summarizes the integration of conversational
AT (OpenAl GPT-4.1, ElevenLabs voice synthesis), Unity 3D physics simula-

tion, and Meta Quest 3 deployment with character-driven specialist personas.

— Core Module Implementation (§3.7): Details the four primary subsystems—Agent
System, Orbital Physics Simulation, Voice Integration Pipeline, and Virtual
Reality Environment—with emphasis on their educational design rationale and

how each component supports the learning objectives.

— Development and Version Control (§3.5): Documents the systematic devel-
opment practices using GitHub for version control, branching strategies, and

iterative refinement cycles.

— Validation Strategy (§3.6): Outlines the approach for validating system func-
tionality through complete interaction scenarios, with implementation made

available for independent verification and replication studies.

e Chapter 4: Results and Demonstration. This chapter demonstrates the complete
functional platform through an actual user learning journey, validating all six specific

objectives through integrated scenarios.

— FEntering the Orbital Environment (§4.1): Documents the initial Hub arrival
experience, including the introductory cutscene, spatial orientation in VR, and

first interaction with Mission Control.

— Learning Through Mission Specialist Dialogue: The ISS Circular Orbit (§4.2):
Demonstrates the complete pedagogical cycle of conceptual question, specialist
consultation, hands-on orbit creation, VR observation, and time-accelerated

visualization using the ISS mission as a concrete example.
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— FEzploring Orbital Geometry: Elliptical Orbits and Eccentricity (§4.3): Shows
iterative orbit refinement through Hubble specialist consultation, demonstrat-
ing how learners progress from circular to elliptical geometries and observe

speed variation through immersive visualization.

— Conceptual Extension: Escape Trajectories and Mission Context (§4.4): Illus-
trates theoretical dialogue mode through Voyager specialist consultation on
interplanetary escape trajectories, validating the platform’s flexibility to sup-

port conceptual learning without requiring hands-on manipulation.

— System Integration and Technical Validation (§4.5): Presents quantitative per-
formance metrics (tool execution reliability, voice pipeline latency, VR render-
ing stability, physics accuracy validation) and complete system demonstration

evidence through continuous video recording.

— Implementation Awvailability (§4.6): Documents the publicly available imple-
mentation, including source code organization, deployment procedures, and

reproducibility guidelines for verification studies.

e Chapter 5: Conclusion. This chapter synthesizes the thesis contribution, reflecting
on what was demonstrated, what insights emerged about spatial educational inter-
faces, what limitations bound the validation scope, what research trajectories this

work enables, and whether the central feasibility question has been answered.

1.2 Motivation

For decades, popular media and speculative fiction have envisioned futuristic interfaces
for exploration and control, from holographic command centers to immersive planetary
navigation tools. Films such as Minority Report (2002) and Iron Man (2008) popularized
visions of humans interacting with vast information systems through gestures, speech, and
spatial manipulation. These visions were once confined to science fiction, but today, the
convergence of immersive reality technologies—particularly Virtual Reality (VR)—and
Artificial Intelligence (Al) is bringing such interfaces into the realm of technological fea-
sibility.

In particular, the past few years have seen rapid advances in consumer-grade immersive
hardware, particularly in virtual reality. Devices like the Meta Quest and Apple Vision
Pro represent significant milestones in accessibility and visual fidelity, enabling immersive
environments that are no longer confined to laboratory research or elite applications.
The implications for interface design, interaction paradigms, and knowledge acquisition
are profound. VR is no longer a speculative technology; it is present, evolving, and

increasingly democratized.
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Concurrently, the emergence of generative Al and language-based agents has intro-
duced a paradigm shift in how humans interact with complex systems. Large Language
Models (LLMs), such as those powering conversational agents, can now interpret natural
language, generate multimodal content, and coordinate sequences of actions across soft-
ware environments. This represents a departure from deterministic, rule-based systems
toward stochastic and adaptive workflows, where agents interpret intention, negotiate

uncertainty, and build dynamically responsive experiences.

When these technologies—immersive VR and generative agents—are combined, they
form the foundation for a new kind of interface: one that is spatial, conversational, and
adaptive. Such interfaces do not rely on code or static menus; they respond to voice,
gesture, and embodied input. They transform abstract data into manipulable space, and

procedural complexity into natural dialogue.

This is particularly relevant in the domain of education. Traditional educational sys-
tems remain bound to text, diagrams, and symbolic representation. While these tools
are powerful, they often fall short when applied to fields that are inherently spatial, dy-
namic, or non-intuitive. Orbital mechanics, for example, involves motion through three-
dimensional space governed by non-linear physical laws. Launch trajectories, gravitational

slingshots, inclination changes, these are difficult to visualize and even harder to intuit.

In this context, immersive simulation has the potential to become more than a visual
aid: it may serve as a cognitive bridge. A learner could speak a question and witness a
launch trajectory materialize in their physical space. They could observe orbits evolve in
real time, ask about inclinations or transfer windows, and receive explanations grounded
in physics. Education could become experiential, a process of exploration rather than
instruction—though whether this approach improves learning outcomes compared to tra-

ditional methods remains an open empirical question.

Moreover, generative agents provide a layer of accessibility that is historically absent
in technical domains. They can guide the learner, interpret vague queries, correct mis-
conceptions, and explain phenomena in adaptive ways. They act as intelligent mediators

between curiosity and formal knowledge.

Given these technological conditions—the maturity of consumer VR, the rise of stochas-
tic AT agents, and the persistent limitations of traditional educational media—this project
is motivated by a clear opportunity: to construct a new type of educational experience.
One that is not constrained by interface conventions, disciplinary jargon, or static presen-

tation. One that invites the user to learn by seeing, asking, moving, and listening.

The convergence of embodied interaction and generative intelligence allows for a sim-
ulation system that is technically rigorous and experientially engaging. It may enable a

form of learning in which the abstract becomes tangible, the distant becomes near, and
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the user is placed at the center of the scientific process. This project emerges from the
hypothesis that space education, and scientific education more broadly, may benefit from
evolving to meet the possibilities of our time—a hypothesis this work seeks to demonstrate

through technical feasibility rather than pedagogical validation.

1.3 Objectives

General Objective

To develop an interactive, agent-guided simulation platform that enables users to ex-
plore and understand orbital mechanics through embodied interaction, combining natural

language dialogue and real-time virtual reality visualizations.

Specific Objectives

1. Design and implement a simulation environment capable of rendering orbital trajec-
tories in real time, grounded in physics-consistent models implementing Keplerian

two-body dynamics.

2. Integrate a generative agent capable of interpreting natural language input, trans-
lating it into simulation parameters, and guiding the user through explanations and

interactions.

3. Enable multimodal interaction by combining voice commands, spatial presence, and
mixed reality visual feedback (VR immersion with architectural support for future
AR passthrough extension) to create a seamless and intuitive user experience opti-

mized for learning orbital mechanics concepts.

4. Ensure that all components of the system, simulation and agent, function coherently

and communicate reliably in real time.

5. Create a system architecture that is modular and extensible, allowing for future

expansion to other celestial bodies, educational modules, or mission types.

6. Validate system functionality through complete interaction scenarios and provide
reproducible implementation documentation, enabling independent verification of

technical feasibility claims.



2 Literature Review

2.1 Augmented and Virtual Reality in Immersive Educa-

tional Simulation Systems

Augmented Reality (AR) and Virtual Reality (VR) are complementary immersive
technologies that enrich or replace a user’s perception of the world. AR overlays digital
content onto the real environment in real-time, allowing virtual objects to coexist with
physical surroundings (Billinghurst; Clark; Lee, 2015). In contrast, VR completely im-
merses the user in a fully synthetic, computer-generated environment, blocking out the
physical world. Milgram’s classic “Reality-Virtuality” continuum illustrates these as end-
points: AR lies near the real-world end (mixing virtual content with reality), whereas
VR occupies the extreme virtual end with an entirely simulated world (Milgram; Kishino,
1994). In essence, AR adds to the user’s real-world experience, while VR transposes the
user into an interactive virtual scene. Both technologies share common roots in decades
of research and development. The term augmented reality was first coined by Caudell and
Mizell (1992) in the context of assisting Boeing manufacturing with see-through displays
(Caudell; Mizell, 1992). A few years later, Azuma’s influential survey defined AR by
three key characteristics: combining real and virtual content, interactive operation in real
time, and accurate 3D registration of virtual objects in the physical world (Azuma, 1997;
Billinghurst; Clark; Lee, 2015). VR, meanwhile, has been long conceptualized as achiev-
ing presence — the feeling of “being there” in a virtual environment — by engaging multiple
senses with responsive 3D graphics and audio (Johnson-Glenberg, 2018). Modern defi-
nitions emphasize that VR provides immersive first-person experiences where users can
interact with simulated worlds as if they were real, inducing a strong sense of presence

and agency within the virtual scene.

2.1.1 Hardware Evolution:

AR and VR technologies have evolved rapidly, enabling consumer-grade devices that

support realistic immersive experiences. While early head-mounted displays date back
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to the 1960s (e.g., Sutherland’s Sword of Damocles), the 2010s marked a turning point
with modern devices. On the VR front, the Oculus Rift prototype (2010) by Palmer
Luckey re-ignited interest with a wide field of view and affordable design. Crowdfunded
in 2012 and acquired by Facebook in 2014, Oculus released its first consumer headset in
2016, alongside HTC’s Vive, which introduced room-scale tracking. These devices brought

high-fidelity visuals and motion tracking to mainstream audiences.

The next major step came with standalone VR headsets. The Oculus/Meta Quest
series, starting in 2019, integrated processing and inside-out tracking directly into the
headset. Quest 2 (2020) and Quest 3 (2023) improved resolution, optics, and added
passthrough AR capabilities (Ruth, 2024). In parallel, PC-based headsets like the Valve

Index and Varjo pushed the fidelity frontier for gaming and enterprise simulation.

AR hardware followed a distinct trajectory. Initial systems used handheld or laptop
setups, but the release of Microsoft’s HoloLens in 2016 marked the arrival of self-contained
AR headsets with spatial mapping and inside-out tracking. Magic Leap One (2018) added
novel display technologies (Billinghurst; Clark; Lee, 2015), while consumer experiments
like Google Glass (2013) explored heads-up interfaces before being discontinued in 2023
(Ruth, 2024).

Smartphones played a critical role in scaling AR adoption. Apps like Pokémon GO
(2016) introduced mainstream users to AR through camera overlays. ARKit (Apple) and
ARCore (Google), launched in 2017, enabled mobile AR with motion and depth tracking
(Vieyra; Vieyra, 2018).

Most recently, the line between AR and VR is blurring. Apple’s Vision Pro (announced
2023) merges high-resolution VR with passthrough AR, positioning itself as a “spatial
computer.” With features like dual 4K displays and hand/eye tracking, it may represent
a watershed moment for XR despite its premium price (Ruth, 2024).

As of 2025, the hardware ecosystem spans from mobile-based AR apps to advanced

mixed reality headsets, forming a robust toolbox for immersive educational simulations.

2.1.2 Software Ecosystems and Frameworks:

Alongside hardware, a mature software ecosystem has enabled rapid development of
immersive simulations. Modern game engines such as Unity and Unreal Engine have
become the de facto platforms for AR/VR content creation. These engines provide high-
performance 3D graphics rendering, physics simulation, and cross-platform deployment,
greatly simplifying the creation of interactive virtual environments. Unity, for example,
offers an entire XR development toolkit (with support for VR headsets and AR through

packages like AR Foundation) that abstracts away device-specific details and allows de-
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velopers to build an application once and deploy across multiple headsets (Atta et al.,
2022). Unreal Engine likewise includes integrated support for VR rendering and AR (via
ARKit/ARCore plugins), making high-fidelity visualization accessible to developers in

academia and industry.

For mobile AR, platform-specific frameworks are key. Apple’s ARKit (introduced in
i0S 11, 2017) and Google’s ARCore (for Android, 2017) brought advanced AR capabilities
to hundreds of millions of smartphones (Vieyra; Vieyra, 2018). These software develop-
ment kits handle real-time tracking of the device’s position, surface detection, lighting
estimation, and more, allowing apps to place and persist virtual objects in the user’s
environment. Thanks to ARKit/ARCore, an educator can deploy an AR simulation on
standard tablets or phones — for instance, letting students point an iPad at a textbook
and see 3D molecules or physical field lines appear “attached” to the pages. On the web,
the WebXR API has emerged as a W3C standard enabling AR and VR experiences to run
directly in web browsers using JavaScript (World Wide Web Consortium, 2021). WebXR
(successor to earlier WebVR /WebAR efforts) allows an immersive educational module to
be accessed with a simple URL, lowering the barrier to entry (no app install required)
and ensuring compatibility across different devices (from VR headsets to phones). This is
particularly relevant for broad educational deployments, where web-based delivery can be
more practical. Complementing these are various supporting frameworks: for example,
libraries for spatial mapping, hand tracking, and user interaction (e.g. Microsoft’s Mixed
Reality Toolkit for Unity, or Vuforia for image-target AR) which provide higher-level tools
for common AR/VR interactions. There are also open standards like OpenXR (released
by the Khronos Group in 2019) that unify the interface to VR/AR hardware — a devel-
oper can write code once against OpenXR and run on any compliant headset (Oculus,
SteamVR, Windows Mixed Reality, etc.), which is increasingly adopted by engines and
platforms. In summary, the software landscape — from powerful 3D engines to AR phone
toolkits and web standards — has matured to a point that immersive educational simu-
lations can be built with relatively modest effort compared to a decade ago. This thesis
will leverage these tools to construct its simulation system, ensuring it is built on proven,

widely supported technology.

2.1.3 Use Cases in Education:

AR and VR have shown strong potential to enhance learning, particularly in subjects
involving abstract or spatial concepts. Their core strength lies in making the invisible vis-
ible and the abstract tangible. In physics education, for instance, VR has helped students
visualize and manipulate 3D vectors, improving understanding of vector addition and

spatial relationships (Campos; Hidrogo; Zavala, 2022). Studies show that such immersive
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tools can boost engagement and deepen comprehension of abstract STEM topics like elec-
tromagnetism or geometry through interactive, risk-free exploration (Campos; Hidrogo;

Zavala, 2022; Johnson-Glenberg, 2018).

In astronomy and aerospace, where scales are far beyond human experience, immersive
technologies offer unique advantages. VR enables virtual field trips through space —
letting students stand on Mars or orbit planets — providing an intuitive grasp of scale
and distance. Learners can explore the solar system with accurate proportions, making
complex spatial relationships (like planetary distances or ring sizes) more comprehensible
(Atta et al., 2022). Astrophysical phenomena such as orbital mechanics and black hole

dynamics are also made more accessible through interactive VR visualizations.

In aerospace engineering, VR and AR are increasingly used for hands-on training.
Beyond traditional flight simulators, modern VR platforms allow students to perform
simulated pre-flight inspections, engine maintenance, or spacecraft docking. Vaughn Col-
lege, for example, uses VR for aviation trainees to practice inspecting and assembling
parts, reinforcing mechanical familiarity before real-world exposure. Similarly, Atta et
al. (2022) created a virtual “space lab” where students assemble a CubeSat in a simu-
lated cleanroom, boosting their understanding of subsystem configuration through direct
interaction and gamified tasks (Atta et al., 2022).

AR complements this by overlaying digital instructions on real-world hardware. NASA’s
Project Sidekick exemplifies this: astronauts use HoloLens headsets aboard the ISS to re-
ceive real-time, spatially anchored maintenance guidance (NASA, 2015). In classrooms,
AR enables students to interact with 3D models of rockets or overlay CAD designs onto
physical parts, enriching theoretical lessons with live, contextual visualization (Atta et al.,
2022; Milgram; Kishino, 1994).

2.1.4 Embodiment, Interaction, and Spatial Cognition:

A recurring theme in the educational use of AR/VR is the role of embodied and spa-
tial learning. Immersive technologies engage the human sensorimotor system — users move
their bodies to navigate virtual spaces, use gestures to interact with virtual objects, and
perceive environments at true scale. This physicality supports cognitive processing by
leveraging innate spatial reasoning and muscle memory. The theory of embodied cogni-
tion holds that learning is grounded in the body’s interactions with its environment, and
AR/VR extend this principle digitally. Johnson-Glenberg (2018) highlights the pedagog-
ical value of 3D gestures: when learners rotate a virtual object or walk through a graph,
they build stronger memory links (Johnson-Glenberg, 2018). Her research shows that
full-motion VR, where body movements align with abstract concepts, can deepen under-

standing and recall. Complementary studies (e.g., Liu et al., 2020) found improved reten-
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tion when students enacted phenomena physically, and also noted increased presence and
agency—factors tied to motivation (Campos; Hidrogo; Zavala, 2022; Johnson-Glenberg,

2018).

Spatial cognition benefits are also well-documented. VR’s stereoscopic depth and six
degrees of freedom help learners perceive complex spatial relationships, vital in subjects
like anatomy, geography, and engineering. Students exploring a molecule or a solar sys-
tem in VR can shift perspective freely, activating spatial memory and supporting what
researchers call “situated learning” — knowledge acquired in rich spatial contexts becomes
more intuitive and transferable. Campos et al. (2022), for example, found that immersive
3D interaction notably enhanced vector learning tasks requiring spatial reasoning (Cam-
pos; Hidrogo; Zavala, 2022). Similarly, in astronomy, VR's ability to scale from the Milky

Way to Earth provides concrete visualizations of abstract systems (Kersting et al., 2024).

While AR/VR offer compelling tools, they are not magic bullets — user comfort,
software complexity, and thoughtful pedagogical integration remain critical (Johnson-
Glenberg, 2018). Still, evidence shows that immersive simulations can enhance tradi-
tional teaching, especially for learning goals involving visualization, experimentation, or
embodied experience. In the context of this thesis, the implications are clear: AR and VR
form a foundational layer. They enable students to interact with simulations of aerospace
systems—such as satellites or orbital dynamics—in an intuitive and experiential manner.
As hardware becomes lighter and more capable, and software ecosystems more robust,
immersive tools are becoming increasingly viable in education. With spatial comput-
ing platforms entering mainstream use (Ruth, 2024), AR and VR are poised not just as

delivery platforms but as new paradigms for engaging with knowledge.

2.1.4.0.1 Application to This Work This thesis leverages the pedagogical strengths
of immersive spatial learning through Virtual Reality as the primary modality. While
the platform uses mixed reality hardware (Meta Quest 3) capable of both VR and AR
passthrough, the implementation focuses exclusively on VR immersion for the pedagogi-
cal reasons detailed in Section 3.3. AR passthrough remains a potential future extension
for collaborative learning contexts. The literature reviewed here establishes the broader
context of immersive educational technologies, while the implementation demonstrates
VR’s capacity to place learners inside coherent spatial environments optimized for under-

standing orbital mechanics.
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2.2 Generative Agents

Traditional software and simulations have been predominantly deterministic—given
the same inputs, they yield the same outputs. Modern Al systems built on genera-
tive models, by contrast, introduce stochasticity and creativity. Large Language Models
(LLMs) do not follow hard-coded rules; instead, they sample from probability distributions
learned from vast textual corpora. Consequently, an LLM can produce context-dependent,
varied responses rather than a single predetermined answer. This marks a paradigm shift
from scripted to emergent behaviour. In recent work, advanced LLMs such as GPT-4 have
even outperformed traditional reinforcement-learning agents in complex environments by
reasoning through text rather than executing pre-programmed control policies (Carrasco;
Rodriguez-Fernandez; Linares, 2025). While stochastic generation entails some unpre-
dictability, it is precisely this creativity that lets generative agents adapt to scenarios

beyond their designers’ foresight.

At a conceptual level an LLM is a statistical language engine: given a textual history,
it predicts the most plausible continuation one word at a time. Because it is trained on
heterogeneous data, a single model can answer coding questions, analyse legal texts, or
reason about orbital mechanics when prompted appropriately. This broad, generative

capability underpins the rise of LLM-powered agents (Anthropic, 2024).

LLM-based agents are autonomous software entities that embed an LLM as their core
“brain.” An agent senses its environment, reasons about goals, and acts—iteratively—until
a task is complete. Industry definitions describe such an agent as “a system that uses an
LLM to reason through a problem, create a plan, and execute that plan with tools” (Chen,
2023; Huang; Grady, et al., 2024). The LLM supplies the reasoning; auxiliary modules
provide planning, memory, and tool use (Anthropic, 2024). Crucially, the agent—not the
user—controls the loop: it may decide which function to call, when to revise a plan, or
whether to request clarification (OpenAl, 2023). Hence an agent is more than a single

LLM invocation; it is a continual perceive-think—act cycle.

Architectural Components

Generative-agent designs typically comprise five interacting elements (Anthropic, 2024;
Huang; Grady, et al., 2024):

e Planning and reasoning. The agent decomposes high-level goals into actionable

steps, often prompting the LLM to produce an internal plan or “chain of thought.”

e Memory. Short-term context (recent turns) and long-term knowledge (summaries or

retrieved documents) are stored externally—e.g. in a vector database—and injected
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Human Interface LLM Environment

Query

Until tasks clear

Clarify

Refine

Send context

Search files

Return paths

Until tests pass

Write code
Status
Test

Results

Complete

Display

FIGURE 2.1 — End-to-end agentic workflow from Anthropic’s “Building Effective Agents.” The human
issues a query through an interface; the LLM asks clarifying questions until the task is precise, receives
contextual files, iteratively writes and tests code against the environment, and finally returns results for
display (Anthropic, 2024).

into prompts as needed.

e Tool use and APIs. Through structured outputs (JSON function calls, shell com-
mands, etc.) the agent invokes external tools to compute, query, or effect changes

in its environment (OpenAl, 2023).

e Iterative control loop. The agent cycles through observe — reason — act —

observe, optionally reflecting or self-critiquing between steps to improve reliability.

e Autonomy and adaptation. Equipped with the above, the agent can switch strate-
gies, recover from errors, and pursue its objective with minimal human microman-

agement.

Applications and Relevance

e Simulations and interactive worlds. Park et al. created “Generative Agents” that
populate a sandbox town with virtual characters who plan, remember, and socially
interact—producing emergent storylines never scripted by the developers (Park et
al., 2023).

e Aerospace guidance and control. Carrasco et al. demonstrated an LLM agent

piloting a spacecraft in the Kerbal Space Program simulation by iteratively reading
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textual telemetry and issuing control actions, matching classical controllers without

explicit orbital equations (Carrasco; Rodriguez-Fernandez; Linares, 2025).

e Legal reasoning. Harvey Al equips law-firm associates with an agent that drafts
memos, retrieves precedents, and iteratively refines analyses through dialogue—illustrating

agentic workflows in language-dense tasks (Chen, 2023).

e Education. Khan Academy’s Khanmigo employs GPT-4 as a Socratic tutor that
adapts explanations to each learner, providing hints rather than answers and thereby

personalising study sessions at scale (Academy, 2023).

2.3 Orbital Mechanics: The Physics of Celestial Motion

The intuitive, visual understanding of orbital motion is a primary objective of this
project. While the generative agent handles the underlying calculations, a firm grasp of
the governing principles is essential to frame the simulation’s logic and appreciate its edu-
cational value. Orbital mechanics is the study of the motion of bodies under the influence
of gravity. For missions in Earth’s orbit and for interplanetary trajectories, the founda-
tional principles discovered by Isaac Newton and Johannes Kepler provide a remarkably
accurate framework for describing and predicting these celestial paths. This section out-
lines the core concepts that form the physical and mathematical basis of the simulation
system, focusing on the specific orbital regimes and parameters that the platform enables

users to explore: circular orbits, elliptical orbits, and escape trajectories.

2.3.1 Newtonian Gravity and the Two-Body Problem

At the heart of all orbital motion lies gravity. In the 17th century, Sir Isaac Newton
formulated the Law of Universal Gravitation, stating that any two bodies attract each
other with a force proportional to the product of their masses and inversely proportional to
the square of the distance between them (Curtis, 2020). This is expressed mathematically
as:

F— Gm1m2

2
where F'is the gravitational force, G is the gravitational constant (6.674x 107! N-m?2/kg?),

my and msy are the masses of the two bodies, and r is the distance between their centers.

When applied to a satellite orbiting a celestial body like Earth, this law forms the
foundation of the two-body problem. This model makes a critical simplifying assumption:
it considers only the gravitational force between the satellite and the primary body (e.g.,

Earth), ignoring perturbations such as atmospheric drag, solar radiation pressure, and
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gravitational influences from other bodies like the Moon or the Sun (Vallado, 2013).
While these forces are significant for high-precision, long-term trajectory prediction, the
two-body model provides an elegant and highly accurate approximation for foundational
analysis and educational purposes. The resulting equation of motion is:

Ll

F+ =0

<

Here, 7 is the position vector of the satellite relative to the primary body, 7 is its accelera-
tion, and p (mu) is the standard gravitational parameter of the system. For Earth-orbiting
satellites, pt = GMgarn = 398,600 km3/s?, where Mg, is Earth’s mass.

The solution to this differential equation reveals a profound geometric truth: under
the inverse-square law of gravity, the satellite’s path must be a conic section—a circle,
ellipse, parabola, or hyperbola (Curtis, 2020). Which conic section results depends on
the satellite’s energy and angular momentum. This elegant mathematical result means
that all orbital trajectories, from the circular path of the ISS to the hyperbolic escape
of Voyager, are governed by the same fundamental physics expressed through different

geometric shapes.

2.3.2 Kepler’s Laws and Orbital Geometry

Johannes Kepler, working in the early 17th century with observational data from
Tycho Brahe, empirically discovered three laws of planetary motion that would later be
shown to be direct consequences of Newtonian gravity. These laws provide the geometric

and temporal framework for understanding orbits (Bate; Mueller; White, 1971):

1. First Law (Law of Orbits): The orbit of a planet (or satellite) around the Sun (or
Earth) is an ellipse, with the central body at one focus. A circle is the special case

of an ellipse where both foci coincide.

2. Second Law (Law of Areas): A line connecting the satellite to the central body
sweeps out equal areas in equal times. This means the satellite moves faster when

closer to the central body (at periapsis) and slower when farther away (at apoapsis).

3. Third Law (Law of Periods): The square of the orbital period is proportional to
the cube of the semi-major axis. Mathematically: T2 o a®, or more precisely,
T? = %a:)’ . This law directly relates orbital size to orbital period, explaining why
the ISS at 420 km altitude completes an orbit in 92.8 minutes while the Hubble
Space Telescope at 540 km takes slightly longer at approximately 95 minutes.

Kepler’s laws were empirical observations that Newton later proved mathematically
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from first principles. Together, they provide both the geometric intuition (ellipses, not
circles, are the general case) and quantitative relationships (period depends on altitude)

that govern orbital motion.

2.3.3 Orbital Regimes: Circular, Elliptical, and Hyperbolic Trajectories

The shape of an orbit is determined by the satellite’s total mechanical energy—the sum
of its kinetic energy (from motion) and gravitational potential energy (from position in
the gravity field). This energy dictates which conic section describes the trajectory. The
platform’s simulation implements three fundamental orbital regimes, each representing a

different energy state and mission application.

2.3.3.1 Circular Orbits: Stable Operational Platforms

A circular orbit occurs when the satellite’s velocity is precisely calibrated so that
the centripetal acceleration required for circular motion exactly matches the gravitational

acceleration at that altitude. This is the special case where eccentricity e = 0.
For a circular orbit at radius r from Earth’s center (altitude h = r — Rgayn), the
required orbital velocity is given by:

®
.

Ucircular =

This relationship shows that orbital speed decreases with altitude: satellites in low
Earth orbit (LEO) travel faster than those in higher orbits. For example, the ISS at 420
km altitude orbits at approximately 7.66 km/s, while the Hubble Space Telescope at 540
km altitude travels at approximately 7.59 km /s—slightly slower due to its higher altitude.

Circular orbits are preferred for operational missions requiring predictable, repeating
ground tracks and stable altitude. The International Space Station (420 km, 51.6° incli-
nation) and Hubble Space Telescope (540 km, 28.5° inclination) both use circular orbits
because their missions benefit from the stability and predictability of constant altitude

and speed.

Kepler’s Third Law directly determines the orbital period for circular orbits:

This equation explains the relationship between altitude and period. The ISS at 420

km completes 15.5 orbits per day, providing frequent revisit times for Earth observation
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and crew operations. Hubble at 540 km has a slightly longer period, chosen to balance
orbital stability with minimizing atmospheric drag while providing optimal viewing con-

ditions for astronomical observations.

2.3.3.2 Elliptical Orbits: Variable Altitude Trajectories

An elliptical orbit occurs when 0 < e < 1, where e is the eccentricity. The satellite’s
altitude and speed vary continuously as it moves around the ellipse. The closest point to
Earth is called periapsis (or perigee for Earth orbits), and the farthest point is apoapsis
(or apogee). The size of the ellipse is characterized by the semi-major axis a, which is

half the longest diameter of the ellipse.

The relationship between the semi-major axis, periapsis radius r,, and apoapsis radius

r, IS:
Tp+ Ta

2
The eccentricity quantifies how elongated the ellipse is:

Ta —Tp

Ta +7“p

When e = 0, the ellipse becomes a circle (1, = r,). As e approaches 1, the ellipse

becomes increasingly elongated.

The satellite’s speed at any point in an elliptical orbit is given by the vis-viva equation,

one of the most fundamental relationships in orbital mechanics (Curtis, 2020):

This equation reveals that orbital speed depends on both the current position r and
the orbit’s overall size a. At periapsis, where r is smallest, the satellite moves fastest. At
apoapsis, where r is largest, it moves slowest. This speed variation is a direct consequence
of Kepler's Second Law: the satellite must move faster when closer to Earth to sweep

equal areas in equal times.

Elliptical orbits have important applications. Highly Elliptical Orbits (HEO) are used
for communications satellites serving high-latitude regions, as the satellite spends most of
its time near apoapsis with excellent visibility over polar regions. Transfer orbits between
circular orbits are also elliptical, with the initial circular orbit at periapsis and the target

circular orbit at apoapsis.
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2.3.3.3 Hyperbolic Trajectories: Escaping Earth’s Gravity

A hyperbolic trajectory occurs when e > 1. Unlike elliptical orbits, which are closed
and periodic, hyperbolic trajectories are open curves—the spacecraft approaches Earth,
swings around it, and departs, never to return. This regime represents escape from Earth’s

gravitational influence.

The minimum speed required to achieve escape from Earth’s surface is the escape

2p
Vescape — ?

At Earth’s surface (r = Rpgan = 6371 km), this yields approximately 11.2 km/s.

Notice that escape velocity is exactly v/2 times the circular orbital velocity at the same

velocity:

radius—this factor of v/2 represents the energy difference between a bound circular orbit

and an unbound escape trajectory.

For a hyperbolic trajectory, the spacecraft’s velocity at any distance is given by a

2 1
v = % ;—1—5

Note the sign change: for hyperbolic orbits, the semi-major axis a is defined as nega-

modified vis-viva equation:

tive, reflecting the fact that the orbit is unbound with positive total energy.

The Voyager spacecraft exemplify hyperbolic escape trajectories. After launch and ac-
celeration to sufficient velocity, they followed hyperbolic paths that carried them beyond
Earth’s sphere of influence and into interplanetary space. The platform uses Voyager’s
trajectory to demonstrate the transition from bound elliptical motion to unbound hyper-
bolic escape, illustrating the fundamental energy threshold that separates orbiting from

departing.

2.3.4 Orbital Orientation: Inclination and Coverage

While the size and shape of an orbit (determined by a and e) govern its energy and
geometry, the inclination determines the orbit’s orientation in three-dimensional space.
Inclination 7 is the angle between the orbital plane and a reference plane, typically Earth’s
equatorial plane. An inclination of 0 defines an equatorial orbit, while 90 defines a polar

orbit that passes directly over both poles.

Inclination is not arbitrary—it is fundamentally constrained by the launch site’s lat-
itude and the physics of rotation. When a rocket launches eastward (prograde), it ben-

efits from Earth’s rotational velocity, which is maximum at the equator ( 465 m/s) and
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decreases toward the poles. The minimum achievable inclination from a launch site is
approximately equal to the site’s latitude. For example, launches from Kennedy Space
Center (28.5°N) can achieve inclinations of 28.5° or greater, but reaching lower inclinations

would require the rocket to perform an energetically expensive plane change maneuver.

This launch constraint explains many mission orbital parameters:

e ISS (51.6° inclination): Designed to be accessible from both Kennedy Space Center
and the Baikonur Cosmodrome in Kazakhstan (45.6°N). The 51.6° inclination allows
Russian Soyuz launches from Baikonur while remaining within reasonable energy
budgets for US launches.

e Hubble (28.5° inclination): Launched from Kennedy Space Center at the minimum
possible inclination, maximizing the rotational velocity assist and minimizing fuel
requirements. This low inclination also provides good sky coverage for astronomical

observations while avoiding prolonged periods in Earth’s shadow.

Inclination also determines ground track coverage. An equatorial orbit (i = 0) never
passes over polar regions. A polar orbit (i = 90) eventually covers the entire surface as
Earth rotates beneath it. Intermediate inclinations provide a balance between coverage
and launch efficiency. The platform’s mission-specific implementations demonstrate how
operational requirements (crew access for ISS, astronomical visibility for Hubble) drive

inclination choices.

2.3.5 The Educational Foundation for Interactive Exploration

The physics and mathematics outlined in this section—Newtonian gravity, Kepler’s
laws, the vis-viva equation, and the geometric properties of conic sections—form the
computational foundation of the simulation platform. More importantly, they represent
the conceptual framework that users explore through embodied interaction in virtual

reality.

Traditional orbital mechanics education presents these concepts through equations on
paper and two-dimensional diagrams. Students memorize formulas and solve problems
numerically, but the intuitive, spatial understanding of why the ISS orbits at 7.66 km/s
or why the Hubble telescope requires a specific altitude and inclination often remains
elusive. The three-dimensional geometry of an inclined orbit, the speed variation along
an ellipse, and the meaning of escape velocity are fundamentally spatial phenomena that

are difficult to internalize from textbooks alone.

The platform’s approach inverts this pedagogy. Users begin not with equations but
with questions and curiosity: "Show me the ISS orbit.” "Why does Hubble orbit where
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it does?” "How did Voyager leave Earth?” The generative agent translates these natural
language queries into the precise orbital parameters described in this section—altitude,
eccentricity, inclination—and the Unity simulation engine renders the resulting trajecto-
ries as visible, three-dimensional curves in space. Users inhabit the orbital environment,
observing how the ISS’s 420 km circular orbit compares to Hubble’s 540 km orbit, seeing
the ellipse stretch as eccentricity increases, watching the hyperbolic escape path diverge

from closed elliptical motion.

This section has established the theoretical foundation that makes such exploration
both accurate and meaningful. The circular orbits users create are governed by v =
\/,u_/r. The elliptical orbits follow the vis-viva equation. The hyperbolic escapes exceed
Vescape = \/m The platform’s educational value rests on this foundation: it translates
rigorous astrodynamics into intuitive visual experience, enabling users to build genuine
understanding of orbital mechanics through guided exploration rather than rote memo-

rization.



3 Methodology

3.1 Design Philosophy and Approach

The development of this project is fundamentally an exploratory research endeavour
into a new paradigm of human-computer interaction for educational purposes. Given the
innovative and complex nature of integrating generative Al, immersive mixed reality, and
embodied interfaces, a rigid, waterfall-style development plan would be inappropriate. In-
stead, the methodology is guided by a philosophy that embraces iteration and modularity

to navigate the technical challenges and discovery process inherent in such work.

The approach is defined by three core principles:

e Prototype-Driven: The primary goal is the creation of a functional prototype that
demonstrates the feasibility and potential of the proposed system. This approach
prioritizes implementing the core functionalities of the user experience over exhaus-
tive feature development, allowing for tangible and testable results that can validate

the project’s central thesis.

e Iterative Development: The project will be built in iterative cycles, following a
process of building a core feature, testing its performance and usability, and refining
it based on the results. This allows for flexibility in the implementation details,
acknowledging that the optimal solutions for agent prompting and user interaction

will be discovered and improved upon throughout the development lifecycle.

e Modular Architecture: The system is designed as a collection of distinct yet in-
terconnected modules: the generative agent (the "brain”) and the simulation and
visualisation engine (the "world”). This modularity, a key objective of this project,
makes the complex system manageable, facilitates parallel development and testing

of components, and ensures the final architecture is extensible for future work.

These principles guided a four-phase development strategy. Phase 1 established the

conversational agent in the Hub environment with circular and elliptical orbit creation
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capabilities. Phase 2 implemented three Mission Spaces (ISS, Hubble, Voyager) with spe-
cialist agents and scene transition tools. Phase 3 integrated bidirectional voice through
ElevenLabs (Scribe API for speech-to-text, TTS for character synthesis). Phase 4 de-
ployed the complete system to Meta Quest 3 with immersive VR visualization. Each
phase produced a testable, working system that integrated seamlessly with subsequent

development without requiring architectural changes.

3.2 System Architecture and Data Flow

The platform architecture comprises two integrated spaces: the "Hub” (Mission Con-
trol) where users create custom orbits through conversation, and "Mission Spaces” (ISS,
Hubble, Voyager) where specialists demonstrate real missions. Users navigate between
these environments via voice commands (route_to_mission, return_to_hub), with con-

versational context preserved across transitions.

The system separates conversational intelligence (OpenAl GPT-4.1 via Responses
API) from spatial visualization (Unity 3D), connected through a tool-calling interface.
The agent interprets natural language, selects appropriate tools (create_circular_or-
bit, create_elliptical_orbit, set_simulation_speed, pause_simulation, reset_-
simulation_time, clear_orbit, route_to_mission, return_to_hub), and Unity exe-

cutes the corresponding physics calculations and rendering.

3.2.1 Interaction Flow

User interactions follow one of two primary workflow patterns depending on intent:
orbit manipulation or scene navigation. Both share common stages (speech input, Al

reasoning, audio output) but diverge in tool execution and timing.

3.2.1.1 Orbit Creation Workflow

When users create or modify orbits (create_circular_orbit, create_elliptical_-

orbit, set_simulation_speed), the interaction follows eight steps:

1. User speaks orbital request via Quest 3 microphone
2. ElevenLabs Scribe API transcribes audio to text
3. OpenAl GPT-4.1 interprets intent and selects appropriate orbit tool

4. Unity’s ToolExecutor validates parameters and invokes OrbitController
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5. OrbitController calculates trajectory using vis-viva equation and renders visual-

ization in current scene
6. Tool execution result (orbital parameters, velocity, period) returns to LLM
7. Agent generates educational response explaining the created orbit

8. ElevenLabs TTS synthesizes voice and audio plays through Quest 3

3.2.1.2 Navigation Workflow

When users navigate between environments (route_to_mission, return_to_hub),
the interaction extends to nine steps:

1. User speaks navigation request via Quest 3 microphone

2. ElevenLabs Scribe API transcribes audio to text

3. OpenAl GPT-4.1 interprets intent and selects navigation tool

4. Unity’s ToolExecutor validates destination and prepares transition

5. Tool execution result confirms target scene

6. Agent generates contextual transition response (e.g., “Connecting you to ISS spe-

cialist”)

7. ElevenLabs TTS synthesizes character-specific voice (Mission Control’s authority,

specialist’s expertise)
8. Audio plays through Quest 3 spatial audio system

9. After audio completes, SceneTransitionManager loads Mission Space with con-

versation context preserved

Both workflows maintain conversation history across turns via MissionContext single-
ton, enabling contextual dialogue. The critical distinction: orbit tools execute within the
current scene (immediate visual feedback), while navigation tools trigger asynchronous
scene transitions after Al response completes (preventing audio cutoff mid-sentence).
Users control all aspects—orbit creation, mission navigation, simulation parameters—through

voice alone.
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3.3 Mixed Reality Design Rationale

While the Quest 3 hardware supports both VR and AR passthrough capabilities, the
platform implementation focuses exclusively on immersive VR for pedagogical reasons.
Orbital mechanics involves scales (420 km for ISS, 35,786 km for geostationary orbit) in-
compatible with domestic spaces—AR overlays would show trajectories passing through
walls and furniture, creating perceptual friction between room-scale and cosmic-scale con-
texts. VR isolation places users within the orbital environment itself, establishing coherent
spatial context where Earth floats in space and trajectories exist in their natural domain.
The architecture could potentially support future AR passthrough implementation for
collaborative learning, museum installations, or classroom demonstrations where physical

anchoring adds value, though this extension was not implemented in the current work.

3.4 Technical Implementation

The system implements conversational AT (OpenAl GPT-4.1 for reasoning, Eleven-
Labs for voice synthesis/transcription) interfaced with Unity 6 (6000.0.47f1) physics sim-
ulation. The agent embodies four characters—Mission Control in the Hub, plus three
mission specialists (ISS crew perspective for LEO operations, Hubble engineer for tele-
scope mission design, Voyager/Sagan persona for interplanetary trajectories)—each with
distinct voice profiles and expertise areas. Unity implements two-body orbital physics in
C#, calculates trajectories via vis-viva equation, and renders visualizations on Quest 3.
The platform supports circular orbit creation (160-35,786 km altitude) and elliptical orbit
creation (periapsis/apoapsis 160-100,000 km), with inclination constrained to 0-180°.

3.5 Development and Version Control

The project follows systematic development practices using GitHub for version con-
trol. All source code—including Unity C# scripts, prompt templates, and configuration
files—is tracked in a central repository, providing complete history of changes and enabling
experimental work through branching without compromising the main project stability.
This systematic approach aligns with the iterative development philosophy, where each

development cycle’s progress is documented and preserved.
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3.6 Validation Strategy

The platform’s technical feasibility and system integration are validated through demon-
stration of complete interaction scenarios across all mission spaces, showing that the pro-
posed architecture functions reliably in representative educational workflows. The valida-
tion approach prioritizes operational evidence: users exploring orbital mechanics through
natural conversation, navigating between Hub and Mission Spaces, and experiencing the
full voice-driven VR cycle. Implementation details are documented and made publicly
available to enable independent verification of feasibility claims. Users provide their own
API keys for OpenAl and ElevenLabs services. Comprehensive documentation covers

Unity configuration, Quest 3 deployment, and integration procedures.

3.7 Core Module Implementation

This section describes how the platform’s four primary modules—conversational agent,
orbital physics simulation, voice integration, and virtual reality environment—work to-
gether to create an immersive educational experience for learning orbital mechanics. Each
subsection explains the educational rationale behind key design decisions and how they
support the learning objectives established in Section 3. Additional technical details are
provided in Appendices A-D; complete implementation is available in the public reposi-

tory.

3.7.1 Agent System Implementation

The conversational agent system removes the traditional barrier between learning in-
tent and technical execution by enabling natural language control of orbital simulations.
Learners can express goals like “Create an orbit matching the ISS” or “Show me a highly
elliptical orbit” without needing to understand programming, coordinate systems, or simu-
lation APIs. This design decision directly addresses a core challenge in physics education:

allowing students to focus on conceptual understanding rather than technical syntax.

Following the tool-calling architecture outlined in Section 2.2, the system implements
OpenAl GPT-4.1 with a structured tool-calling framework that interprets user requests
and invokes validated simulation commands. When a learner asks to create an orbit,
the agent translates natural language into precise physics parameters (altitude, inclina-
tion, eccentricity), executes the orbital calculation, and explains the result in educational
terms. Critically, the agent disambiguates between orbital velocity (the speed required to
maintain a specific orbit, calculated from physics) and simulation time speed (how fast

the visualization plays back)—a common source of confusion that this explicit separation
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prevents.

The platform embodies two agent archetypes: Mission Control (at the Hub) focuses on
orbit creation and simulation control, while three mission specialists (ISS, Hubble, Voy-
ager) provide mission-specific educational context when learners navigate to dedicated
Mission Spaces. This dual-character design supports two learning modes: hands-on ex-
perimentation at the Hub, and contextual deepening through mission-specific dialogue.
Conversation history persists across scene transitions, enabling learners to ask follow-up
questions like “What was the altitude of the orbit I just created?” after switching con-

texts—supporting iterative, exploratory learning patterns.

Technical implementation details, including prompt architecture, tool schemas, con-
text management algorithms, and API integration specifications, are documented in Ap-

pendix A.

3.7.2 Orbital Physics Simulation

The orbital physics engine translates altitude specifications into velocity requirements
automatically, making visible a fundamental relationship that students often struggle to
grasp: that orbital speed is not arbitrary but determined by altitude through gravitational
physics. When a learner requests “an orbit at 420 km like the ISS,” the system calculates
the required velocity (7.66 km/s) using the vis-viva equation and displays both values
together. This automatic calculation prevents a common misconception—that higher
orbits move faster—by immediately showing that geostationary satellites at 35,786 km
altitude actually travel slower (3.07 km/s) than low Earth orbit satellites, despite their

greater distance.

The simulation implements two-body Keplerian mechanics (Section 2.3) with physics-
consistent trajectory calculations for circular and elliptical orbits. Visual trajectories
render as continuous curves in VR space, allowing learners to observe geometric prop-
erties directly: circular orbits maintain constant radius, while elliptical orbits visually
demonstrate eccentricity through their oblong shape. Scale compression maps Earth’s
6,371 km radius to a comfortable VR viewing volume while preserving proportional re-
lationships—the ISS appears at 6.6% of Earth’s radius above the surface, matching the
real ratio—enabling learners to develop accurate spatial intuition about orbital altitudes

without being overwhelmed by vast scales.

Critically, all physics calculations occur in real units (km, km/s) before conversion to
rendering space, ensuring that displayed values match published orbital data for ISS, Hub-
ble, and other missions. This fidelity allows learners to verify simulation results against

authoritative sources, building confidence in the educational tool. Complete physics im-
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plementation, including vis-viva equation derivations, scale compression algorithms, and

trajectory visualization methods, appears in Appendix B.

3.7.3 Voice Integration Pipeline

Voice interaction addresses a practical constraint of immersive VR environments (Sec-
tion 2.1): hands holding controllers cannot easily type, and virtual keyboards break im-
mersion. The system implements bidirectional speech through push-to-talk input (Quest
3 controller A button) and synthesized character voices, enabling learners to engage in
natural spoken dialogue while manipulating 3D orbital visualizations. This hands-free
modality supports exploratory learning patterns where students voice hypotheses (“What
happens if I increase the altitude?”), observe results, and refine understanding through
iterative questioning—a cognitive process difficult to sustain when switching between

physical keyboards and immersive VR.

Each agent character embodies a distinct voice: Mission Control speaks with au-
thoritative encouragement at the Hub, while mission specialists (like Anastasia, the ISS
expert) adopt personalities aligned with their educational roles—professional, technical,
and approachable. This character differentiation serves pedagogical purposes beyond en-
gagement: learners develop associative memory between voice identity and knowledge
domain, reinforcing context switching as they navigate between experimental workspace
(Hub) and mission-specific deepening (ISS, Hubble, Voyager spaces). Voice synthesis oc-
curs within 1-3 seconds of agent response generation, maintaining conversational flow

without perceptible delays that would disrupt the learning dialogue.

The push-to-talk mechanism balances spontaneity with intentionality: learners explic-
itly signal when they wish to speak, preventing accidental voice activation while preserving
the natural rhythm of conversation. This design choice emerged from recognizing that ed-
ucational dialogue differs from commercial voice assistants—students need time to think
between questions, and the platform should not interpret silence as disengagement. Tech-
nical details of speech-to-text processing, audio synthesis parameters, and character voice

management appear in Appendix C.

3.7.4 Virtual Reality Environment

As discussed in Section 2.1, the virtual reality environment transforms abstract orbital
mechanics into spatial experiences that leverage human depth perception and propriocep-
tion. Orbits exist as three-dimensional curves that learners can walk around, crouch be-
neath, and observe from multiple vantage points—building geometric intuition impossible

to achieve through 2D screens or static diagrams. Seeing an elliptical orbit’s eccentric-
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ity from different angles, or observing how inclination tilts the orbital plane relative to
Earth’s equator, engages spatial reasoning faculties that support conceptual understand-

ing of orbital geometry.

The platform deploys to Meta Quest 3, a standalone VR headset enabling tetherless
movement around orbital visualizations without PC connection constraints. Maintain-
ing stable stereoscopic rendering ensures visual comfort during extended learning ses-
sions, preventing the nausea and fatigue that would undermine educational effectiveness.
Performance optimization drove architectural decisions throughout the implementation:
single-pass instanced rendering reduces GPU overhead, texture compression minimizes
memory bandwidth, and asynchronous scene loading prevents visible stuttering during

navigation between Hub and Mission Spaces.

The multi-scene architecture supports distinct learning contexts: the Hub provides an
experimental workspace for orbit creation and manipulation, while three Mission Spaces
(ISS, Hubble, Voyager) offer focused environments for deepening understanding of specific
missions. Scene transitions preserve conversation history and simulation state, allowing
learners to seamlessly shift between hands-on experimentation and contextual exploration.
Spatial Ul elements render in 3D world space rather than head-locked overlays, main-
taining presence and spatial grounding while providing necessary information—mission
elapsed time, simulation speed, and dialogue responses appear as objects in the environ-

ment rather than disconnected interface chrome.

Technical specifications for Quest 3 deployment, including Android build configuration,
input system implementation, stereo rendering pipeline, and performance optimization

strategies, are detailed in Appendix D.



4 Results and Demonstration

This chapter demonstrates the complete functional platform through the lens of an
actual user learning journey. Rather than presenting isolated features, each section follows
the narrative arc of the demonstration session, showing how a learner explores orbital
mechanics concepts through curiosity-driven dialogue with Al specialists, hands-on orbit

creation, and immersive VR visualization.

The demonstration validates all six specific objectives established in Section 1.3 through

integrated scenarios:

e Objective #1 (Physics-consistent simulation): Orbital velocities and periods match
analytical predictions (user-created orbit at 422 km: 7.66 km /s, consistent with ISS

velocity at nominal 420 km altitude)

e Objective #2 (Natural language interpretation): User questions like “What’s a

good altitude?” trigger appropriate tool selection and specialist routing

e Objective #3 (Multimodal VR interaction): Voice commands, spatial presence,

and Quest 3 stereoscopic rendering enable embodied learning

e Objective #4 (Real-time coherence): Scene transitions, voice synthesis, physics

calculations, and rendering execute reliably without interruption

e Objective #5 (Modular architecture): Hub and three Mission Spaces (ISS, Hubble,

Voyager) operate as distinct scenes sharing common infrastructure

e Objective #6 (Reproducible implementation): Complete source code, documenta-

tion, and deployment guides enable independent verification

The chapter structure follows the demonstration’s pedagogical pattern: question —
specialist guidance — hands-on creation — visual observation — iterative refinement.
This complete cycle repeats twice for circular orbits (Section 4.2) and elliptical orbits
(Section 4.3), demonstrating experiential learning through hands-on creation. The escape
trajectory section (Section 4.4) demonstrates a complementary mode: conceptual dialogue
without hands-on creation, showing the platform’s flexibility to support both experiential

and theoretical learning depending on pedagogical context.
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4.1 Entering the Orbital Environment

The platform’s learning journey begins when the user puts on the Quest 3 headset
and enters the virtual environment. This onboarding sequence—cutscene introduction,
Hub arrival, and first interaction—establishes spatial context, introduces the conversa-
tional agent, and demonstrates the voice-driven interface that will mediate all subsequent

exploration.

4.1.1 Opening Sequence: Narrator Introduction

The experience opens with a cinematic sequence. The user’s viewpoint begins in deep

space, far from Earth, while a narrator’s voice provides context:

NARRATOR: Above us, thousands of satellites trace perfect arcs—testaments
to gravity, velocity, and the geometry of motion. You're about to join that
tradition. I'll guide the physics; you'll design the orbits. Together, we’ll

explore how spacecraft navigate the cosmos.

FIGURE 4.1 — Opening cutscene frame showing Earth from deep space. The camera begins at this distant
perspective before zooming toward the Hub’s orbital position.

As the narrator speaks, the camera moves smoothly toward Earth over 28.7 seconds,
establishing the cosmic scale while framing the interaction paradigm. The phrase “I'll
guide the physics; you’ll design the orbits” positions the learner as active participant

rather than passive observer.
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4.1.2 Hub Environment Arrival: Spatial Presence and Agent Welcome

When the cutscene concludes, the user arrives at the Hub—Mission Control’s orbital
workspace. The transition from cinematic observer to embodied presence is immediate:

the user now floats in space, surrounded by stars, with Earth directly ahead.

FIGURE 4.2 — Hub environment from user perspective. Earth floats in stereoscopic three-dimensional
space, rendered with 8K textures to provide visual fidelity while maintaining stable frame rate on Quest
3.

CAPCOM greets the user, establishing orientation and interaction mechanics. The
welcome message orients the user spatially (“floating above Earth”), introduces push-to-
talk voice input (A button), explains available capabilities (orbit design and specialist
consultation), and previews the three Mission Spaces—ISS, Hubble, and Voyager (full
greeting in Appendix E). CAPCOM’s professional warmth distinguishes Mission Control

from the three specialists who will appear with their own vocal identities and expertise.

4.1.3 Satellite Discovery: First Interaction

After orienting to the environment, the user notices a spacecraft model floating near
Earth’s surface. This three-dimensional satellite will serve as the visual anchor for all
orbital trajectories created during the session. The user moves closer to examine it, then

presses the A button to speak:

USER: Hey, Capcom. I see we have a satellite here. Is this the satellite that

we can build?
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FIGURE 4.3 — Close-up view of the simulation satellite in the Hub environment. The user has navigated
their perspective to examine the spacecraft model.

This first voice interaction exercises the complete bidirectional speech pipeline. The

agent responds in conversational mode:

CAPCOM: Hello from Mission Control. Yes—this is your simulation satellite.
We can build orbits by setting circular or elliptical paths. Tell me either the
altitude for circular, or periapsis and apoapsis for elliptical, and I'll get it

launched.

CAPCOM'’s response introduces orbital terminology: “altitude” defines circular or-
bits, while “periapsis and apoapsis” specify elliptical paths. The complete interaction
cycle—button press, speech transcription, agent response, audio synthesis—completes in
4-6 seconds, establishing the conversational rhythm that will support exploratory learning

throughout subsequent sections.

4.2 Learning Through Mission Specialist Dialogue: The ISS
Circular Orbit

This section demonstrates the platform’s complete pedagogical cycle: conceptual ques-
tion — specialist consultation — hands-on orbit creation — VR observation. The user

wants to create a circular orbit but doesn’t know what altitude to choose.



