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Figure 1: Prototype screenshots depicting four non-Euclidean navigable environment configurations: square-section contorted
extrusion (top left), square-section Mébius surface (top right), triangular-section Mobius surface (bottom left), and torus (bottom

right).

Abstract

Virtual navigation—embodied spatial movement in interactive digi-
tal environments—is a distinct interaction gestalt and a core aes-
thetic form of digital media, prevalent across videogames and VR
applications. Despite its cultural ubiquity and the resurgence of
movement-intensive gaming, unifying foundational research bridg-
ing theoretical analysis, empirical inquiry, and design practice re-
mains scarce, leaving researchers without shared analytical frame-
works and limiting actionable design knowledge available to practi-
tioners. To address this, we implement exploratory gamemaking as
a knowledge-generating method, integrating insights from diverse
literature with the study of media artifacts, to probe the fundamen-
tal and invariant components of virtual navigable experience (VNX)
through the edge case of non-Euclidean navigable environments.
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With SpaceTimeCraft, we contribute a “strong concept”—a form
of intermediate-level knowledge that bridges theory with the de-
sign space. It frames virtual navigation as a spatiotemporal enactive
process emerging from the synthesis of three heterogeneous com-
ponents: a spatial construction, an environmental simulation, and
a vicarious phenomenological intentionality (an interactive avatar).
This minimally elegant model integrates diverse theoretical per-
spectives, providing a flexible framework for conceptualizing, ana-
lyzing, and comparing instances of VNX, and a generative design
pattern for novel applications—a capacity we demonstrate through
a configurable prototype.
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1 Introduction

Virtual navigation—embodied spatial movement in interactive digi-
tal environments—is a distinct paradigm of human-computer inter-
action and a core aesthetic form of digital media, best exemplified
in videogames and VR applications [1, 49, 58]. This is a complex and
dynamic form of interaction that can be understood as an “inter-
action gestalt” [56]: a unified composition of qualities greater than
the sum of its parts. It involves real-time engagement with a digital
artifact that affords vicarious embodied movement within an en-
vironmental simulation. We use the construct of virtual navigable
experience (VNX) to describe the felt dimension of this interac-
tion: the synesthetic, corporeal, non-verbal experience that unfolds
through moment-to-moment vicarious spatial movement.

Despite its cultural prominence and ubiquity through
videogames, fundamental unifying research into VNX remains
scarce. Research on the topic comes primarily from game studies—a
field that has discussed virtual navigation as an “unprecedented
aesthetic form” and “central motif” of the medium [1, 58]—and from
the cognitive sciences, where empirical research has documented
significant cognitive benefits of virtual spatial navigation and
action gaming [76, 101]. Beyond these, relevant discussions appear
across other fields including architecture, media art, and HCI,
though the literature as a whole has yet to develop a shared
framework able to bridge these communities. Formal research
from the orientation of design practice remains notably limited
[18, 50, 57, 65], though relevant work has begun to emerge within
HCI, particularly on embodied game design and embodied learning
[45, 64].

The consequences of this lack of shared frameworks are increas-
ingly evident. The resurgence of movement-intensive gaming—
particularly through the sub-genre of ’boomer/movement shooters’
[63]—demonstrates growing designer sophistication and audience
attunement to increasingly intensive forms of virtual navigation,
yet this phenomenon remains largely unexamined in scholarly liter-
ature. At the same time, mounting empirical evidence continues to
attest to the cognitive significance of such gameplay [21, 67, 69, 73].
Yet without foundational models or shared terminology, analytical
inquiry lacks the tools to examine such experiences beyond surface-
level taxonomies, empirical findings remain disconnected from
design knowledge, and practitioners lack adequate conceptual tools
for advancing virtual navigation through design. Together, these
developments underscore the need for a unifying framework capa-
ble of bridging these communities, examining existing instances of
VNX, and guiding new ones.
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To address this need, we contribute SpaceTimeCraft, a “strong
concept” [44] for virtual navigation. A strong concept is a form of
intermediate-level knowledge that bridges theory with a particular
region of the design space concerning dynamic interaction. More
abstract than a particular design instance yet more concrete than a
general theory, it carries both explanatory and design-generative
capacity. SpaceTimeCraft frames VNX as a spatiotemporal enac-
tive process emerging from the synthesis of three heterogeneous
components:

(1) a spatial construction—defined through geometry and topol-
ogy and, at a higher level, through spatial layout and visual
design;

(2) an environmental simulation—the set of laws and relation-
ships governing the temporal-dynamic behavior of the envi-
ronment (e.g. gravity, friction, simulation frequency); and

(3) a wvicarious phenomenological intentionality—the interac-
tive avatar, which prescribes a mode of being-in-the-world
through a set of sensorimotor contingencies coupled to a
user interface.

This tripartite model integrates partial perspectives—spatial,
temporal-dynamic, embodied, and technological—into a coherent
conceptualization of VNX that unites design, analytical, and experi-
ential dimensions. It offers four modalities of inquiry: (1) isolation
of individual components for focused examination; (2) an account
of emergent qualities arising from their interaction; (3) qualitative
modelling of interactive processes; and (4) a generative pattern
language for design.

We develop this concept via an integrative mode of research
through design (RtD) applied to experimental and exploratory
gamemaking. This approach builds on cursory discussions of
gamemaking as a research method [29, 62, 99], employing proto-
typing as a primary knowledge-generating method rather than as a
vehicle for evaluation. Our aim, thus, is not to test hypotheses about
user experience but to investigate the fundamental components of
VNX through the constructive act of design itself. To this end, we
construct a configurable videogame prototype that abstracts from
videogame-specific elements (narrative, characterization, goals) to
focus on the elementary components of movement-based spatial
interaction.

We probe this design space through the edge case of non-
Euclidean virtual environments, an often discussed yet rarely im-
plemented design scenario. This scenario necessitates a paradigm
shift in environmental construction akin to relativistic physics, that
goes against the grain of the Euclidean-Newtonian conventions em-
bedded in contemporary game engines. As a probe, this edge case
serves to reveal the fundamental and invariant components of VNX
that would otherwise remain obscured, while also expanding the
design space into a largely unexplored region of navigable media.
Yet as a paradigm shift rather than a niche exploration, the resulting
framework is generalizable to conventional spatial constructions
as well.

In what follows, we situate this work by integrating insights
from the wider research landscape and identifying key gaps that
motivate our approach. We formulate three research questions, and
outline our integrative methodology, theoretical framing drawing
from enactive cognition, and design project construction. We then
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discuss the outcomes of the project and elaborate on SpaceTime-

Craft as a strong concept, situating it in relation to established
frameworks (such as MDA43 and game feel P3) and defend-
ing its validity as a contribution that is grounded in both literature
and design practice, generative of nhew applications, and open to
further elaboration.

2 Research Area Synthesis and Gaps

Virtual navigation as a form of movement-based human-computer
interaction has attracted attention from multiple distinct traditions,
including game studies, the cognitive sciences, architecture, me-

dia art, and HCI. Each of these communities engages the subject

through its own paradigms, conceptual language, and research
methods PQ, resulting in a rich yet dispersed body of literature
with limited overlap between domains. This fragmentation also
extends across technologies and time periods from the rst wave
of VR (ca. 1987 1997), through the onset of formal videogame re-

search (since ca. 2000), to contemporary VR (since ca. 2014). While

this breadth re ects the genuine complexity of the phenomenon,
the literature as a whole has yet to produce shared frameworks
capable of bridging these communities or generating knowledge
that is actionable across both research and design practice.

At the same time, virtual navigation amounts to a dynamic and
culturally pervasive phenomenon, most prominently expressed in
videogames. It is an aesthetic form in constant evolution, shaped
by technological advancements, design innovations, and the emer-
gent practices of player communities (e.g., modding, speedrunning,
esports). The cultural fascination with virtual navigation has been
discussed as part of the long-standing preoccupation of Western
culture with spatiality and embodied experience [1, 58].

2.1 Virtual Navigation in Game Studies

Game studies has produced a rich body of work on virtual naviga-
tion, and provides the primary scholarly context for this research.
Early scholarship acknowledged navigable space as a genuinely
original and historically unprecedented aesthetic form [58], with
Aarseth describing it as the de ning element and raison d'étre of
the videogame mediumi]. Interactive spatiality was subsequently

discussed as a mode of engagement distinct for its reliance on kines-

thetic performance and spatial practic84 47, 92, and Giinzel's
spatial turn [3§ proposed it as a paradigmatic shift in the study of
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response. The topic of interactive spatiality, despite its early recog-
nition, also remains undertheorized. More than a decade after the
spatial turn, discourse on videogame space has largely stagnated,
with no unifying framework to integrate spatial constructions with
the embodied and temporal-dynamic dimensions of gameplay ex-
perience.

These gaps are compounded by the nature of VNX itself. The felt
dimension of virtual navigation is tacit and pre-re ective, appealing
to aesthetic registers and cognitive capacities that are incongruent
with natural language and analytical reasonin82 47, 92. Mul-
tiple scholars have framed this as an a ective experience, rooted
in dynamic corporeal sensations that operate below the threshold
of conscious re ection and resist conventional modes of analysis
[4, 49 88. Super Mario BrogNintendo, 1985) o ers a concrete
illustration. While the pleasure of making Mario move is imme-
diately felt by the player, communicating that experience to an-
other person or conveying one's knowledge of the game proves
elusive. This sensation resists analytical articulation, quali cation
through emotional categories, or rationalization through perfor-
mance metrics. As Karhulahti describes it, kinesthetic gaming is a
sensation-seeking performance thatis not primarily intellectual,
not re ective or interpretative in character, but rather sensua# .

The di culty of examining VNX through conventional analyti-
cal tools is especially evident in the limited scholarly discourse on
movement-intensive action gaming, and particularly rst-person
shooters (FPS). FPS games represent one of the most popular, per-
sistent, and culturally signi cant genres since their emergence in
the early 1990s. They stand out for their primary appeal to inten-
sive spatial navigation and moment-to-moment action, often at
the expense of the narrative dimension. Yet despite this signi -
cance, scholarly attention to the aesthetic and design dimensions
of FPS games remains remarkably scarce. This gap appears largely
owed to the challenges such games present to formal analysis, since
they center on dynamic corporeal experience that resists conven-
tional scholarly methods. A survey of the DiGRA conference library
(searching FPS and shooter ), for instance, returns only 20 results,
with only two directly relevant to mechanics and experience.

Most notably, the recent emergence of boomer/movement shoot-
ers [63 a sub-genre inspired by fast-paced FPS games of the
1990s marks a signi cant evolution in virtual navigation. Titles
such adDOOM(2016)Poom Eternaf2020), andULTRAKILL(2020),
as well as more experimental examples liBeomerang X2021)

videogames. In parallel, some scholars have underscored the synes-andNeon Whitg2022), demonstrate a progressive intensi cation

thetic and embodied experiential qualities central to the appeal and
aesthetic language of the mediumg, 88 89, while a signi cant
body of work has engaged with phenomenological dimensions of
gameplay 19 31, 57. Together, these contributions establish vir-
tual navigation as a fundamental aspect of the medium's aesthetic
language.

However, several important dimensions remain understudied.
As Keogh[49] argues, research has focused predominantly on how

videogames produce meaning through their systems and mechan-

ics, while neglecting the corporeal dimension of gameplay through
which videogames are perceived and felt, an approach that accounts
for only part of the medium's aesthetic language. Shin[&8] has
similarly criticized the focus on visual, semiotic, and taxonomic
approaches that overlook embodied perception and physiological

of movement-based interaction. Such games foreground speed and
sensorimotor precision through complex mechanics tuned to in-
centivize fast-paced, high-mobility gameplay. This wave suggests
not only growing design sophistication but also increasing audi-
ence attunement to cognitively and physically demanding forms
of interaction. However, this phenomenon has received virtually
no scholarly attention. At present, researchers lack the analytical
tools to examine such forms of gameplay, or even to distinguish
between qualitatively di erent forms of experience for example,
slow-paced military shooters such &@ounter-Strik€1999) from
fast-paced movement-intensive games liReom Eterna{2020).
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2.2 Videogame Play and Cognitive Skill
Development

Over the past decades, videogame play has attracted signi cant
empirical attention for its cognitive bene ts. Research has demon-
strated that playing videogames can induce neuroplasticity and
support the development of perceptual, attentional, and complex
skills transferable to real-world application28 36 53 76 83. An
area of particular interest is that of spatial skills, a subset of cog-
nitive abilities predictive of success in STEM eldgj 98 101. A
growing body of empirical work has demonstrated the potential
of both virtual spatial navigation$3 82 and action videogames
[11, 21, 10Q 10] to advance such skills. FPS games involving in-
tensive action and spatial navigation have shown especially strong
correlations with cognitive skill development, including evidence
of long-lasting neurological adaptation [16, 48, 67 69, 73].
However, empirical studies typically rely on commercial
videogames identi ed by loose genre terms such as action games,
with researchers reporting uncertainty as to which speci c game-
play qualities correspond to which cognitive outcomezg[101.
Recentwork by Dale et aJ21]sought to qualify action videogames
as compound cognitive tasks that involve fast-paced action, focused
and distributed attention, and su cient variability to prevent task
automatization. Yet, such de nitions remain broad and lack refer-
ence to speci ¢ design properties. Design-oriented research capable
of identifying those qualities and translating empirical ndings into
actionable guidelines remains limited, as discussed in the follow-
ing section. This disconnect underscores the need for integrative
approaches that bridge empirical evidence with design expertise,
to advance both empirical inquiry and design practice.

2.3 Absence of Design-Oriented Research

Despite the cultural prominence of virtual navigation and the pro-
liferation of gamemaking, formal research from the orientation
of design practice and design thinking remains notably scarce
[18 50 55 57, 65. This scarcity re ects a broader tension between
academic research and practic& $9, leaving research and practice
as largely distinct communities with separate methodologies and
forms of knowledge. Although the importance of practice-based
research has been widely acknowledgdd,[18 57, 91], the com-
munity has yet to establish such an orientation. Formal methods
remain underdevelopedf), 51], and scienti ¢ venues and accred-
itation frameworks for design practice contributions are largely
absent L8 57. This absence represents a signi cant gap in the
methodological foundations of videogame research, and is particu-
larly consequential for inquiry into VNX, where design knowledge
and practice are intrinsic to understanding and advancing the phe-
nomenon under study.

Gamemaking practitioners have long expressed the need for
shared conceptual tools and vocabularies to support knowledge ex-
change and inform desigrg] 15 17]. The most signi cant responses
to this need have come in the form of intermediate-level knowl-
edge bridging design thinking with the experiential dimensions of
gameplay. Two prominent examples are the Mechanics-Dynamics-
Aesthetics (MDA) framework43, and the concept of game feel
[93. The rst o ers a foundational ontology for videogame experi-
ence, articulating the relationship between designed rules, emergent
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system behavior, and the resulting player experience. The second
addresses the elusive felt dimension of gameplay, discussing it as
the sensation of real-time control of virtual objects in a simulated
space, with interactions emphasized by polish, and providing a
designerly perspective on matters including aesthetic experience,
skillful interaction, and sensory extension. Both have been instru-
mental in establishing a shared vocabulary for discussing dynamic
aspects of gameplay, yet neither was intended to address virtual
navigation as a distinct gestalt its spatial constructions, the dy-
namics of its environmental simulation, or the embodied dimension
of movement-based interaction.

In parallel, recent work within HCI has begun to address re-

lated concerns through theoretical taxonomies of movement-based
interaction [8], guidelines for embodied game desigdy 101,
and design frameworks for embodied learningd, though these
contributions remain focused on broader questions of embodied
interaction rather than on the speci c gestalt of virtual navigation.
A comprehensive foundational framework integrating the spatial,
temporal-dynamic, and phenomenological dimensions of virtual
navigation remains absent. This work aims to build on and extend
these contributions by providing such a framework.

2.4 Non-Euclidean Geometry and the
Conventions of Design Software

Virtual navigation also intersects with a longer cultural preoccupa-
tion with spatiality and embodied experience, particularly due to its
potential to render experienceable spatial forms that transcend the
conventions and constraints of the physical world. The hypothesis
that embodied spatial experience o ers a distinct epistemological
framework can be traced to the mid-Tchntury discovery of non-
Euclidean geometry, which challenged the Euclidean-Cartesian
model of space underpinning Western epistemolo@#[97]. Such
ideas found expression around the turn of the“?@entury in ex-
plorations of non-Euclidean space in modern ad], and in the
Bauhaus pedagogy of experiential, kinaesthetic knowledge which
subsequently became foundational to architectural educatib®q.

In computing, similar speculations ourished during the rst
wave of VR (ca. 1987 1997), when cyberspace was mytholo-
gized as an 'electronic psychedelic' a means to transcend the
limitations of physical reality and expand human consciousness
[13 24, 35 70, 7§. Among the more sober and elaborate investi-
gations of this vision were the works of pioneering artists Char
Davies P2 23 and Marcos Novak41, 74, 79, who saw VR as a
medium for challenging lived assumptions of Euclidean-Cartesian
space through embodiment in synthetic spatiotemporal construc-
tions [66, 71]. However, this wave of experimentation dissipated
following the mid-1990s disinvestment in VR technologies. As sev-
eral scholars noted, despite its radical early promise, digital space
largely conformed to the Euclidean-Cartesian framework it sought
to displace [37, 77].

This remains true today. Virtually all digital design tools operate
within the paradigm of Euclidean-Cartesian space and Newtonian
physics a model superseded in physics by the theory of relativity.
This analytical simpli cation of physical space is well-suited to con-
ventional applications such as engineering and architectural design,
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where the aim is to approximate the physical world. Contempo- this inquiry. We frame VNX theoretically through the lens of enac-
rary game engines inherit the same framework as a default context tive cognition [94, 95, and delimit the scope of our investigation
for environmental design, despite the fact that videogames unlike  through a set of heuristics that focus on particular forms of VNX.
engineering or architectural applications need not model the phys-

ical world. Although videogames have been widely discussed asa 4 1 Integrative Research

celebration of spatial concepts [6, 39, 104], the result, as Backe [7]
observes, is a great conventionalization governing spatial design
in videogames. This conventionalization insists on foregrounding
similarities with real-world environments rather than exploring
spatial constructions speci ¢ to digital materiality.

Today, several videogames attempt to transcend such design con-
ventions and produce seemingly impossible environments, yet very
few implement genuinely non-Euclidean environments where the
space is curved and Euclid's parallel postulate does not hold. Exam-
ples such a®ortal(2007)Antichambern2013), andlanifold Garden
(2019), frequently misidenti ed as non-Euclidean, employ percep-
tual tricks within a conventional spatial frameworkl[03. Actual
non-Euclidean geometry has been implemented in only a handful
of titles, includingSuper Mario Galax{2007) and®uter Wild§2019)
that implement spherical space, attyperbolicg2022) set in hy-
perbolic space. A small body of research and artistic prototypes has
also explored navigation in non-Euclidean virtual environments
[40 46 102 103. This scarcity attests to the di culty of depart-
ing from existing conventions, which requires working against the
grain of the tools themselves. Yet it also points to a vast and largely
untapped region of the design space, concerning the capacity of
navigable media to render experienceable spatial forms that have
no counterpart in the physical world.

The integrative component of this approach draws from the model
of generic epistemology 85 87, developed for the study of con-
temporary phenomena that are inherently polyvalent in nature
taking multiple expressions simultaneously and thus present a
challenge to conventional disciplinary and interdisciplinary ap-
proaches. Our approach is further informed by discussions of inte-
grative research in the context of design inquir@3 72 86, as well

as the method of integrative literature reviews2[0, 81] for inquiry

into fragmented research areas. Beyond academic literature, we
evaluate a wide range of gray sources, media artifacts, and related
technologies.

The integrative review and examination of sources was facil-
itated through a hypertextual Research Notebook (elaborated in
Appendix). The notebook presents a structured web of intercon-
nected annotations that o ers a hypertextual elaboration of the
concept of annotated portfolios 10, 34, a format proposed for
communicating knowledge produced through RtD projects. Its con-
struction was instrumental for tracing connections across the di er-
ent dimensions of the phenomenon videogames, technologies, and
discourses allowing us to identify recurring themes, extract and
examine shared attributes such as game mechanics and design pat-
terns, reveal research gaps, and substantiate directions for inquiry.
An Interactive Timeline Visualizer (also in Appendix) complements
. this by mapping entries along the temporal dimension, facilitatin
3 Research Questions a hist}c/)ricaf)gvegrview of VNXFJ P ’
Drawing on the gaps identi ed above, we formulate three research
questions to guide this work: 4.2 Theoretical Framing
RQ1:How can exploratory design prototyping advance the under-
standing and design space of virtual navigable experience?

RQ2: How can alternative design approaches overcome the limita-
tions concerning spatial constructions ingrained in contemporary
game engines?

We frame VNX as an a ective form of experience emerging through
an enactive process.

With the concept of a ect p( we describe the felt dimension
of virtual navigation: the pre-conscious, corporeal, multisensory

RQ3: What are the components of a minimal unifying framework intensities that arise during interactive movement. A ect theory has
capable of describing the gestalt of virtual navigation, both for been previously used to discuss proprioceptid@fJand to examine

analyzing existing instances and for generating novel applications? aesthetic qualities of videogames in relation to virtual kinesthetics
and interactive spatiotemporal embodiment, b, 8, 47, 88 89. We

draw on this tradition to conceptualize VNX as a form of experience

4 MethOdOIOQy’ Theoretical Framlng, and that is di cult to externalize, communicate, or measure.

Design Project Construction Following the theory of enactivism, we frame virtual navigation
We implement anintegrativemode of researckhroughdesign ap- as a process dfituated embodied acti¢®4, 95. Enactivism bridges
plied to experimental and exploratory gamemaking, aimed at con- phenomenology with cognitive science, proposing that cognition is
tributing a strong concept @4 for the gestalt of virtual naviga- not con ned to the brain but is a situated, embodied sense-making

tion. As outlined in the introduction, a strong concept is a form  activity that cuts across the brain-body-world divisions9f. In

of intermediate-level knowledge that bridges theory with a par- this view, cognition is something we actively do as autonomous
ticular region of the design space, carrying both analytical and agents, making sense of our environment through our body, senso-
design-generative capacity. Our approach involves three interre- rimotor contingencies, and perceived capacities for action.

lated components: (1) an integrative review of relevant knowledge This perspective is particularly valuable for three reasons. First,
across literature, gray sources, media artifacts, and technologies; it provides a theoretical framework that is directly actionable in
(2) the construction of an exploratory design project pursued as a design research: as an enactive process, virtual navigation is con-
primary knowledge-generating method to probe the fundamental stituted by environmental parameters and embodied sensorimotor
and invariant components of VNX; and (3) the case study of non- contingencies, all of which are controlled by a digital artifact and
Euclidean navigable environments as a design scenario to focus can therefore be manipulated through design to explore di erent
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con gurations of enactive contexts. Second, enactivism treats cog-
nition and emotion as thoroughly integrated at biological, psycho-
logical, and phenomenological level9, supporting an under-
standing of virtual navigation as a dynamic process where action,
perception, emotion, and experience are intertwined aspects of
the same phenomenon. Third, enactivism asserts the individual's
autonomy to bring forth its own cognitive domain 99 in the
dynamic interaction with an environment based on situated embod-
ied capacities. This accounts for the inherently subjective nature of
the experience, as well as emergent behaviors that manifest only in
speci ¢ contextual interactions. It also accounts for the extension of
cognitive capacities through tools, and the perceptual transparency
of interfaces that are incorporated through habituatio8, B0, 95,

as is the case with gaming interfaces.

This framing allows us to view VNX as an aesthetic form not dis-
similar to physical activities grounded in situated embodied action.
Activities such as dancing, skateboarding, or skydiving orient the
body in particular proprioceptive conditions, requiring intuitive
skillful action and eliciting intensive multisensory forms of non-
symbolic experience. Virtual navigation presents a similar enactive
process that, however, takes place vicariously through the senso-
rimotor contingencies of an interactive avatar within a synthetic
environment where the avatar is embedded.

4.3 Design Project Construction

Integrating the above insights, we construct a design project in
experimental and exploratory gamemaking, aiming to develop an
ultimate particular [72 a design instance that best addresses our
research questions and generates knowledge bridging theory with
design practice. Our approach is informed by literature on RtD
[27, 34, 54,90 107 109 as well as cursory discussions of research
through gamemaking29 62 99 104. Rather than developing a
xed artifact or polished videogame, we set out to produce a modu-
lar and con gurable prototype. This decision re ects our aim to con-
tribute fundamental knowledge concerning a dynamic interaction
gestalt 34, 99 rather than to investigate a particular application,
and is inspired by the con gurable platformer prototype developed
by Brown [12].

4.3.1 Scopé&Ve delimit the scope of this investigation to forms
of experience that are botBpeci cto digital environments and
relatableto real-world activities. This focus enables the examina-

tion of enactive processes that engage skills and capacities akin to

those used in physical activities (relatable), while extending beyond
the constraints of the physical realm into expanded registers of
cognitive and sensory experience (speci ¢).

To re ne this scope, we introduce a set of heuristics focusing on
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skillful movement-based interaction. This excludes 2D navigation
(e.g. side-scrolling videogames), third-person perspectives, and non-
intensive forms of navigation such as way nding. We also abstract
from elements not directly related to movement, including narrative,
characterization, and environmental design.

4.3.2 Case Study: Non-Euclidean NavigaiMmexamine the case

of non-Euclidean virtual navigable environments, implementing
a relatively simple form of non-Euclidean geometry through 2D
locally-Euclidean curved manifolds embedded in 3D space. This is
to investigate forms of spatial experience that are speci c to digital
navigable media and inconstructible in the physical realm.

This case study is motivated by several considerations. First,
it provides a scenario that challenges prevailing conventions in
gamemaking, where spatial design is largely constrained by analyt-
ical simpli cations of physical space and oriented towards repro-
ducing its visual appearance. To pursue this scenario, we develop a
design approach that, akin to relativistic physics, entails a paradigm
shift from a Euclidean-Newtonian understanding of space to a rela-
tivistic conception of spacetime. This allows us to challenge and
extend design conventions embedded in current tools. Second, this
departure from conventional design assumptions serves to reveal
the fundamental and invariant components of VNX that would
otherwise remain obscured. Third, a spatiotemporal approach to
the design of dynamic interaction integrates the temporal dimen-
sion into a single conceptualization, bridging spatial and dynamic
aspects of virtual navigation that the literature tends to treat in
isolation. Fourth, because our implementation concerns curved
yet locally Euclidean geometries, ndings are not con ned to non-
Euclidean applications but are generalizable to conventional spatial
constructions as well. Finally, this case study serves to explore
the frontier of VNX, probing the limits of what current tools can
produce and what the human sensorium can experience.

4.3.3 Research through Exploratory GamemaWilegursue itera-
tive prototyping using the Unity game engine. The main challenge
of this project is the implementation of non-Euclidean navigation,
which necessitates departing from the Euclidean-Newtonian frame-
work of the engine.

enactive processes that are embodied, relatable, movement-focused

and intensive, interface-transparent, and medium-speci ¢ (de ned
in Appendix). Together, these heuristics highlight forms of VNX that
rely on intuitive and immediate movement as a dynamic skill-based
activity, best exempli ed in movement-intensive action videogames,
which have also been shown to support cognitive skill development
[21, 67, 68, 100, 101].

Accordingly, we center the investigation on intensive navigation
in 3D environments from an embodied rst-person perspective,
as well as design patterns that enable and incentivize intuitive,

Figure 2: Diagram of the virtual cosmogony concept.

To approach this challenge, we analyze the rst principles of
VNX design and conceptualize a preliminary model of virtual
cosmogony ( gure 2), consisting of two interrelated components:
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an interactive avatar (or player controller in gamemaking
terms), which provides modalities for sensing and acting to
a user via an interface, and is embedded within

a synthetic environment, comprising three consecutive lay-
ers: a core layer concerning the spatiotemporal construction
of the environment (its topology, geometry, and physics sim-
ulation); a middle layer where scenography and level design
take place; and a top layer encompassing events, goals, and
narrative content.

For this project, and in accordance with the scoping heuristics
outlined above, we focus on the dynamic interactions between the
avatar and the core layer of the synthetic environment, abstracting
from the upper layers pertaining to scenography, visual style, and
narrative.

We translate this framing into a set of design decisions to guide
prototyping. First, we pursue modularity and con gurability over
a xed artifact, inspired by the con gurable platformer prototype
developed by Browrj12], aiming to explore how di erent con-
gurations of fundamental components give rise to qualitatively
di erent forms of VNX. Second, we implement non-Euclidean nav-
igation through 2D curved surfaces embedded in 3D space. In line
with the principle of modularity, spatial constructions are gener-
ated procedurally rather than through static geometry, enabling
real-time variation and control. Third, we follow a relativistic par-
adigm, replacing the engine's default physics with procedurally
calculated gravity. Fourth, all relevant parameters concerning spa-
tial constructions, physics simulation, and avatar mechanics are
exposed to users through an in-game interface, enabling systematic
exploration of the design space. Fifth, we adapt the prototype to
accommodate di erent user interfaces (mouse and keyboard, game
controller, and VR headset) to investigate the role of sensorimotor
coupling in shaping VNX.

5 Design Outcomes

5.1 Implementation

Following multiple design iterations, we develop a minimal, mod-
ular, and con gurable prototype in Unity capable of producing a
range of qualitatively di erent navigable environments ( gure 1).

We approach the production of spatial constructions through
procedural mesh generation. We develop an engine to generate
free-form ground surfaces by extruding 2D sections along linear
or curved paths in real-time. This approach produces a set of non-
standard yet locally Euclidean geometries in 3D space ( gure 3),
including tubular, rectilinear, contorted, toroidal, and M&bius sur-
faces, in addition to conventional at surfaces.
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Figure 3: Ground surfaces produced through procedural
mesh generation (top), and their corresponding relativistic

gravitational patterns (bottom), demonstrating the range

of locally Euclidean geometries achievable through this ap-
proach.

Figure 4: Two player controllers on independent relativistic
frames of reference navigating a torus surface, demonstrat-

To make these surfaces navigable, we develop a procedural and ing orientation adaptation on non-standard geometries.

relativistic gravity engine. Each ground surface is assigned a gravita-
tional behavior according to its cross-section ( gure 3), and gravity
is computed individually for each rigid body in real-time relative
to its adjacent ground surface. This replaces the engine's built-in
absolute gravity with a relativistic model in which gravitational
orientation is determined locally rather than globally.

To render these environmental constructions experienceable, we
develop a rst-person player controller that resides on a relativistic
frame of reference, allowing it to adapt dynamically to arbitrary
surface orientations rather than being locked to a xed vertical

axis (gure 4). A spring system keeps the controller hovering at a
xed distance from the ground surface, avoiding potential errors of
conventional collision-based movement mechanics. Movement me-
chanics are adapted from fast-paced FPS games, including jumping,
double jumping, and dashing.

All dynamic properties and mechanics of the player controller are
exposed through a Player Intentionality Editor ( gure 5), allowing
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