Innovations in Machine Intelligence (IMI), 2025, 1—14
INNOVATIONS IN
MACHINE INTELLIGENCE

NATURAL PRINCIPLES AND ARTIFICIAL MODELS . ..
doi: 10.54854/imi2025.01

RESEARCH

Vegetables, Enemies, and Emergence: A Playable Game
of Life on Nintendo for Educational Purposes

Bruno Senzio-Savino Barzellato 1 2 and Faramarz Alsharif 3> *

1SenzioTek S. de R.L. , Fray Junipero Serra 149, Padua 88 , Paseo San Junipero, Queretaro, Queretaro , 76146 ,
https://www.senzio-tek.com

2Graduate School of Science and Engineering, Yamagata University, Japan (Invited Researcher)

3 Graduate School of Science and Engineering, Department of Informatics and Electronics , Electrical and Electronics
Communication Engineering , Yamagata University, 4-3-16, Jonan, Yonezawa City, Yamagata Prefecture 992-8510

*Corresponding author: asharif@yz.yamagata-u.ac.jp

Abstract

Conway’s Game of Life is a foundational model in cellular automata and artificial life research, with implementations spanning
mainframes, personal computers, calculators, and modern interactive platforms. However, only a handful of attempts have been
made to bring real-time Life simulation to the Nintendo Entertainment System (NES) or the Famicom, primarily as
non-interactive technical demonstrations constrained by the console’s limited memory, lack of a frame buffer, and strict PPU
(Picture Processing Unit) timing. No prior work has integrated a full cellular automaton into a playable, narrative-driven game
under authentic 8-bit hardware conditions. This article presents a novel, fully interactive implementation of the Game of Life
embedded within a two-phase NES/Famicom game. Developed through a hybrid workflow combining NESmaker for high-level
scene management and CA65 assembly for low-level, cycle-accurate logic, the system enables a real-time Life simulation on a

5 x 5 grid executed entirely within the console’s VBlank (Vertical Blank Interval) constraints. Player actions in Phase 1 (a
vegetable-collection scroller with AI-driven enemies, NPC interactions, and variable risk-reward dynamics) directly determine
the initial state of the automaton in Phase 2, where optimized palette transitions, serpentine grid traversal, and compact state
encodings make real-time updates feasible despite 2 KB RAM (Random Access Memory) and tile-based rendering limitations. The
result is a console-native artificial-life game: a system in which emergent behavior, deterministic rules, and interactive gameplay
coexist on hardware never designed for such computational tasks. Beyond demonstrating technical feasibility, this work shows
how constrained retro platforms can serve as powerful educational tools for teaching discrete mathematics, complexity, and A-Life
(Artificial Life) concepts through embodied, exploratory play.

Key words: cellular automata; Conway’s Game of Life; Nintendo Entertainment System; Famicom,; retro game development;
game-based learning

Introduction

Cellular automata have long provided a compelling framework for
understanding emergent behavior in discrete dynamical systems.
Conway’s Game of Life, introduced by Gardner in 1970 [1], remains
the canonical example of how simple local rules can generate com-
plex, large-scale structures. Since then, cellular automata have
been used extensively to model computation, biological growth,
and artificial life (A-Life) [2, 3, 4]. These systems are particularly

valued for demonstrating how algorithmic simplicity can lead to
unexpected and interpretable emergent behavior.

Artificial Life (A-Life). The Game of Life occupies a central po-
sition in A-Life research as an archetype of bottom-up complexity.
Classic work in the field emphasizes that emergent structure arises
from local interactions rather than top-down control [3, 4]. Embed-
ding such a system inside a playable game environment enables a
hybrid form of computational interaction in which player decisions
influence the initial state of an autonomous dynamical process.
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Human—Computer Interaction on Retro Hardware. Con-
straints in older systems such as the Famicom/NES introduce
unique HCI characteristics. Because the NES lacks a frame buffer,
imposes strict timing windows for VRAM (Video RAM) access, and
limits sprite rendering to eight sprites per scanline [5, 6], devel-
opers must design interfaces that respect the architecture’s deter-
ministic timing. These constraints create an environment where
algorithmic expressiveness and player interaction must be carefully
co-designed [7].

Retrocomputing and Historical Preservation. Retro hardware
has experienced renewed academic attention. Researchers argue
that older systems represent historically significant computational
models whose technical limitations can reveal fundamental in-
sights about algorithmic design [8]. The contemporary homebrew
movement has transformed retro platforms into experimental en-
vironments for artistic expression, pedagogy, and unconventional
computing [9].

Game Design and Emergence. Unlike classical arcade
games—which typically emphasize deterministic reward struc-
tures and fixed outcome patterns—emergence-based game design
leverages non-linear behaviors that arise from the interaction of
simple rules and player actions within a system [10]. By linking veg-
etable collection (Phase 1) with the initialization of a Game of Life
grid (Phase 2), this project creates a dependency between action-
based gameplay and emergent simulation.

Educational Applications of Retro Games. Studies have shown
that retro-style interfaces can stimulate curiosity and learning in
ways that differ from modern high-fidelity environments [11]. The
NES, with its iconic aesthetic and tactile simplicity, is particularly
effective for introducing computational ideas such as discrete math-
ematics, cellular automata, and basic Al behaviors to younger learn-
ers.

In light of these intersections, this work presents a complete,
fully playable implementation of Conway’s Game of Life as a core
game mechanic on the Famicom/NES. Unlike previous attempts
that treated Life as a static technical demo, the system presented
here embeds the automaton into a multi-phase gameplay loop
where the player’s strategic choices materially shape emergent out-
comes. The result is a hybrid of A-Life simulation, retrocomputing
practice, and computational learning through interactive play.

The NES/Famicom Hardware Constraints

The Nintendo Entertainment System (NES) and its Japanese coun-
terpart, the Famicom, operate under severe architectural limita-
tions that strongly influence all aspects of rendering, memory man-
agement, and algorithmic behavior. These constraints have been
extensively documented in platform studies and hardware analy-
ses [8, 12, 5]. Understanding these limitations is essential when
embedding real-time cellular automata into a playable game loop.
The most relevant constraints include:

- 2 KB of system RAM, shared between gameplay state, stack
operations, temporary buffers, and pseudo-random seeds.

- No frame buffer: the PPU renders directly from name tables
and CHR (Character ROM/RAM) memory, allowing background
changes only during the restricted VBlank window [5].

- Sprite limits: 64 total sprites and a strict maximum of 8 sprites
per scanline, producing flicker if exceeded [8].

- Palette constraints: four background palettes and four sprite
palettes, each providing three visible colors plus transparency
[9l.

- Fixed tile sizes: 8x8 or 8x16 pixel tiles, with visual composition
determined entirely by CHR pattern layout.

Hybrid Development Workflow: NESmaker + CA65
This project was developed using a hybrid workflow that combines:
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Figure 1. Homebrew NES cartridge with game manual and box art

- NESmaker [13] as the high-level framework responsible for
managing screen definitions, collision maps, basic asset
pipeline, and event hooks; and

- custom CA65 assembly routines integrated into NESmaker’s
backend to implement low-level logic, optimized PPU updates,
and the entire Game of Life simulation kernel.

NESmaker provides a structured environment for defining
screens, entities, and tilesets, enabling rapid iteration and data-
driven organization. However, its scripting layer and built-in vir-
tual machine are insufficient for real-time cellular automata or
cycle-counted PPU operations. Therefore, this work extends the
NESmaker engine with:

- hand-authored 6502 routines for neighbor counting, grid
traversal, and state transitions,

- custom VRAM update logic inserted into the NMI handler,

- serpentine mapping—based traversal to minimize cursor move-
ment and VRAM access,

- palette-encoded state changes to avoid full tile rewrites,

optimized CHR usage to keep attribute updates within VBlank

limits.

Implications for Real-Time Cellular Automata

Running a cellular automaton such as Conway’s Game of Life on
NES hardware normally exceeds timing limits, as naive implemen-
tations require:

- double buffering or temporary storage for two grid generations,
- full-screen background updates each iteration,
- OAM edits for visible cursors and interactive elements.

By combining NESmaker’s structured scene management with
CA65-level optimizations, the system presented here achieves real-
time Game of Life evolution on authentic hardware without exceed-
ing VBlank constraints [14]. This hybrid model demonstrates that
high-level tooling and low-level programming can work together
to expand the expressive capabilities of 8-bit consoles far beyond
their originally intended design.

Development Tools for NES Homebrewing

Modern NES homebrew development relies on a diverse ecosys-
tem of cross-platform toolchains, assemblers, ROM (Read-Only
Memory) builders, and debugging environments. These tools allow
developers to work within the tight constraints of the NES archi-
tecture while enabling behaviors originally thought impractical for
8-bit hardware.
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- ca65assembler from the CC65 suite [15], used for 6502 assembly
programming and linker-based ROM construction.

- NES Screen Tool [16], widely employed for generating CHR
graphics, palettes, name tables, and tile-based backgrounds.

- FamiTracker [17], a tracker-style audio tool used to produce NSF
music compatible with the NES APU.

- Emulators such as FCEUX and Mesen [18], providing PPU view-
ers, OAM inspectors, breakpoint debugging, and trace logging
essential for cycle-accurate optimization.

- NESmaker [13], a graphical ROM-building environment en-
abling non-programmers to create NES games through data-
driven scripting and asset pipelines.

- GameMaker Studio [19], often used for prototyping NES-style
logic and gameplay before translating the mechanics into cycle-
accurate 6502 assembly.

Together, these tools form a modern development workflow
that bridges accessible design environments with low-level hard-
ware programming. In this project, a fully custom ca65 codebase
was created, including hand-optimized PPU update routines, cycle-
counted logic for the Game of Life kernel, and bespoke memory-
bank layouts. NESmaker and GameMaker were used only for pre-
liminary prototyping and asset exploration, whereas the final im-
plementation is written entirely in cycle-accurate assembly for
authentic hardware execution. Figure 1 shows the physical NES
homebrew cartridge with it’s box and game manual for educational
purposes utilizing a diversified pedagogical approach.

Game of Life Overview

Conway’s Game of Life, introduced in 1970 in Martin Gardner’s
“Mathematical Games” column [1], is a two-dimensional cellular
automaton defined on an infinite orthogonal grid. Each cell ex-
ists in one of two possible states—alive or dead—and the global
evolution of the system emerges from the synchronous applica-
tion of four simple rules. Despite this simplicity, the system is
capable of producing complex behaviors, long-range interactions,
self-replication, and computational universality [20, 2, 21].

The rules governing the update of each cell can be formally ex-
pressed in terms of the Moore neighborhood (the eight surrounding
cells):

For populated (alive) cells:

- Acell with 0—1 neighbors dies of underpopulation.
+ A cell with 4 or more neighbors dies of overpopulation.
- Acell with 2—3 neighbors survives to the next generation.

Figure 2 presents these rules in a graphical fashion.

For empty (dead) cells:
+ A cell with exactly 3 neighbors becomes alive (reproduction).

Together, these transitions produce a rich taxonomy of emer-
gent phenomena:

1. Still Lifes

Stable formations that remain unchanged across generations (e.g.,
block, beehive). These represent equilibrium solutions of the au-
tomaton’s update function.

2. Oscillators
Patterns that repeat in cycles of period p > 2, such as blinker, toad,
and pulsar. Oscillators illustrate periodic attractors in the system’s
phase space.

A Game of Vegetable Life

Figure 2. Example representation of conventional Conway’s Game of Life patterns

3. Spaceships

Translating patterns such as the glider and lightweight spaceship
(LWSS), which propagate across the grid. Spaceships demonstrate
non-local information transfer and momentum-like behavior.

4. Chaotic and Long-Lived Structures

Configurations capable of extremely long transients, pseudo-
random behavior, or computational processes. Examples include
breeders, guns, and rakes [22].

5. Computation and Universality

Life is Turing-complete: it can simulate arbitrary computation
through the composition of logic gates built from glider streams
and stable reflectors [21]. This makes it one of the earliest and
most accessible examples of universal computation emerging from
minimalist rules.

Pedagogical Relevance

The system’s mix of simplicity and emergent complexity makes it
ideal for demonstrating:

- discrete dynamical systems,
- local vs. global interactions,
- complexity and self-organization,
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- algorithmic determinism vs. unpredictability,
- fundamental principles of artificial life (A-Life).

In the context of this project, the Game of Life is transformed
into a playable simulation where player-collected vegetables ini-
tialize the grid. This bridges intuitive game mechanics with formal
computational concepts, allowing learners—especially younger au-
diences—to interact directly with emergent phenomena through a
retro hardware interface.

Through repeated simulation attempts and guided stochastic
initialization, players are exposed to the inherent difficulty of pre-
dicting long-term behavior in the Game of Life. Even when start-
ing from similar conditions, patterns may rapidly stabilize, oscil-
late, or vanish entirely, while others persist unexpectedly. This
experiential interaction provides an intuitive understanding of
undecidability-like behavior and long-term unpredictability in cel-
lular automata, without requiring formal mathematical framing.
The cooking metaphor reinforces this concept: players may nat-
urally seek to “cook a successful dish” in which patterns persist,
rather than watching all ingredients disappear, motivating explo-
ration of persistence, extinction, and emergent structure through

play.

Game of Life on Other Systems and NES/Famicom

Since its publication in 1970, Conway’s Game of Life has been imple-
mented across a wide spectrum of computational platforms, each
leveraging different architectural affordances [23, 24]. Early im-
plementations on mainframes and personal computers benefited
from character-based displays, frame buffers, and comparatively
abundant memory, enabling large grids and continuous visualiza-
tion.

Beyond traditional computers, Life has also been implemented
on constrained or specialized platforms, including:

- Scientific calculators, such as the TT-83/84 series and HP pro-
grammable calculators, where severe memory and display limi-
tations required extreme optimization [25].

- Graphing terminals and oscilloscopes, using pixel-intensity
modulation to visualize cellular evolution.

- Web-based simulations, which remain the most widespread
today and support high-resolution grids, GPU acceleration, and
interactive editing [26].

- Mobile devices, where touchscreen interfaces enable direct ma-
nipulation and multi-scale exploration.

- Gaming consoles, though far more rarely, including:

— aSegaGenesis technical demonstration using large-tile tran-
sitions [27];

— a Game Boy homebrew implementation relying on
monochrome palette cycling [28];

— experimental shader-based implementations on PlayStation
and PSP development kits.

Despite this diversity, Game of Life implementations on the
NES/Famicom remain exceedingly rare. The platform’s lack of a
frame buffer, strict VBlank timing constraints, and tile-based ren-
dering pipeline severely restrict feasible grid sizes and update rates
(5, 8].

Several NES/Famicom Game of Life implementations have
been documented in community-driven technical archives and
emulator-based experiments. For example, early homebrew ROMs
discussed on the NESdev forums present Life as a background-tile
visualization updated at reduced speed to accommodate VBlank
limitations [29]. Additional demonstrations include Lua-scripted
Game of Life simulations executed within the Mesen emulator, pri-
marily intended to explore PPU timing behavior and VRAM update
strategies rather than gameplay integration [30]. These examples

Figure 3. Example Life pattern rendered using NES tile palettes on a constrained
grid [31]).

Table 1. Representative Game of Life implementations on NES/Famicom.

Implementation Grid size Interactivity
Homebrew ROM (2004) [29] 32 % 30 Minimal (pause/reset)
Mesen Script Demo [30] Configurable  Cell edit, zoom
Community ROM (2011) [29] ~ 16 X 14 No in-game input
This work 5x5 Full gameplay loop

typically emphasize rendering feasibility and timing constraints,
offering limited or no player interaction.

Most known NES/Famicom Life projects originate from the
homebrew community and are typically distributed as experimen-
tal ROMs or emulator scripts [29, 30]. Their primary purpose is
generally to stress-test VRAM updates or demonstrate tile-based
animation, rather than to serve as complete, interactive games.

Table 1 summarizes representative NES/Famicom Game of Life
implementations reported in community resources. While not ex-
haustive, it illustrates the prevailing design space: relatively large
grids, limited interaction, and an emphasis on visualization rather
than gameplay integration.

In contrast to prior work, the implementation presented here
integrates the cellular automaton directly into a complete gameplay
loop. Player actions in the first phase of the game influence the
initialization of the Life grid in the second phase, transforming the
automaton from a passive visualization into a central, interactive
artificial-life mechanic.

This positions the project not merely as another NES Life demon-
stration, but as a console-native artificial-life game in which emer-
gent dynamics are structurally and mechanically central.

A-Life Veggie GoL (Game of Life) Implementation
Pedagogical Artifacts and Game Manual

To support the educational objectives of the game, a printed game
manual accompanies the physical NES homebrew cartridge. Rather
than serving solely as supplementary documentation, the manual
is intentionally designed as a core pedagogical artifact that prepares
players to engage with the Game of Life simulation. Figure 5 shows
selected pages from the manual that are used as part of the learning
scaffold.

The manual introduces the fundamental principles of Conway’s
Game of Life—including binary cell states, neighborhood-based
update rules, emergence, persistence, and extinction—using di-
agrams and language accessible to non-technical audiences. By
externalizing these concepts outside the gameplay loop, the man-
ual enables players to form mental models before interacting with
the simulation.

Two dedicated sections of the manual are particularly relevant
(Figure 5). The first explains the mechanics of the “Cooking Stage,”
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describing how the 5 x 5 grid evolves over time and how each iter-
ation corresponds to a Life update. The second clarifies the map-
ping between vegetables collected during Phase 1 and active cells in
Phase 2, emphasizing that vegetable diversity is a visual metaphor
layered over a strictly binary cellular automaton.

The manual also explicitly documents the restart mechanism
used in Phase 2 (Figure 5), noting that each restart generates a
new stochastic initialization of the grid. This design encourages
exploratory learning by allowing players to compare multiple emer-
gent outcomes under similar initial conditions.

By combining interactive gameplay with a tangible instructional
artifact, the system adopts a diversified pedagogical approach that

integrates embodied play, visual observation, and reflective read-
ing. This structure directly addresses concerns regarding clarity,
learning objectives, and the connection between game mechanics
and artificial life concepts.

Game Description

The game is built through a hybrid pipeline in which NESmaker
manages the structural components—title screen, world map lay-
out, entity placement, and collision environments—while the
gameplay logic, Al routines, and Game of Life simulation are ex-
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Figure 5. Selected pages from the printed game manual explaining the Game of Life mechanics, vegetable-to-cell mapping, and restart behavior as part of the pedagogical

design.

ecuted using custom CA65 modules integrated into NESmaker’s
engine.

Entity behaviors such as enemy pursuit, projectile attacks,
random-walk animals, interactive NPCs, and information kiosks
are registered in NESmaker’s scene editor but are executed by CA65
routines that override the default script functions. The frying-pan
simulation environment in Phase 2 is defined visually in NESmaker
but updated entirely through assembly routines that control the
palette logic, serpentine indexing, and per-tick neighbor computa-
tion.

The game begins at the Title Screen. When the player presses
Start, the system enters the main lobby, which displays six barns
representing the six levels. The player must navigate each barn-
themed stage, collecting vegetables while avoiding enemy attacks.
Each enemy collision removes collected vegetables, and three hits
trigger a Game Over transition back to the Title Screen. Figure 4
provides the overall screen set and menus for the game and Figure
6 presents the game diagram in a nutshell.

Throughout the levels, information kiosks provide interactive
explanations of how Game of Life works. These optional educational
prompts help players understand the simulation stage that follows.

Upon completing the six stages, or collecting a sufficient num-
ber of vegetables, the player proceeds to the second gameplay phase:
the “Cooking Stage,” which visually represents a frying pan and
serves as the Life simulation environment.

After the Life simulation concludes or is interrupted by the
player, the game proceeds to an ending screen, after which pressing
Start restarts the full cycle.

Fundamental Artificial Life Principles and Gameplay Mapping

The game is explicitly designed to expose players to fundamental
principles of artificial life through direct interaction and exploratory
play. Rather than presenting these concepts abstractly, each princi-
ple is embodied through specific gameplay mechanics distributed
across the two main phases of the game and reinforced through the
in-game manual.

Emergence. Emergence is demonstrated through the Game of
Life simulation in Phase 2, where complex global patterns arise
from simple local interaction rules. Players observe that no cen-
tralized control exists, yet coherent structures such as oscillators,
stable patterns, or extinction events emerge over time.

Self-Organization. The autonomous reconfiguration of the grid
during the cooking phase illustrates self-organization. Once initial-
ized, the system evolves independently of the player, highlighting
how structure can arise from decentralized, rule-based dynamics.

Persistence and Extinction. Players are exposed to the concept
of persistence by observing which configurations survive across
multiple generations and which collapse rapidly. The repeated abil-
ity to restart the simulation allows comparison between persistent,
oscillatory, and vanishing configurations.

Unpredictability. Despite deterministic rules, the long-term be-
havior of the system is difficult to anticipate from initial conditions.
This unpredictability is reinforced through stochastic initializa-
tion and repeated simulation attempts, encouraging exploratory
learning rather than prescriptive control.

Non-trivial Temporal Evolution. Unlike static rule demonstra-
tions, the Life simulation evolves over extended time horizons,
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allowing players to observe long transients, delayed stabilization,
or sudden collapse. This reinforces the idea that meaningful com-
putation and behavior can unfold over time in artificial life systems.

Phase 1 (vegetable collection) indirectly influences these princi-
ples by determining the initial population density and composition
of the grid, while Phase 2 (the frying-pan simulation) exposes the
emergent dynamics directly. The printed and digital game manual
complements gameplay by explicitly explaining these principles
in age-appropriate language, reinforcing the learning objectives
introduced through interaction.

Relation to Gamification and Serious Games Literature

The pedagogical design of the proposed game aligns with estab-
lished principles in the literature on gamification, serious games,
and exploratory learning. Serious games emphasize learning
through structured interaction rather than explicit instruction, al-
lowing players to construct understanding through experimenta-
tion and feedback [32, 33].

Gamification research highlights the importance of motivation,
challenge, and meaningful feedback in sustaining engagement
and supporting learning outcomes [34, 35]. In the present work,
risk—reward dynamics during vegetable collection, the possibility
of failure and recovery, and the delayed reveal of emergent behavior
in the Game of Life simulation serve as intrinsic motivators rather
than external scoring mechanisms.

Exploratory and discovery-based learning frameworks further
support the use of open-ended systems where learners are encour-
aged to test hypotheses, observe outcomes, and refine intuition over
repeated interactions [36, 37]. The guided randomness employed
in the initialization of the Life grid intentionally avoids prescriptive
configuration, instead promoting experimentation and comparison
across multiple simulation runs.

By embedding these principles within a constrained retro-

Level Exit
Pick up Counter
{for GolL)

Life Counter (3)

Foe

Player Stage Start
Infermation

Figure 7. HUD and gameplay elements of the vegetable-collection phase.

hardware environment, the game functions as a serious game that
prioritizes engagement, curiosity, and conceptual understanding
over optimization or performance metrics. This positioning situ-
ates the work within existing pedagogical frameworks while high-
lighting the unique affordances of retro platforms for educational
game design.

Phase 1: Veggie Collection

During the vegetable-collection stage, the player character tra-
verses scrolling environments containing:

- autonomous enemies following predefined movement patterns
- collectible vegetable pickups

- informational kiosks accessible via a button press

- environmental obstacles with collision detection

The player may explore freely, collecting as many or as few veg-
etables as desired. However, each collision with an enemy reduces
the vegetable inventory, and a total of three collisions result in a
full game reset. This creates a trade-off between exploration, risk
management, and preparation for the Game of Life simulation in
the second phase. Figure 7 shows the typical screen HUD and flow
in a maze-like genre game.

Phase 2: Veggie GoL Simulator

The second phase displays a stylized frying pan containinga 5 x 5
Life grid. Each collected vegetable acts as a living cell in the initial
configuration. Additional hidden buffer cells support the move-
ment of the “hot 0il” cursor, which sweeps across the grid every
five seconds to update all states. The frying-pan simulation screen
is structured visually using NESmaker’s tile and palette tools, while
all cellular automaton updates are executed by CA65. NESmaker
defines the static layout, but CA65 controls palette changes, serpen-
tine traversal, neighbor evaluation, and timing. This hybrid design
enables a visually intuitive environment combined with mathe-
matically correct Game of Life evolution running in real time. The
player may allow the simulation to run indefinitely, restart it, or
trigger the ending screen.

Each restart of the game triggers a new stochastic initializa-
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tion of the 5 x 5 grid, generating a different distribution of active
(vegetable) cells based on the same collection constraints. This al-
lows players to explore, compare, and reflect on multiple emergent
outcomes arising from identical or similar gameplay conditions.

The simplicity of the grid supports concise visualization of emer-
gent patterns, while palette changes provide rapid feedback under
strict PPU constraints. Figure 8 presents the GoL screen and flow
of simulation. Although multiple vegetable sprites are used in the
visual representation of the Game of Life grid, the underlying cel-
lular automaton remains strictly binary. Each cell exists in one of
two logical states: active (state = 1) or inactive (state = 0). Active
cells are rendered using a vegetable sprite, while inactive cells are
displayed as empty grid positions.

Sorting Out the Veggies

The transition from Phase 1 to the Game of Life simulation requires
translating the player’s vegetable collection into a valid initial con-
figuration for the 5 x 5 frying-pan grid. This step is performed
through a lightweight initialization algorithm designed specifically
for the constraints of the NES Picture Processing Unit (PPU). The
algorithm produces a structured sequence of cell states based on: (1)
vegetable quantity, (2) vegetable type, and (3) palette assignment
(Figure 9).

The vegetable-collection phase is constructed using NES-
maker’s level editor, which defines scrolling tile maps, collision
zones, and entity spawn points. However, enemy Al behav-
ior—including pursuit heuristics, random-walk generators, projec-
tile timers, and autonomous animal movement—is implemented
through CA65 extensions injected into NESmaker’s event handlers.
This allows the enemies to exhibit complex behavior while main-
taining cycle accuracy.

The NES provides no hardware random-number generator, but
its cycling registers and frame-based timing cues can be repurposed
to generate pseudorandom values. These values seed the selection
of:

- one of four available vegetable sprite archetypes

- one of four background palette entries

- one of two possible binary cell states (occupied or empty)

- a1x2 vegetable arrangement used as the atomic placement unit

[ sib10)

[ 'sib2w)

. b 3E)
.. : .ﬂ
b4 R)

Figure 9. Sorting and placement pipeline for vegetable-based cell initialization.

This 1x2 block structure is not arbitrary; it reflects the under-
lying memory and sprite limitations of the PPU. Using a compact
two-tile pattern reduces the total number of attribute updates and
permits local reuse of CHR patterns without incurring excessive
tile-swapping overhead.

Frying the Veggies

At the outset, the frying pan grid is empty. After a five-second
initialization, vegetables are distributed randomly based on the
results from Phase 1. If no vegetables were collected, the simulation
remains static as the cursor traverses empty cells.

For populated grids, each full sweep of the oil cursor performs a
complete Life iteration. Cells outside the 5x5 boundary are discarded
to maintain spatial coherence. The player may continue iterations
indefinitely, restart the simulation, or exit to the ending sequence.

1. Serpentine Mapping Strategy
To efficiently populate the 5 x 5 grid, we employ a serpentine mapping
traversal. In this pattern, the algorithm fills the first row from up
to down, the second from down to up, and so on. This alternating
pattern continues until all 25 cells are assigned.

This approach offers several advantages in the constrained NES
environment:

- Minimal cursor movement: Serpentine traversal reduces the
Manbhattan distance between successive cell updates. On hard-
ware without a frame buffer, every unnecessary VRAM update
increases the risk of overrun during VBlank.

- Efficient PPU attribute usage: Because each serpentine row
shares adjacency with the next in vertical order, palette attribute
table writes can be batched and require fewer updates per scan-
line.

- Reduced sprite burden: The frying-pan grid relies on back-
ground tiles rather than sprites; however, sprite-based indica-
tors (such as the hot-oil cursor) must move between cells. The
serpentine route minimizes sprite displacement, reducing OAM
update load.

- Deterministic timing: Knowing the exact spatial order of up-
dates allows pre-counted cycles in CA65, ensuring the system
never exceeds VBlank constraints.
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1. Start /| Restart

3.N Iteration N

Figure 10. Life-iteration cycles driven by the oil cursor refresher.

In combination, these factors make serpentine mapping the
optimal traversal method for grid initialization on NES hardware.

2. Interaction With NES PPU Constraints
The NES PPU imposes strict limitations that fundamentally shape
the grid-update strategy. The system relies on:

- Name Table memory (960 bytes) for tile indices,

- Attribute Tables (64 bytes) for palette assignment per 16x16
block,

- CHR ROM/CHR RAM for tile patterns,

- Object Attribute Memory (OAM) for sprite handling.

Since VRAM is writable only during VBlank (about 20 scanlines),

2. Random Sorting (7)

3. Simulation Start

3.4 Iteration 4

3.1 Iteration 1

3.3 Iteration 3

updating the frying pan requires a highly optimized sequence:

i. Precompute the serpentine indices during NMI setup.

ii. Write two consecutive tile indices (for the 1x2 vegetable block)
in a single VRAM burst.
iii. Update attribute bytes only when the palette assignment dif-
fers from the previous cell.
iv. Move the oil cursor sprite minimally between adjacent cells.

This design ensures that no frame exceeds the available VBlank
window, preserving gameplay smoothness and eliminating tearing
or missed updates.
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Figure 11. Player feedback and educational testing with children.

3. Integration With Gameplay Semantics

The serpentine mapping does more than improve performance: it
also mirrors the conceptual metaphor of cooking. The oil cursor
sweeps the frying pan in a visually coherent, back-and-forth pat-
tern, reinforcing the analogy of a sizzling surface. Thus, the player
experiences both computational logic and playful visual feedback,
bridging A-Life theory and game design.

Overall, the sorting and mapping subsystem is not only a tech-
nical requirement for operating under 8-bit constraints, but also a
deliberate aesthetic and pedagogical design choice that prepares the
grid for meaningful Life evolution in Phase 2. Figure 10 summarizes
graphically the algorithm implementations.

4. Unbounded Iteration and Player-Controlled Convergence

A distinctive feature of this implementation is that the Life simu-
lation is not restricted to a predetermined number of generations.
Instead, the system is engineered to operate indefinitely, enabling
the player to observe emergent structures across arbitrarily long
temporal horizons. This aligns with established treatments of cel-
lular automata as open-ended dynamical systems [38, 39].

Technically, unbounded evolution is feasible because each gen-
eration update resides within the strict VBlank-time computational
budget dictated by the NES PPU. No cumulative frame latency is
introduced, and the constrained 5 x 5 topology ensures that the
state space remains tractable—avoiding the exponential explosion
associated with larger grids [40]. Thus, real-time responsiveness
is preserved across long iteration sequences.

In effect, the simulation functions not only as a gameplay me-
chanic but also as an open-ended artificial-life laboratory, allowing
players to inspect long-term emergent behaviors under strict hard-
ware constraints while maintaining complete control over temporal
exploration.

Results

The evaluation presented in this work is qualitative and exploratory
innature. The goal of the study is not to provide a formal assessment
of learning outcomes, but rather to demonstrate the feasibility and
educational potential of embedding an artificial-life simulation into
a playable NES game under authentic hardware constraints.

Observations were gathered through informal play sessions
with children and adult participants, focusing on engagement, cu-
riosity, and conceptual understanding rather than quantitative per-
formance metrics. Participants were encouraged to interact freely
with both gameplay phases and to restart the simulation multiple
times in order to observe differences in emergent behavior.

Based on these observations, players demonstrated increased
curiosity about how the Game of Life operates(Figure 11), partic-

ularly regarding persistence, extinction, and unpredictability of
patterns. These findings are reported as qualitative indicators of
pedagogical potential rather than validated educational outcomes.

Further Work

Future work includes optimizing the Game of Life update kernel,
expanding grid sizes within mapper constraints, and developing
additional educational games for subjects such as orthodontics,
biological growth models, or next-generation strategy games.

Moreover, we aim to integrate mixed-reality interfaces and EEG-
based control systems with retro hardware, combining traditional
console aesthetics with modern interactive modalities.

In addition to the extensions proposed above, future work may
explore the intersection between artificial-life simulations on con-
strained hardware and concepts from renewable energy systems.
Cellular automata have been used extensively to model diffusion
dynamics, distributed control, and emergent optimization pro-
cesses relevant to photovoltaic arrays, smart-grid behavior, and
energy harvesting strategies (41, 42]. Because the present system
demonstrates how rule-based emergent behavior can be executed
efficiently under extreme computational limitations, an intriguing
direction involves adapting similar lightweight simulation kernels
to educational tools that explain renewable energy distribution,
decentralized energy management, or the behavior of microgrids.

Furthermore, the hybrid NESmaker—CA65 architecture could
be repurposed to create simplified, visually intuitive simulations
that introduce younger learners to renewable energy concepts
through retro-style interactive experiences. These might include
grid-balancing games, energy-flow visualizations implemented as
cellular automata, or low-power embedded systems demonstrating
sustainability principles. Such extensions would align artificial-
life research with pedagogical efforts in environmental awareness
and renewable energy education, thereby broadening the societal
impact of constrained-platform simulations.

A formal quantitative evaluation of learning outcomes—such as
controlled studies, pre/post testing, or comparative analysis with
alternative teaching tools—is beyond the scope of the present work
and is identified as a clear direction for future research.

Discussion

The hybrid NESmaker—CA65 methodology used in this project
demonstrates that high-level tooling and low-level hardware-
oriented programming can coexist to produce emergent artificial -
life behaviors on highly constrained 8-bit systems. NESmaker en-
ables rapid prototyping, visual iteration, and structured scene orga-
nization, while CA65 provides the precision necessary to implement
real-time cellular automata within strict VBlank and memory limi-
tations.

This dual-tool approach reveals an important insight: educa-
tional game systems on retro hardware benefit from tooling that
supports both conceptual accessibility and technical depth. NES-
maker lowers the barrier for constructing visually consistent game
worlds, whereas assembly-level logic encourages analytical reason-
ing about memory, timing, algorithmic efficiency, and determinis-
tic state evolution.

The results of this project support the idea that hybrid workflows
may play a significant role in computational education, retrocom-
puting research, and interactive A-Life demonstrations.

Potential Implications

Beyond its immediate technical contributions, the present work
suggests several broader implications for research and education.
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First, implementing cellular automata on retro hardware provides
a novel approach to studying minimal computational substrates for
artificial life. By reducing the system to strict hardware constraints,
researchers can better isolate which properties of emergence per-
sist under limited memory, fixed-tile graphics, and deterministic
timing environments.

Second, this work may influence pedagogical practice. Retro
consoles offer a unique entry point for teaching algorithmic think-
ing: students engage with a system that is both approachable and
historically meaningful. The tactile and visual character of NES
hardware can support interdisciplinary lessons combining comput-
ing, mathematics, and digital arts.

Third, the methodology demonstrated here—palette-based en-
coding of state changes, serpentine grid traversal, and PPU-timed
refresh—may be applicable to other educational or simulation-
based games on constrained platforms. While this is not intended as
proof of broader importance, it highlights that constrained systems
can serve as experimental testbeds for computational creativity.

Finally, in a personal opinion of the author, this type of project
encourages a re-evaluation of the role of retro gaming hardware
as a vehicle for contemporary research. Rather than obsolete sys-
tems, consoles like the Famicom can become modern laboratories
for A-Life, discrete mathematics, and HCI (Human—Computer In-
teraction) studies when augmented with thoughtful game design.

Methods

This project employs a hybrid development methodology that in-
tegrates high-level tooling from NESmaker with low-level, cycle-
accurate programming in CA65 assembly. This structure supports
rapid asset iteration while enabling the implementation of real-
time cellular automata, which are not feasible using NESmaker’s
scripting layer alone.

Development Workflow

NESmaker [13] serves as the organizational framework for screen
construction, entity placement, collision maps, and general scene
transitions. Its data structures provide a structured and modifi-
able environment for orchestrating the six overworld stages, the
vegetable-collection mechanics, and the transition to the Game of
Life simulation.

However, the kernel of the system—including the neighbor-
counting routines, generation updates, serpentine grid traver-
sal, palette manipulation, and VRAM write scheduling—is imple-
mented exclusively in CA65 assembly. These custom routines are
injected through NESmaker’s project-level hooks, replacing or ex-
tending the tool’s default virtual machine.

Low-Level Implementation

Because the NES lacks a frame buffer and only allows background
modifications during VBlank, a fully hand-optimized approach was
required. The methods include:

+ Cycle-counted VRAM Update Routines: All Game of Life cell
transitions are updated within the narrow VBlank period by
batching tile writes and attribute updates through CA65-coded
NMI (Non-Maskable Interrupt) handlers.

- Serpentine Grid Traversal: The Game of Life grid uses serpen-
tine mapping to minimize cursor movement, reduce VRAM ac-
cess frequency, and maintain deterministic timing at 60 Hz.

- Palette-Encoded State Transitions: To avoid tile rewriting,
life/death states are encoded through background palette
changes, reducing the VRAM footprint to a level compatible
with NES timing constraints.

- CHR Memory Optimization: Vegetable sprites and frying-pan
backgrounds are stored in CHR banks arranged to minimize
bank-switching overhead.

- Hybrid Data Encoding: NESmaker’s scene definitions (tile
maps, object placement, NPC hooks) are combined with CA65-
driven automata state variables stored in custom RAM layouts.

Testing and Debugging

Debugging was conducted primarily using Mesen and FCEUX [18],
leveraging:

- the PPU viewer for verifying VRAM writes,

- OAM (Object Attribute Memory) inspection for cursor and
enemy-sprite behavior,

- trace logging for cycle-count verification,

- breakpoints on NMI and VRAM write cycles.

This mixed-method approach ensures both structural clar-
ity—thanks to NESmaker’s scene tools—and hardware accuracy
through assembly-level control.

Comparison and Evaluation
Two implementation strategies were compared:

- asprite-based Life updater, and
- apalette-based background updater.

The sprite-based method exceeded PPU bandwidth limits and
produced flicker, whereas the palette-buffered method remained
stable under NTSC timing. Only the palette method was retained.

Reproducibility

To ensure reproducibility, all CA65 routines are provided in struc-
tured modules,and NESmaker’s projectfile contains all screen defi-
nitions exactly as used. The workflow canbe reproduced by loading
the NESmaker project and compiling with the inserted CA65 rou-
tines, requiring only the CC65 toolchain, NESmaker environment,
and standard NESemulation software. Reproducibility is a central
objective of this work. To ensure that the methods, algorithms, and
results can be independently replicated, the following measures
were taken:

Code Transparency.. All core update routines, including the Game
of Life kernel, palette-based state transitions, grid traversal logic,
and PPU synchronization code, were implemented in deterministic
6502 assembly using the ca65 assembler. Each routine is cycle-
counted to ensure correct behavior under NTSC timing. Modular
code organization and commenting facilitate line-by-line inspec-
tion and reproduction.

Environment Specification.. The development and testing pipeline
relies on a documented toolchain consisting of:

+ ca65/1d65 (CC65 toolchain),

+ NES Screen Tool for CHR/tile generation,

+ FamiTracker for audio assets,

+ Mesen and FCEUX for cycle-exact emulation and PPU debug-
ging,

- Original Famicom hardware with a flash cartridge for final veri-
fication.

This environment can be reproduced identically across systems.
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Deterministic Behavior.. All aspects of the Game of Life simulation
are deterministic, including:

- the seed-based vegetable sorting mechanism,
- the serpentine grid traversal,

- the oil cursor refresh timing,

- the Life rule application sequence.

This ensures that given identical player inputs, hardware states, and
ROM images, the simulation will evolve identically on all systems.

Data and ROM Availability.. The final ROM file, source code, and ac-
companying documentation—including memory maps, tile tables,
and grid evolution snapshots—will be deposited in a publicly acces-
sible repository with a DOI in compliance with IMI and GigaScience
policies. This repository will contain:

- full assembly source code

- build scripts

- emulator configuration files

- reproducible test cases and output logs

Overall, the combination of transparent code, deterministic
logic and publicly accessible resources supports full reproducibility
of the work and encourages reuse in both educational and research
contexts.

Data, Code, and Material Availability

To ensure full reproducibility, all materials associated with this
work are publicly available. The complete source code of the
game—including all CA65 assembly routines, NESmaker project
files, build scripts, and graphical assets—is hosted in a public
GitHub repository:

https://anonymous.4open.science/r/wamg-5913

In addition, a fully playable version of the game is available
through an online emulator, allowing immediate execution of the
ROM without requiring local toolchain installation. Supplementary
materials, including the printed game manual, box artwork, and
educational documentation, are publicly accessible at:

https://theretroverse.com/product/

bald-b-in-where-are-my-veggies/

These resources collectively provide full transparency of the
implementation and enable independent verification, reproduction,
and extension of the system.

Declarations
List of Abbreviations

A-Life Artificial Life. Field studying emergent behavior in artificial
systems.

CA Cellular Automaton / Cellular Automata. Discrete dynamical
systems governed by local rules.

CA65 6502 assembler from the CC65 toolchain, used for low-level
NES/Famicom programming.

CHR Character ROM/RAM. Memory containing tile patterns for
background and sprite graphics.

CPU Central Processing Unit of the NES (Ricoh 2A03/2A07).

HCI Human-Computer Interaction. Study of interaction between
humans and computing systems.

NES Nintendo Entertainment System (North American version of
the Famicom).

NESmaker Modern development tool for constructing NES home-
brew games using a data-driven pipeline.

NMI Non-Maskable Interrupt. Vertical blank interrupt used for
PPU updates on the NES.

OAM Object Attribute Memory. Sprite metadata storage for the
NES PPU.

PPU Picture Processing Unit. NES video processor responsible for
tile and sprite rendering.

PRG Program ROM. Memory that stores the game code and logic.

RAM Random Access Memory. NES working memory (2 KB total).

ROM Read-Only Memory. Cartridge-based memory for code,
graphics, and game assets.

Serpentine Mapping Alternating left-to-right / right-to-left or
Alternating down-to-up / up-to-down traversal pattern used
to minimize VRAM updates and cursor movement.

VRAM Video RAM of the PPU used for name tables, attribute tables,
and pattern table access.

VTBL Vector Table or jump table used in assembly-level dispatch.

VBlank Vertical Blank Interval. Period during which the PPU al-
lows safe background updates.

GoL Conway’s Game of Life. A binary-state cellular automaton
defined by John Conway.

UI User Interface.
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