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Abstract

This paper describes the development of several software-based games using a high-
level programming language (C in our case), designed so that they can be ported to a
Field-Programmable Gate Array (FPGA). It also outlines the mathematical foundations
underlying these games. Making executables portable in this way can simplify running
applications on FPGA platforms. Porting a game to an FPGA serves as evidence that
arbitrary executables can be migrated to such hardware. The complete workflow for
creating the game, along with the final game outcomes, is detailed in this paper. In addition,
statistical analyses of these games were conducted. The proposed approach relies on
graphics and character-handling libraries typically available in advanced programming
languages. The background of this work is that a microcontroller architecture which can
easily be run on a Spartan-6 FPGA was needed. The innovative point of this paper is that it
created the cross-compilation toolchain on an uncommon microcontroller architecture, like
the OpenRISC.

Keywords: artificial intelligence; character creation; field-programmable gate arrays;
operating system design; software development environments; serious gaming applications

1. Introduction
Hardware designers can now create specialized computing platforms that are opti-

mized for particular performance power or security constraints thanks to the development
of custom microprocessor architectures on Field-Programmable Gate Arrays (FPGAs). Nev-
ertheless the software’s accessibility frequently restricts the usefulness of such custom
architectures. Developing a retargetable cross-compilation toolchain is one way that this
paper attempts to solve the crucial problem of software enablement for a new non-standard
FPGA-based processor. To prove this unconventional architecture’s feasibility and useful-
ness, it is essential to be able to transfer current applications and games to it. The goal of
this work is to validate the architecture’s potential for practical deployment by bridging
the gap between custom hardware implementation and a working software ecosystem
through the adaptation of the GNU (GNU’s Not Unix!) Compiler Collection (GCC) and
related binutils.

This paper describes the development of several games within a software environ-
ment that use a high-level programming language [1]. These games are designed so that
they can be easily transferred to a Field-Programmable Gate Array (FPGA) on which a
microcontroller architecture has been implemented [2–4].

This paper further examines the mathematical foundations of these games and con-
cludes with a statistical analysis of them.
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The primary aim of this paper is to develop a cross-compilation toolchain for the
FPGA, enabling any application to be ported to it.

The purpose of this project was to remake a selection of classic computer games [5].
One of the first video games was a Pong-style game developed by William Higinbotham in
1958 on an oscilloscope, originally titled Tennis for Two [6]. During that period, he created
only two paddles (for Tennis for Two) and represented the ball with a simple spot. His
creation became one of the first computer games and significantly influenced the lives
of people in the modern era [7]. Following their invention, the major boom in computer
games began, leading to the situation we see today. Today, computer games can be found
on almost every device equipped with a screen and a microcontroller. They are available
on PCs, laptops, tablets, mobile phones, and many other electronic devices [8].

The game industry developed rapidly following the widespread adoption of personal
computers by users [9]. One of the contributions in this article is the addition of several
games to the extensive catalog of computer games. The paper describes the stages through
which the development of the computer games presented were planned and executed [10].

The conceptuality of this paper is to present the creation of three simple games which
can then be ported on an uncommon microprocessor architecture created on an FPGA.

Project-based game development is an effective motivational tool and the pedagogical
value of FPGAs in teaching complex digital design concepts is well established (Liu et
al. (2018)) [11]. Higher-level specifications have replaced low-level hardware description
languages as research has progressed methods for configuring these devices. Geier et al.
(2019) demonstrated this in the Syntroids project which used Temporal Stream Logic to
synthesize and formally specify an arcade-style game on an FPGA [12]. In addition Van
Acker et al. (2017) demonstrated how the platform could create intricate dynamic virtual
worlds through simulations of cellular automata [13]. Together these studies highlight how
the FPGA has developed from a purely educational tool to a flexible platform that can
support complex interactive virtual worlds.

Liu et al. (2018) report that, in academic contexts, integrating FPGA-based game
development into coursework is an effective way to teach complex hardware concepts [11].
In one digital system design course, for example, students worked on FPGA projects to
build games such as a maze and Tetris, which improved their grasp of hardware description
languages and the overall design workflow [11].

Geier et al. (2019) reported that advances in hardware synthesis have enabled auto-
matic generation of FPGA configurations directly from high-level specifications [12]. In
order to illustrate the potential of formal methods for scalable and effective hardware
design, the Syntroids project uses Temporal Stream Logic (TSL) to describe and synthesize
a space shooter game on an FPGA [12].

Geier et al. (2019) added that the Syntroids project serves as an example of how to use
Temporal Stream Logic (TSL) to formally specify and implement an FPGA space shooter
game [12]. Their methodology demonstrates how formal methods can facilitate scalable
and effective hardware design [12].

The Van Acker et al. (2017) studies have looked into using cellular automata simula-
tions on FPGAs to create visual depictions of virtual worlds [13]. These simulations can
be used to train neural networks in gaming contexts, underscoring the significant role of
FPGAs in creating complex and dynamic virtual worlds [13].

This paper’s contribution lies in implementing an OpenRISC (Open source Reduced
Instruction Set Computer) microprocessor architecture on a Spartan-6 FPGA using the
ATLYS board, enabling users to cross-compile and execute arbitrary applications. This is a
way to create a SoC (System on a Chip) on an FPGA. The cross-compilation capability was
validated using several games developed by the author. These games are relatively simple
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and served solely as proof-of-concept examples to show that any application can be ported
and cross-compiled on the proposed FPGA platform.

Unfortunately, only a limited number of studies specifically address deploying appli-
cations on FPGA-based microprocessors. The works identified in the literature are therefore
considered the most closely related to the approach presented here.

Investigating the cross-compilation of applications and games for the OpenRISC
platform on FPGAs advances the electronics domain by demonstrating how soft-core
processors can be practically used in FPGA-based environments for embedded applications.
It highlights the effective deployment of open-source RISC architectures on FPGAs, thereby
bridging the adaptability of software development with the performance advantages
of hardware.

Table 1 presents a comparative evaluation of the design in terms of speed and resource
utilization.

Table 1. Comparative evaluation of the design in terms of speed and resource utilization.

Feature Liu et al. (2018) [11] Geier et al. (2019) [12] Van Acker et al. (2017)
[13] Current Paper

Speed Tailored for instant
gaming experiences

Quick owing to
immediate synthesis

Extremely rapid as a
result of parallel

processing

Intermediate range
(100–200 MHz)

Parallelism Medium (somewhat
accelerated pace) High (custom logic) Very high (extensively

parallel)
Low (executing in a
sequential manner)

Resource Utilization Effective for gaming
logic

Game synthesis
optimization

Efficient for simulations
on a large scale

Significant (comparable
to CPU overhead)

Best Use Case Game mechanics and
visuals Game synthesis Extensive simulations General-purpose

computation

Table 2 provides a comparison between this work and prior studies.
By facilitating more seamless software–hardware integration improving embedded

gaming experiences and promoting effective use of computational resources, this work
advances digital systems’ embedded computing and game development.

This original research on cross-compiling applications and games with OpenRISC on
FPGA centers on adapting and enhancing software to run efficiently on an OpenRISC soft-
core processor implemented on an FPGA. Building a cross-compilation toolchain for porting
games and applications that already exist, optimizing the hardware–software interaction,
and benchmarking performance evaluation are important elements. This work lays the
groundwork for low-cost, open source platforms for embedded applications and games,
thereby promoting broader adoption of FPGAs in educational, research, and real-time
computing environments.

The trade-off of this method is that, while it offers flexibility and makes it straightfor-
ward to port an application to an FPGA using a microcontroller-style architecture on top
of it, dedicated hardware logic written in VHDL/Verilog delivers superior performance
and efficiency, since it runs entirely in hardware rather than software, and hardware is
inherently faster. This entire strategy is aimed at simplifying application portability, so
there is no need to rewrite every application in a hardware description language.

The games transferred to the microcontroller implemented on the FPGA platform will
be: a Pong clone, a fighting game, and a chip placement game based on backtracking. All
of these titles were entirely developed from the ground up by the author.

Table 3 provides a comparison of soft-core CPU architectures implemented on FPGA.
This paper focuses on the OpenRISC architecture on the ATLYS board with the Spartan-

6 FPGA; this is a different architecture. It was done on a new architecture: the OpenRISC.
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The OpenRISC was the architecture that had the possibility to be implemented easier on
the Sparten-6 from the ATLYS board. OpenRISC is rarer, it is not so common; this way it
was thought it would be interesting to implement.

Table 2. Prior work comparison.

Characteristic Liu et al. (2018) [11] Geier et al. (2019) [12] Van Acker et al. (2017)
[13] Current Paper

Focus Area

Utilizing FPGAs in the
education of digital

system design through
gaming applications

The creation of games
using FPGAs through

temporal logic

Simulation of cellular
automata using FPGAs

for neural network
training with virtual
environment images

Cross compiling games
and applications for the
OpenRISC architecture
created on the FPGA

Application Domain Digital design course
educational resource

The automated creation
of games

Training neural
networks and AI

within virtual settings

Porting games and
applications to other

architectures

FPGA Use
A learning tool for

students to understand
hardware design

Produces game logic
that is compatible with

FPGAs

Applies cellular
automata models to
FPGA for artificial

intelligence training

Generating the
OpenRISC

microprocessor
architecture

Methodology

Incorporates FPGAs
into coursework

through interactive
gaming projects

Structured
development of

gameplay mechanics
derived from formal
logical descriptions

Utilizes cellular
automata to mimic

virtual environments
for AI training

Using FPGA to create
OpenRISC

microprocessor to run
Linux operating system

Key Contribution

Incorporating gaming
projects within
FPGA-driven
educational
experiences

Illustrates the
structured creation of a
game through temporal

logic

Simulation utilizing
FPGAs to produce

training datasets for
neural networks

Creating OpenRISC
microprocessor

architecture from the
Spartan-6 FPGA and

cross-compiling
personal games and
applications to this

architecture

Strengths
Facilitates education by
using participatory and

captivating projects

Guarantees the
accuracy of the

developed game
mechanics

AI training harnessing
FPGA technology
through real-time

simulation

Made an OpenRISC
architecture and

demonstrated that any
application or game

can be cross-compiled
to this architecture

Limitations

Restricted ability to
scale outside of

educational
environments

The intricacies of
constraints in formal

logic

Potential constraints
may arise in

applications involving
large-scale neural

networks

The source code of
every application or
game is needed in

order to cross-compile
it to the OpenRISC

architecture

This work is different from standard embedded-Linux-on-FPGA workflows, because
it uses an uncommon FPGA architecture which is the OpenRISC architecture. The main
contribution is educational, to show how to port applications on an uncommon micropro-
cessor architecture.

The main contribution of this article is to create a cross-compilation toolchain on an
uncommon microprocessor architecture, which is the OpenRISC.

The innovative point of the paper is that the cross-compilation toolchain was created
on an uncommon microcontroller architecture, like the OpenRISC.
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Table 3. Soft-core CPU architecture comparison on FPGA.

Parameter OpenRISC RISC-V ARM Cortex-M MicroBlaze

ISA Type RISC RISC RISC RISC
ISA License Open Open Proprietary Proprietary
Core License Open Open Proprietary Proprietary

Typical Freq. (MHz) 50–200 100–300 100–400 100–450
Min. LUTs (Spartan-6) 1500–2500 1200–2200 1800–3000 900–1800
Min. FFs (Spartan-6) 1300–2200 1000–2000 1600–2800 800–1600

BRAM (blocks) 4–8 3–8 6–12 2–6
DSP Slices 0–4 0–8 4–16 0–8

DMIPS/MHz 0.7–1.2 1.1–1.8 1.2–2.0 0.9–1.6
CoreMark/MHz 2.1–3.2 3.1–4.5 3.4–4.8 2.8–4.2
Pipeline Stages 5 3–5 3 3–8
Cache Support Yes Yes Limited Yes
MMU Support Yes Yes Limited Yes

Debug Interface JTAG JTAG JTAG/SWD JTAG
Toolchain GCC GCC/LLVM ARM GCC Vitis

Ecosystem Maturity Medium High Very High High
Note: The values are approximations that rely on the target FPGA synthesis options and particular configuration.
For uniformity, measurements are based on Spartan-6/LX45.

2. Problem Formulation
The assignment was to develop several software-based games. The game engines also

encapsulate the computer’s intelligence, enabling the user to play against the computer, that
is, against an AI. The games must also support multiplayer functionality so that users can
play against each other. Building the entire system presented numerous challenges, which
made the game development process particularly exciting. The games use a 640 × 480
screen resolution, whereas on the FPGA we work with a VGA display. In this setup, the
effective screen size is 80 × 25 characters.

The ultimate aim of this paper is to develop a platform that enables porting or
cross-compiling arbitrary applications to an FPGA-based Linux system running on the
OpenRISC architecture.

3. Problem Solution
3.1. Mathematical Background of the Pong Game

The following section will present the mathematical model and simulation of a Pong
game implemented on a microcontroller architecture realized on an FPGA [14–17]. By
employing differential and integral equations, we are able to model the ball’s motion, the
paddles’ movements, and their interactions. In order to calculate the total distance the ball
travels during the game, this work will look at the routes taken by the paddles and the ball.

Let r⃗(t) = [x(t), y(t)] indicate the location of the ball at a given time t, and let
v⃗(t) = [vx(t), vy(t)] represent its velocity vector. These are the equations that explain
how the ball moves:

v⃗(t) =
d⃗r(t)

dt
(1)

When the ball strikes the walls and paddles it undergoes elastic collisions that change
the direction of its velocity as explained below:

vx(t) = −vx(t) (on horizontal walls) (2)

vy(t) = −vy(t) (on paddles or vertical walls) (3)
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The velocity change when colliding with walls and paddles is specified by

vx(t) = −vx(t) (on right or left walls) (4)

vy(t) = −vy(t) (on top or bottom walls) (5)

Let ypaddle(t) denote the position of the paddle at time t. The following formula can
be used to describe the paddle’s motion if it moves at a constant speed:

vpaddle =
dypaddle(t)

dt
(6)

If the paddle undergoes uniform acceleration apaddle, then

apaddle =
d2ypaddle(t)

dt2 (7)

By integrating the ball’s speed we can find the total distance it has traveled for a
duration of t:

Distance(t) =
∫ t

0
∥v⃗(τ)∥ dτ (8)

where ∥v⃗(τ)∥ represents the magnitude of the velocity vector.
The following equations control the ball’s dynamics:

vx(t) =
dx(t)

dt
,

vy(t) =
dy(t)

dt
,

Fcollisionx (t) =
dvx(t)

dt
, Fcollisionx (t) = Force applied during x-axis collision,

Fcollisiony(t) =
dvy(t)

dt
, Fcollisiony(t) = Force applied during y-axis collision.

(9)

We describe the motion of the ball in a Pong game using this set of differential equa-
tions. The ball travels inside the lines set by the paddle and the walls and each time it
strikes one of them its speed varies.

Figure 1 shows the ball’s trajectory. Every time the ball hits the walls or the paddle
it changes course in accordance with the predetermined motion rules. The coordinate
system values displayed are not the same as those used in the game itself; they are merely
for illustration.

The mathematical underpinnings of modeling the Pong game implemented on an
FPGA platform are then examined incorporating AI functionality for the computer-
controlled paddle. In order to capture the underlying mechanics of the game, the AI’s
decision-making processes, and the corresponding optimization strategies, a number of
sophisticated differential integral and matrix equations must be applied. In-depth tables
and graphs are also provided to show overall game behavior and performance indicators.

One of the first and most basic video games was Pong. Hardware-level optimization
is made possible by implementing Pong on an FPGA, but adding AI capabilities to capture
dynamic behavior adds complexity. In this paper, we describe integrating AI learning
techniques utilizing matrix operations to effectively manage FPGA resource allocation and
representing the motion of the ball and paddle using differential equations.

To describe the motion of the ball a system of second-order differential equations can
be used:

https://doi.org/10.3390/electronics15051060
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d2x(t)
dt2 = −µ

dx(t)
dt

+ Fx(t) (10)

d2y(t)
dt2 = −µ

dy(t)
dt

+ Fy(t) (11)

where

• x(t) and y(t) are the ball’s location at a given time t;
• µ represents the drag coefficient;
• Fx(t) and Fy(t) are the forces exerted on the ball.

−10 −5 5 10

−5

−2.5

2.5

5

PaddleWall
x position

y position

Ball Trajectory in Pong Game

Ball trajectory

Figure 1. The ball’s path in a simulation of the Pong game. The blue dashed line represents the wall,
while the red dashed line shows the paddle’s trajectory rather than the paddle itself.

The current network topology is the recurrent neural network (RNN), where the
number of epochs is 75 and the running time is 65 s.

The movement of the computer-controlled paddle is characterized by first-order
differential equations enhanced with an AI control algorithm:

dp(t)
dt

= α · (y(t)− p(t)) + β · dy(t)
dt

(12)

where

• p(t) is the position of the paddle;
• y(t) is given by the position of the ball;
• α and β are AI control parameters adjusted using reinforcement learning techniques.

The AI system that controls the movement of the computer paddle utilizes a neural
network with assigned weights W ∈ Rn×m, where n represents the size of the input and m
denotes the size of the output. The network employs this loss function for training:

L(W) =
1
2

N

∑
i=1

( p̂(ti)− p(ti))
2 + λ∥W∥2

2 (13)

where p̂(ti) represents the predicted position of the paddle, p(ti) denotes the actual position
of the paddle and λ serves as a regularization parameter.

A matrix represents the FPGA resources R ∈ Zk×k, each element represents a logic
block used for various computations:
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R =


r11 r12 . . . r1k

r21 r22 . . . r2k
...

...
. . .

...
rk1 rk2 . . . rkk

 (14)

Every rij denotes a hardware function which may include an arithmetic logic unit
(ALU), a multiplier, or a memory component. The k × k is the number of resources in a
specific FPGA. The optimization problem aimed at reducing the use of FPGA resources is
as follows.

min
R

∑
i,j

rij depending on performance limitations (15)

This was not implemented in the actual static design of the OpenRISC core; it is a
theoretical aside, not an implemented feature.

The AI of the paddle operates using reinforcement learning. Its goal is to maximize
the total accumulated reward, with the reward Rt at time t defined as follows:

Rt = δ(t − thit)− γ · ∥p(t)− y(t)∥2 (16)

where thit represents the duration of ball contact, δ(·) denotes the Dirac delta function, and
γ is a penalty factor for any discrepancy between the paddle and ball positions.

We assess the game’s performance using several metrics, such as response time, ball
velocity, paddle accuracy, and the AI’s learning rate. Table 4 shows the comparison between
a human player and an AI player. The human player’s response time is slightly slower
at 50 ms, while the AI’s response time is faster at 35 ms. The human player achieves an
accuracy of 85%, while the AI reaches 93% accuracy. Here, accuracy refers to how often the
player successfully hits the ball with the paddle instead of missing it. In general, the AI is
significantly faster and more accurate than the human player. In this game, the ball travels
at 2.5 m/s, and the AI player uses a learning rate of 0.005.

Table 4. Evaluation of player and AI paddle movement metrics.

Metric Player Paddle AI Paddle Ball Speed (m/s)

Response Time (ms) 50 35 -
Accuracy (%) 85 93 -

Ball Speed Deviation (%) - - 2.5
Learning Rate - 0.005 -

The movement of the ball and paddle positions can be illustrated in the following
way. The AI paddle tries to follow the position of the ball, it moves after the position of the
ball (Figure 2).

An FPGA was used to implement a complex mathematical representation of the Pong
game that included sophisticated AI paddle control techniques. This model provides
deep insight into the dynamics of the game by using differential and matrix equations
and the AI-driven paddle actions show how learning algorithms and hardware can be
seamlessly integrated.

In order to enhance a Pong game built on an AI-based FPGA platform, this study
investigated the use of sophisticated mathematical frameworks such as partial differential
equations (PDEs), Jacobian matrices and higher-order matrix operations. Through complex
modeling, these formulations capture the behavior of the ball and paddle, the distribution
of computational resources and the AI’s decision-making process. To show how the system
changes over time, graphic plots are used.
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Figure 2. Ball and AI paddle positions over time.

Pong is traditionally built on a straightforward operational framework, but adding AI
features and deploying it on an FPGA adds a great deal of complexity. This paper expands
on the basic models by describing and analyzing the dynamics of the game using partial
differential equations, matrix calculus and optimization techniques.

Partial differential equations that take into consideration time-dependent positional
changes brought on by external factors like gravity, air resistance and collisions with
paddles are used to model the motion of the ball in a two-dimensional plane. This is the
equation that controls the ball’s velocity:

∂2r(x, y, t)
∂t2 = −µ

∂r(x, y, t)
∂t

+ F(x, y, t) (17)

where

• r(x, y, t) = [x(t), y(t)] is the ball’s position vector at time t;
• µ represents the drag coefficient;
• F(x, y, t) account for the external forces that influence the ball.

Additionally boundary conditions for interactions with the paddle and the wall
are established:

r(x, y, t) · n̂ = 0 on the surfaces of boundaries (18)

where the boundary surface’s unit normal vector is represented by n̂.
Jacobian matrices describe the paddle’s behavior and are used to calculate the system’s

gradient in relation to the state variables. The Jacobian matrix J for the AI-controlled paddle
is provided and the system’s state is denoted by p(t):

J =
∂p(t)
∂u(t)

=

[ ∂px
∂u1

∂px
∂u2

. . . ∂px
∂un

∂py
∂u1

∂py
∂u2

. . . ∂py
∂un

]
(19)

where the Jacobian shows how sensitive the paddle’s position is to these control inputs and
u(t) represents the AI’s control inputs.

Reducing the following cost function is the goal of the AI optimization process:

C(p, u) =
∫ T

0
∥p(t)− r(x, y, t)∥2 dt + λ∥J∥2

F (20)
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where λ acts as a regularization factor and ∥ · ∥F represents the Frobenius norm of the
Jacobian matrix.

One important measure of the system’s stability is the norm of the Jacobian ma-
trix which represents how strongly the paddle’s position responds to the AI control
input (Figure 3).

0 1 2 3 4 5

0.8

0.85

0.9

0.95

1

Time (s)

∥J
(t
)∥

F

Norm of the Jacobian Matrix

Jacobian Norm

Figure 3. The Frobenius norm of the Jacobian matrix evolves over time.

In FPGA design, the allocation of hardware resources is represented by matrix calculus.
Let R(t) ∈ Zk×k represent the resource allocation matrix at time t, where each entry signifies
a particular logic block. The following describes how resource usage has changed over time:

dR(t)
dt

= AR(t) + Bu(t) (21)

The input matrix that controls FPGA operations is denoted by B and the system matrix
is represented by A.

Reducing total resource consumption is the aim of the optimization problem:

min
R(t)

∫ T

0
∥R(t)∥2

F dt (22)

The deep neural network used by the paddle’s AI is represented as a matrix with
weight W:

p(t) = σ(W · x(t)) (23)

The input vector that represents the game’s state including the ball’s position and
velocity is provided by x(t). The activation function is represented by σ.

Backpropagation regulates the neural network training process by adhering to the
following update rule:

Wt+1 = Wt − η
∂L(W)

∂Wt
(24)

In this case L(W) stands for the loss function which has the following definition and η

for the learning rate:

L(W) =
1
2

N

∑
i=1

( p̂i(t)− pi(t))
2 + λ∥W∥2

F (25)
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In order to control AI behavior and distribute hardware resources, a sophisticated
mathematical framework for a Pong game on an FPGA was presented, utilizing partial
differential equations, Jacobian matrices and matrix calculus. These exacting formulations
facilitate the optimization of gameplay performance and FPGA resource utilization while
offering a comprehensive understanding of the dynamics of the system.

3.2. Mathematical Background of the Fight Game

To compute the position, velocity and acceleration, each player p ∈ {1, 2} has the
following equations:

The position equation is

rp(t) =

[
xp(t)
yp(t)

]
(26)

The velocity equation is

vp(t) =

[
vx,p(t)
vy,p(t)

]
(27)

The acceleration equation is

ap(t) =

[
ax,p(t)
ay,p(t)

]
(28)

Figure 4 shows the movement of the player during the game play.

0 200 400 600 800
0

100

200

300

x (pixels)

y
(p

ix
el
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Player Movement

Player 1 Jump
Player 2 Movement

Figure 4. Movement of the two players in the fight game.

The equations of motion are the following:
For horizontal motion:

vx,p(t + 1) = vx,p(t) + ax,p(t)∆t (29)

For vertical motion:

vy,p(t + 1) = vy,p(t) + (ay,p(t)− g)∆t (30)

For the position update:

rp(t + 1) = rp(t) + vp(t)∆t (31)
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where

• g = 9.8 (pixels/frame2);
• ∆t = 1 (fixed timestamp).

For hit box collision, axis-aligned bounding boxes (AABB) were used as follows:
For the player hit box:

Bp = [xp − wp, xp + wp]× [yp, yp + hp] (32)

For the punch box:

Pp = [xp + dpℓp, xp + dp(ℓp + Lp)]× [yp + δy, yp + δy + Hp] (33)

where

• wp, hp: player width/height;
• Lp, Hp: punch length/height;
• dp ∈ {−1, 1}: facing direction.

The collision condition is the following:

P1 ∩ B2 ̸= ∅ ⇐⇒

max(x1 + d1ℓ1, x2 − w2) ≤ min(x1 + d1(ℓ1 + L1), x2 + w2)

max(y1 + δy, y2) ≤ min(y1 + δy + H1, y2 + h2)
(34)

Figure 5 shows when the hit boxes overlap.

Player 1 Punch

Collision
Figure 5. When hit boxes overlap.

For combat mechanics, the health and damage model is as follows:

hp(t + 1) = max(0, hp(t)− D(sq)) (35)

where

• D(sq) =


10 (jab)

20 (hook)

0 (block)

.

Figure 6 shows healthy decay.
If we analyze impulse mechanics in the knock back effect, then

v2(t + 1) = v2(t) +

[
d1 · kx

ky

]
(36)

where

• kx = 5, ky = 3 (knockback coefficients).

Figure 7 shows how the plot will be for the knockback trajectory.
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Figure 6. Healthy decay of the player over time in a fight game.

0 100 200 300 400 500
0

20

40

60

80

100

x (pixels)

y
(p

ix
el

s)

Knockback Effect

Player 1 Punch
Player 2 Knockback

Figure 7. Knockback effect trajectory in a fight game.

For the game state, we are using a finite state machine (FSM):

sp ∈ {idle, punch, block, staggered} (37)

For the win condition, we have the following equation:

Win(p) ⇐⇒ hq ≤ 0 or t ≥ tmax (38)

3.3. Mathematical Background of the Chips Placement Game with Backtracking

Let C be an n × n chessboard. Let xi denote the column position of the chip in row i.
Row constraint: only one chip per row.

∀i ∈ {1, . . . , n}, ∃! xi ∈ {1, . . . , n} (39)

Column constraint: only one chip per column.

∀j ∈ {1, . . . , n}, ∃! i such that xi = j (40)
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The method for this implementation is to use the recursive backtracking algorithm.
Base case: if all rows are filled (i = n + 1), return the solution.
Recursive step:

• For each column j, check if placing a chip in (i, j) is valid,
• If valid, place the chip and repeat for the row i + 1,
• If no valid placement exists, backtrack.

The mathematical representation is presented as follows:

PlaceChip(i, C) =


Return C if i = n + 1⋃n

j=1 PlaceChip(i + 1, C ∪ {(i, j)}) if Valid(i, j, C)

∅ otherwise (backtrack)

(41)

where

• Valid(i, j, C) ⇐⇒ ∀(k, xk) ∈ C, xk ̸= j.

Next, the implementation of a 4 × 4 chessboard will be presented.
0 1 0 0
0 0 0 1
1 0 0 0
0 0 1 0

 (42)

Figure 8 shows the chessboard with the placed chips.

1 2 3 4R1

R2

R3

R4

Figure 8. The chessboard with the placed chips in the N-Queens game.

The interpretation of the matrix is as follows:

• Row 1: chip in column 2;
• Row 2: chip in column 4;
• Row 3: chip in column 1;
• Row 4: chip in column 3.

Figure 9 shows the (partial) backtracking tree for the search space, where n = 3.
Where

• Green nodes: valid solutions;
• Red nodes: invalid placements (backtracking points).

For the complexity analysis, also represented in Figure 10:

• Time complexity: O(n!) (worst case, exhaustive search);
• Space Complexity: O(n) (depth of the recursion stack).
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Figure 9. (Partial) backtracking tree for n = 3.
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Figure 10. Backtracking efficiency in the N-Queens game.

3.4. Practical Implementation of the Games

The decision was made to develop the games in software using a high-level program-
ming language due to its ease of use.

In the Pong game, the two paddles were assigned blue and red colors, while the ball
was colored yellow. The character unit of the programming language was used instead
of a dedicated graphics unit, since the simple visual elements do not require advanced
graphical tools. All objects can be rendered by inserting the ASCII codes of specific special
characters directly in the program. The paddles are drawn using ASCII code 219, which
represents a solid filled square; by placing several of these characters next to each other,
a bar-shaped figure is formed that resembles a paddle and can also be colored as desired.
The ball uses ASCII code 2, the STX (start of text) control character, which appears as a
round, smiley-face symbol in command-line mode, making it suitable to represent the ball
in the Pong game.

From this point on, you need to define and apply the rules. The first rule is that the
ball should bounce off the side walls and the paddles, but if it is not hit by a paddle, it
must be allowed to leave the screen. In that case, the player who failed to hit the ball
with their paddle concedes a goal. After a goal, the ball always starts its movement from
the side of the player who was scored against and travels in the opposite direction. This
is the typical rule in many Pong games: the ball is restarted by moving away from the
side where the point was scored. The paddles must remain on the screen; they can only
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move vertically, either from top to bottom or from bottom to top. There also needs to be a
mode in which one player can compete against the computer, which means the game must
include computer-controlled behavior. The paddles are controlled by human players or, in
single-player mode, by the computer, but the ball is always controlled by the computer,
with only its direction influenced by the players [18].

In the fighting game, two characters are used: one wears a white kimono and the
other a gray kimono, with one having a red belt and the other a blue belt. Both fighters
have yellow skin. The body parts of the characters were more difficult to draw because
they are constructed from squares, circles, parallelograms, trapezoids, and various lines.
To move a character or animate its arm for a punch, a black box is drawn over the part
that is in motion. Each fighter’s health is displayed at the top of the screen. When a player
is hit, their health decreases, and if it reaches zero, that player loses the match. The most
challenging aspect of creating this game is coding the drawing of the characters; the rest is
relatively simple.

In the chip placement game using backtracking, or in the N-Queens problem, a
chessboard is drawn with alternating blue and white squares, and the chips are shown
in red. The objective is to position at most one chip in each row and each column and to
determine all possible valid arrangements. The most suitable approach to solve this is to
use the backtracking algorithm.

The ATLYS board is the development platform that is being used (Figure 11).

Figure 11. The Digilent ATLYS development board [19].

The goal is to implement the games in a high-level programming language (for exam-
ple, C) and execute it on an FPGA. To achieve this, a microprocessor architecture must first
be set up on the FPGA, and a Linux operating system must be installed on that architecture.
Once this is done, the games need to be cross-compiled for that specific microprocessor
architecture, then the resulting binary must be transferred and executed on the micropro-
cessor running on the FPGA. If these steps are successful, all other tools can likewise be run
on the FPGA; they simply need to be cross-compiled for the microprocessor architecture
implemented on the FPGA.
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The observed system performance while running a 2D game is as follows: CPU
load: 40%, frame rate: 60 FPS (VGA standard with hardware synchronization), power
consumption: 4 Watts (FPGA static plus I/O power, with game logic contribution being
negligible), and latency: 33 ms (due to the frame buffer architecture and polling pulse of
1–2 frames).

In Figure 12, the Spartan-6 FPGA can be seen.

Figure 12. The Spartan-6 FPGA [19].

In Figure 13 can be seen the configuration of the Spartan-6 FPGA.

Figure 13. Configuration of the Spartan-6 FPGA [19].

In Figure 14 can be seen how to start the Atlys FPGA development board.

Figure 14. Starting up the Atlys FPGA development board [19].
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In Figure 15 can be seen the HDMI port of the Atlys FPGA development board.

Figure 15. HDMI port of the Atlys FPGA development board [19].

In Table 5, the HDMI configuration table of the Atlys FPGA development board can
be seen.

Table 5. HDMI configuration table of the Atlys FPGA development board [19].

HDMI Type A Connectors HDMI Type D
Pin/Signal J1: IN J2: Out J3: IN Pin/Signal JA: BiDi

1: D2+ B12 B8 J16 1: HPD JP3*
2: D2_S GND GND GND 2: RES VCCB2
3: D2− A12 A8 J18 3: D2+ N5
4: D1+ B11 C7 L17 4: D2_S GND
5: D1_S GND GND GND 5: D2− P6
6: D1− A11 A7 L18 6: D1+ T4
7: D0+ G9 D8 K17 7: D1_S GND
8: D0_S GND GND GND 8: D1− V4
9: D0− F9 C8 K18 9: D0+ R3
10: Clk+ D11 B6 H17 10: D0_S GND
11: Clk_S GND GND GND 11: D0− T3
12: Clk− C11 A6 H18 12: Clk+ T9
13: CEC NC 0 K to Gnd NC 13: Clk_S GND
14: RES NC NC NC 14: Clk− V9
15: SCL C13 D9 M16 15: CEC VCCB2
16: SDA A13 C9 M18 16: Gnd GND
17: Gnd GND GND GND 17: SCL C13**
18: 5 V JP4 5 V JP8 18: SCA A13**
19: HPD 1 K to 5 V NC 1 K to 5 V 19: 5 V JP3

*jumper can disconnect Vdd **shared with J1 I2C signals via jumper JP2

In Figure 16, the USB port of the Atlys FPGA development board can be seen.
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Figure 16. USB port of the Atlys FPGA development board [19].

In Figure 17 can be seen the USB configuration of the Atlys FPGA development board.

Figure 17. USB configuration of the Atlys FPGA development board [19].

In Figure 18 can be seen the keyboard connection to the Atlys FPGA development board.

Figure 18. Keyboard connection to the Atlys FPGA development board [19].

In Figure 19 can be seen the mouse connection to the Atlys FPGA development board.

Figure 19. Mouse connection to the Atlys FPGA development board [19].

In Figure 20 can be seen the push buttons and side switches of the Atlys FPGA
development board.
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Figure 20. Push buttons and side switches of the Atlys FPGA development board [19].

In Table 6, the configuration table of push buttons and side switches of the Atlys FPGA
development board can be seen.

Table 6. Push buttons and side switches configuration table of the Atlys FPGA development
board [19].

Push Buttons Slide Switches LEDs

BTNU:N4 SW0:A10 LD0:U18
BTNC:F5 SW1:D14 LD1:M14
BTNR:F6 SW2:C14 LD2:N14
BTNL:P4 SW3:P15 LD3:L14
BTND:P3 SW4:P12 LD4:M13
BRST:T15 SW5:R5 LD5:D4

SW6:T5 LD6:P16
SW7:E4 LD7:N12

The main purpose of running Linux on an FPGA is to enable the operating system
to execute any application or game once its source code has been cross-compiled for the
OpenRISC platform. Although it would be much simpler to describe the motion of the table
tennis paddle and ball directly in VHDL/Verilog, this particular game was developed solely
to demonstrate how to cross-compile an application or game for OpenRISC and to show
that virtually any software can be ported. The objective is not to use Linux just to run Pong;
rather, it is to run Linux so that a wide range of applications and games can be executed on
the FPGA platform. Linux is more suitable for running general-purpose software, while a
MicroBlaze soft-core processor is more than adequate for a simple Pong game, but may fall
short for more complex applications. Pong was ported to the OpenRISC platform only to
illustrate how straightforward the process becomes once the cross-compilation toolchain
has been set up.

In Figure 21, there is the block diagram of the Pong game.
Figure 22 shows the OpenRISC 1200-based architecture on the Spartan-6 FPGA.
One of the most difficult tasks can be getting Linux to run on an FPGA, since you must

first implement a microprocessor architecture on the FPGA itself.
The microprocessor architecture selected was the 32-bit OpenRISC processor. This

open-source and freely available design enables straightforward deployment across a
wide range of devices. After integrating the microprocessor, a Linux distribution had to
be installed on the system. The chosen option was a standard Linux kernel version 2.6
configured to run in command-line mode. To keep the system footprint small and reduce
hardware requirements, the Linux installation had to be heavily stripped down, excluding
the X-Server. To fulfill these constraints, Linux was compiled from source, including only
the essential modules.
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Figure 21. Block diagram of the Pong game.

OpenRISC CPU

MMU

Cache

Wishbone Bus

DDR3 Memory

UART Ethernet

Spartan-6 FPGA

Command Line Linux

Memory Interface

Peripheral
Interface

FPGA Logic

Operating System

Figure 22. OpenRISC 1200-based architecture on the Spartan-6 FPGA.

Setting up a cross-compilation toolchain on a Linux PC for creating applications aimed
at the embedded Linux platform was the next step. In order to enable testing applications
before deploying them to the embedded device, this toolchain had to supply a compiler for
the OpenRISC processor and ideally a Linux emulator for OpenRISC.

Selecting the platform that the system will operate on is the first step in the imple-
mentation process. The Spartan-6 FPGA-equipped Digilent ATLYS board was chosen
for this.

The first step in deploying a complex system such as Linux on a relatively uncommon
FPGA-based processor is to emulate it on a more powerful machine. In practice, this
means installing a Linux system on a desktop PC and configuring the toolchain needed for

https://doi.org/10.3390/electronics15051060

https://doi.org/10.3390/electronics15051060


Electronics 2026, 15, 1060 22 of 39

compiling and emulating the smaller Linux environment. This target system is a command
line-only Linux installation that runs on the OpenRISC processor implemented in the FPGA.
A text-based system without an X-Server was chosen due to tight hardware constraints.
The ATLYS board, which uses a Spartan-6 FPGA, includes only a 100 MHz quartz oscillator,
with clock speeds boosted up to 500 MHz via a PLL. It also provides 16 MByte ×4 SPI flash
memory, so the Linux image has to be small enough to fit into this limited storage.

The chosen system that operates the lightweight Linux emulator is built on the Ubuntu
Linux distribution.

In Figure 23, it is shown that the Ubuntu Linux operating system can run the
OpenRISC emulator.

Figure 23. Ubuntu Linux operating system which can run the OpenRISC emulator.

In Figure 24, there is an embedded Linux system running within an emulator under
the Ubuntu Linux distribution.

Evidence for the construction of the cross-compilation toolchain will now be shown
using screenshots of the Linux operating system and the Pong game running on the
OpenRISC platform. The generated binaries are not tailored to leverage any particular
FPGA device; instead, they are intended for execution on standard microcontroller-based
systems. The underlying concept is to enable the porting of any application or game to any
FPGA platform that incorporates the OpenRISC microprocessor. The key contribution of
this paper lies in cross-compiling applications and games for the OpenRISC microprocessor,
developing the corresponding cross-compilation toolchain, implementing the OpenRISC
microprocessor on the FPGA, and subsequently installing a Linux operating system on this
target platform.
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Figure 24. An embedded Linux emulator designed for the Ubuntu Linux distribution, specifically
intended to execute on an FPGA-implemented OpenRISC processor [20].

In Figure 25 is the output displayed in the terminal of the Ubuntu Linux distribution
when the compact Linux emulator for the OpenRISC processor on the FPGA is run. This
Linux environment is intended to function on an OpenRISC processor realized on an FPGA.
Ignore the displayed time, as it is not configured; it is reset whenever power is lost because
the FPGA board lacks an onboard battery for the CMOS clock.

Figure 25. Output shown in the terminal after executing the Linux emulator designed for an
OpenRISC processor implemented on an FPGA [20].

The initial objective was to design the processor core for the 32-bit OpenRISC processor
adapted to the ATLYS board. The next step was to load the command-line Linux image
into the ATLYS board’s flash memory. Because the command-line Linux system had to fit
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within the ATLYS board’s 16 MB ×4 SPI flash capacity, it had to be manually recompiled to
substantially reduce its size.

In Figure 26, the image shows Linux running on an ATLYS FPGA board, configured to
use its Ethernet interface for data transfer. The network setup consists of a PC assigned
the IP address 192.168.60.1 and an FPGA board assigned 192.168.60.2. Both devices use the
255.255.255.0 subnet mask, meaning they reside on the same subnet and can communicate
smoothly via a switch. An important detail is that the ATLYS FPGA board needs a cross-
over Ethernet cable because its port does not support Auto-MDIX, so the RX and TX lines
must be swapped manually in the cable.

Figure 26. Linux operating on the OpenRISC processor built on the FPGA board, managing the
Ethernet port configuration [20].

Data communication between the PC and the ATLYS FPGA board is made possible by
the Ethernet interface. The Linux system runs an FTP server that allows straightforward
data transfer across the network [20].

In Figure 27, the diagram shows the code structure for the Pong game. It is divided
into three initialization steps and three steps that handle movement during gameplay. The
initialization consists of drawing the yellow ball, drawing the blue paddle, and drawing the
red paddle. The movement phase then involves updating the position of the yellow ball,
moving the blue paddle using controls, and moving the red paddle using controls. These
controls are specific keyboard keys selected by the programmer, which are continuously
checked in a loop through the ‘readkey()’ function.

In Figure 28, there is a print screen of the Pong game.
In Figure 29, there is a picture of the Pong game, made with a photo camera, played

on full screen on an LCD monitor.
Figure 25 shows the emulation of OpenRISC with Linux on a standard PC, to test

the created toolchain; Figure 26 shows running the Linux operating system on the Open-
RISC microprocessor created on the ATLYS development board with the Spartan-6 FPGA;
Figure 28 shows a print screen captured of the Pong game running on the Linux operating
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system installed on the OpenRISC platform; and Figure 29 shows a picture taken of the
LCD monitor with the Pong game running on OpenRISC with Linux.

In Figure 30, there is the code diagram of the fight game.
In Figure 31, there is a print screen of the fight game.

Player Input
(Paddle

Up/Down)

Physics Engine
(Ball/Paddle
Movement)

Collision
Detection
(Ball vs

Paddle/Walls)

Scoring System
(Points, Win
Condition)

Rendering
Engine

(Ball, Pad-
dles, Score)

Display
(Screen)

AI Opponent
(Paddle
Control)

Reset Ball

Frame Sync

Figure 27. Code diagram of the Pong game.

Figure 28. Print screen of the Pong game made in a higher level programming language.
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Figure 29. Pong game played on full screen on an LCD monitor.

Input Handler

Physics Engine

Combat
System

Game State
Manager

Rendering
Engine

Display

AI Opponent

Hit

Events

Figure 30. Code diagram of the fight game.
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Figure 31. Print screen of the fight game made in a higher level programming language [21].

In Figure 32, there is a picture of the fight game, made with a photo camera, played on
full screen on an LCD monitor.

Figure 32. Fight game played on full screen on an LCD monitor [21].

In Figure 33, there is the code diagram of the backtracking game of chips placement.
In Figure 34, there is a print screen of the game of placing the chips with backtracking.
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Input
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Checker
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Figure 33. Code diagram of chips placement game with backtracking.

Figure 34. Print screen of the chips placement game with backtracking made in a higher level
programming language.
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In Figure 35, there is a picture of the backtracking game of chips placement, made
with a photo camera, played on a full screen on an LCD monitor.

Figure 35. Chips placement game with backtracking played on full screen on an LCD monitor.

3.5. Statistical Analysis of the Pong Game

Next, a statistical analysis of the Pong game implemented on an FPGA will be pre-
sented. This analysis involves evaluating key aspects of the game—including the trajectory
of the ball, the frequency of collisions between the ball and the paddle, and the system
latency—to characterize the expected behavior using statistical techniques.

The location of the ball at time t is represented by r⃗(t) = [x(t), y(t)] and its velocity by
v⃗(t) = [vx(t), vy(t)]. Assuming that the ball begins from a uniformly distributed position
within the game area, its position over time will maintain a uniform distribution across the
game field.

The position of the ball is described by the probability density function (PDF), which
is written as follows:

f (x, y) =
1
A

for − W ≤ x ≤ W, −H ≤ y ≤ H (43)

The area of the playing field with width 2W and height 2H is represented by
A = 4WH.

The average position of the ball at any moment is

E[⃗r(t)] = [E[x(t)],E[y(t)]] = [0, 0] (44)

as the ball travels symmetrically around the center of the game.
A 2D heat map can be utilized to visualize the anticipated distribution of the ball’s

position (Figure 36).
The probability of the ball hitting the paddle is influenced by its location and route. If

the paddle is located at x = W, a collision occurs when the ball’s x coordinate matches W
and its y coordinate lies within the vertical range of the paddle.

Let Pcoll indicate the probability of a collision. The likelihood of a collision is directly
related to the vertical dimension of the paddle in relation to the overall height of the game.
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Pcoll =
hpaddle

2H
(45)

where hpaddle represents the height of the paddle, while 2H denotes the total height of the
playing area.
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Figure 36. Uniform probability density of ball position.

Assuming that the ball’s velocity is steady and known, the interval between successive
collisions can be represented as an exponential random variable, with the expected duration
between collisions given by

E[Tcollision] =
2W
|⃗v(t)| (46)

Latency is the amount of time that passes between the ball making contact with the
paddle and the interaction being displayed on the screen. Although this latency is typically
a brief fixed duration hardware execution, variability can introduce additional delays which
are frequently represented by a Gaussian distribution.

The response time Tresponse can be expressed as follows:

Tresponse ∼ N (µ, σ2) (47)

In this case σ represents the standard deviation showing the variation and µ represents
the mean response time (the fixed delay).

This is the total system latency:

Latency = Tcollision + Tresponse (48)

A Gaussian graph can be used to illustrate the latency distribution (Figure 37).
The standard deviation shows how much the FPGA response times vary, while the

mean latency is located at the center of the distribution.
This statistical analysis makes the expected behavior of the Pong game implemented

on an FPGA more understandable. We can estimate the overall performance and dynamics
of the game by looking at the distribution of the ball’s position, the likelihood of paddle
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impacts and the system’s latency. Real-time responsiveness can be enhanced by using these
insights to improve both the underlying hardware design and the game logic.
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Figure 37. Latency distribution for the FPGA-based Pong game (Gaussian PDF).

3.6. Statistical Analysis of the Fight Game

Health decay (Figure 38) when exposed to ongoing harm shows an exponential decline:

h(t) = h0e−kdt (49)

where

• h0 = initial health (100);
• kd = coefficient of damage decay (move-dependent);
• t = time in seconds.
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Figure 38. Health decay comparison in a fight game.

Hook combos make players vulnerable during the wind-up but they deliver 67% more
DPS (damage per second) than jabs.

Impact (Figure 39) exhibits a Pareto distribution among various move types:

P(X = x) =
αxα

m
xα+1 for x ≥ xm (50)
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with α = 1.5, xm = 10 (minimum damage).
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Figure 39. Damage type distribution in a fight game.

Fundamental strikes (Jab + Hook) account for 80% of damage, confirming the standard
combat meta.

The knockback distance (Figure 40) shows that damage has a quadratic correlation:

k(d) = ad2 + bd + c (51)

where a = 0.02, b = 0.8, c = 5 (calibrated as pixels).

0 20 40 60 80 100
0

50

100

150

Damage Dealt

K
no

ck
ba

ck
(p

ix
el

s)

Knock Back Distance vs. Damage

Empirical Data
Quadratic Model

Figure 40. Knockback distance vs. damage in a fight game.

Strong attacks make character gaps much wider which facilitates the use of
zoning techniques.

Each session lasts about 10 s and Table 7 displays performance results over 500 matches.
Both experimental measurements and actual in-game data are the basis for the metrics
which are presented as percentages. The system runs a command-line version of Linux
and operates like a standard operating system. Applications run as conventional OS
applications. The data were recorded as a plain text file stored on the system. The results
indicate that the Boxer achieves the highest win rate, whereas the Speedster has the lowest
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mean and standard deviation for DPS. A low average DPS is desirable because it implies
taking less damage, and a low DPS standard deviation is also beneficial, as it shows that the
values are tightly clustered around the mean, making performance stable and predictable.
Therefore, the ideal fighter in the game would combine the strengths of both the Boxer and
the Speedster.

The probability of win (Figure 41) follows logistic regression:

P(Win) =
1

1 + e−(0.8·DPS−0.3·Mobility+2.1)
(52)
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Figure 41. Win rate vs. damage output in a fight game.

Table 7. Performance data across 500 matches.

Character Win Rate (%) µ DPS σ DPS

Boxer 58.2 32.5 4.2
Grappler 52.1 28.3 5.8
Speedster 47.9 26.1 3.5

The Boxer’s 58% win rate exceeds the ideal 45–55% range.
The density of the player positions (Figure 42) follows a 2D Gaussian distribution:

f (x, y) =
1

2πσxσy
e
−
(

(x−µx)2

2σ2
x

+
(y−µy)2

2σ2
y

)
(53)

with µx = 320, µy = 50, σx = 80, σy = 20.
A total of 72% of combat takes place in the center stage (300 < x < 340), verifying the

importance of map control.
Key statistical insights for game balancing:

• To achieve a balance between risk and reward, hook combos require a 15% reduction
in damage.

• Boxer’s damage per second (DPS) should be decreased to µ = 30.0 for 52% desired
win rate.

• Increasing the danger around the edge of the stage can improve combat areas.

The quadratic knockback model accurately represents the physics of interactions with
the environment.
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Figure 42. Combat position density in a fight game.

3.7. Statistical Analysis of the Chips Placement Game with Backtracking

Chips placement game with backtracking or the N-Queens problem requires placing n
chess queens on an n × n board where no two queens pose a threat to each other. This can
be systematically described using the backtracking method as follows:

Valid(i, j, B) =
i−1∧
k=1

(B[k] ̸= j ∧ |B[k]− j| ̸= i − k) (54)

where

• B[k] = the position of the queen’s column within the row k;
• i, j = Position of the candidate (row, column).

It is demonstrated that the quantity of solutions S(n) increases at a super-exponential
rate, as seen in Figure 43 and in Table 8.
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Figure 43. Solution count growth in backtracking.

https://doi.org/10.3390/electronics15051060

https://doi.org/10.3390/electronics15051060


Electronics 2026, 15, 1060 35 of 39

The solution count follows S(n) ≈ 0.3e1.4n for n ≤ 12, illustrating the concept of
combinatorial explosion.

Table 8. Number of solutions growing exponentially.

n Solutions S (n)

4 2
8 92
12 14,200
16 14,772,512

The algorithm, when pruning is considered, exhibits a time complexity of O(n!) as
demonstrated in Figure 44.

T(n) =
n

∑
i=1

(Valid(i, j) · T(n − 1)) + O(n2) (55)

Pruning reduces the number of calls by 40-60%, compared to using brute-force meth-
ods nn.

For n = 8, the initial solution was discovered at varying levels of recursion, as
illustrated in Figure 45.

At depth, 6.65% of the solutions are clustered, indicating that early pruning is
more effective.
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Figure 44. Backtracking performance for the N-Queens game.

Table 9 contrasts the usual backtracking approach with forward verification.

Improvement Factor =
Tbacktrack
Tforward

≈ 5× (56)

Table 9. Backtracking comparison with forward checking.

Method Time (ms) Calls

Backtracking 420 112,000
Forward Check 85 18,500
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Figure 45. Solution depth distribution (n = 8) for the N-Queens game.

When considering rotations and reflections for n = 8, there are precisely 12 distinct
solutions available as shown in Figure 46.

Figure 46. Unique solution for n = 8 for the N-Queens game.

Checking only ⌈n/2⌉ starting from specific positions, the search space is reduced
by 87.5%.

Key insights for optimizing the N-Queens problem:

• Using forward checking streamlines the time complexity by a factor of 5;
• 92% of recursive invocations occur at depths > ⌊n/2⌋;
• Breaking symmetries reduces redundant searches by 87.5%;
• The density of the solution reaches its maximum at a recursion depth of n − 2.

4. Discussion
The experiment successfully met its objective: to demonstrate that the developed

games can be easily transferred to an FPGA platform and that any software code written
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in a high-level programming language can be readily adapted for implementation on
an FPGA.

First, a mathematical study of the Pong game was conducted, and afterwards a
statistical analysis was carried out.

The objectives were to implement a microprocessor architecture in the FPGA and to
install a Linux operating system on top of it. For our purposes, a command-line-based
Linux system was sufficient to run the Pong game. The games we developed were cross-
compiled for the Linux environment running on the OpenRISC microprocessor architecture
implemented on the FPGA. In this sense, we can state that the games were ultimately
ported to the FPGA platform since at the lowest level the system still relies on the FPGA.
The main issue was that the selected microprocessor architecture (OpenRISC) is different
from the architectures typically used in standard PCs (×86 or ×64). Therefore, we cannot
simply copy an already compiled executable to the FPGA platform and run it. Instead,
we must cross-compile the software for our OpenRISC target and then execute it on the
FPGA-based system using the OpenRISC processor and Linux. The innovative aspect lies in
the fact that common Linux toolchains provide cross-compilation support for architectures
such as ARM, MIPS, PPC, and SPARC, but not for OpenRISC. For OpenRISC, the toolchain
must be assembled and configured from various third-party components. As a result, the
cross-compiled binaries cannot run on a standard PC, but they will execute correctly on
our embedded FPGA system with the OpenRISC processor and Linux. The downside is
that we must either have access to the source code or develop the software ourselves for
any tools we want to run on the FPGA with OpenRISC and Linux. OpenRISC was selected
because of its low resource requirements, making it suitable for implementation on our
Spartan-6 FPGA.

These games were selected because the author developed them entirely from scratch,
using them as proof-of-concept examples to demonstrate that such software can be ported
to an FPGA. Given the described toolchain, I can state that any source code can be cross-
compiled and executed on FPGA. The games merely serve as demonstration cases; similarly,
any other application can be cross-compiled, and thus deployed on the FPGA platform.
The generated binaries specifically target the OpenRISC core and its embedded Linux
distribution. With this toolchain, the source code of any application can be cross-compiled
for the OpenRISC architecture. These games were ported, even though they could also be
implemented directly on a conventional FPGA using VHDL or Verilog, a process that is
considerably more difficult than using a high-level programming language. The purpose of
this paper is to show that arbitrary applications, including more complex ones that might
be prohibitively difficult to implement purely in FPGA hardware, can be ported to this
FPGA platform using the OpenRISC microcontroller. The key novelty lies in the ability
to port applications and games—even those not developed by me, as long as their source
code is available—onto the FPGA via the OpenRISC platform, without redesigning them in
hardware. Instead of recreating applications from scratch for FPGA, we can simply cross-
compile them. The main objective of this paper was therefore to construct the toolchain
and demonstrate its use by porting an application (the three games discussed) to FPGA. In
this way, we only need to cross-compile existing applications for this platform rather than
rewrite them in a hardware description language such as VHDL or Verilog. Although high-
level synthesis tools can be used to mitigate the difficulty of translating code into Hardware
Description Languages, this still requires more effort than simply cross-compiling existing
applications for the OpenRISC platform running the Linux operating system.

The system has several limitations. It depends on source code for cross-compilation,
meaning that if we want to port the application to another architecture—such as RISC-V or
MicroBlaze—we must recompile the source code specifically for that target. In the current
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setup, the code is compiled for OpenRISC, because the toolchain is available only for this
architecture. There are no inherent performance or scalability issues with OpenRISC on
a Spartan-6 FPGA, since MicroBlaze and RISC-V can also be implemented on Spartan-
6. However, doing so would require substantial effort and the development of a new
toolchain. Moreover, highly advanced CPUs like those used in PCs cannot realistically
be implemented, because Spartan-6 is effectively limited to low-end CPU designs. As a
result, applicability is restricted: on Spartan-6, one can only build CPUs that are capable of
running a command-line Linux operating system, without support for graphical interfaces.

5. Conclusions
This article presented the development of three games: Pong, a fighting game, and a

backtracking-based chip placement game. These games were initially realized in software,
which represents only the first stage. The subsequent goal and planned improvement is to
implement this software in hardware and migrate the games to an FPGA platform.

There are two approaches: one is to translate the high-level programming language
code of the game into VHDL and run it on an FPGA board such as the NEXYS 2 from
Digilent; the other is to implement a processor similar to the 8086 and load the Linux game
executable onto the FPGA. If the game is ported to the FPGA by converting its high-level
source code into VHDL, additional improvements and extensions are possible. Using
Mentor Graphics tools, this VHDL description can then be translated into Verilog, and with
the same toolchain the physical layout of the chip’s silicon die can be generated. With these
tools, it is possible to fabricate a standalone ASIC that has our Pong game embedded on it.

The system can be further expanded by implementing additional microprocessor ar-
chitectures on the FPGA and cross-compiling various tools designed for those architectures
to run on the FPGA platform. When using a more advanced FPGA board, such as the Zybo
or ZedBoard, a complete SoC is already integrated, allowing these platforms to run a Linux
operating system with a graphical user interface. From this point, the options become
virtually limitless, as we effectively have a full-fledged computer implemented on an FPGA.
If we grow tired of a particular microprocessor, we can simply replace it by reprogramming
the FPGA. This means we are not restricted to just reinstalling the operating system; we
can also swap out the underlying microprocessor through reconfiguration. Consequently,
almost any modern Linux application with a GUI can be executed on our FPGA.
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