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1 Executive Summary

There is no denying the conveniences that the rise of online chess brought to
players around the world. Aside from the clear benefit of online play of providing
players with the flexibility to engage in matches from the comfort of their homes,
there are many features of online chess we take for granted today. Online chess
platforms offer various features specifically designed to assist players throughout
their chess career and enhance their learning experience, many of which are not
available in traditional physical play settings. For example, these platforms often
provide guidance to players during matches through means of movement guides,
displaying the possible moves for each piece to assist the players with their game
vision and decision making, analysis tools are also a common feature that allows
players to review completed games, pointing out mistakes and suggesting better
moves, enabling beginners to learn from their gameplay.

Even then, many chess players will agree that the feeling of playing on a physical
board is unmatched, impossible to replicate within an online setting. However, the
absence of such assist tools while playing can often prove daunting to beginners
due to the reputation the game has, with a deep knowledge gap between advanced
players and newbies. Thus, the motivation for this project. Our goal is to bring the
conveniences of online play to a physical chessboard to stimulate learning and
transform beginner players’ first experience into less of a daunting task and make
it a more engaging and enjoyable process.

This project aims to revamp the chess-playing experience by introducing some
interactive features to traditional chessboards inspired by online-play platforms.
The centerpiece of this project is an interactive chessboard equipped with
detection and identification sensor system and LED technology. Upon a piece
being lifted from the board, the corresponding tiles light up, displaying possible
moves for the selected chess piece, allowing players to easily visualize the many
possibilities in each of their turns. The board utilizes RGB LEDs to maximize the
number possible information we can convey using the board itself without relying
on external systems. For when we do need additional information, complementing
this feature is a display system capable of offering real-time tips and guidance
during gameplay, as well as assist in other matters such as time-keeping,
displaying the time each player has left on the clock. These features help foster
strategic insights into the players’ gameplay and reinforce the ability of quick
decision-making for players at every skill level, aiming on aiding the growth of
these skills.

The method we use for piece identification is somewhat rare among other existing
designs. The approach we settle on makes use of photodetectors and their
exposure to green light that is reflected for underneath each square onto the
bottom of each piece to detect, identify, and determine the position of the pieces
on the board. This system allows for a quick response and accurate response, able
to provide a smooth experience to the players. We do this by utilizing fiber optics



to illuminate the bottom of each piece and having different filters on the bottom of
each different type of piece so that we can correctly identify and differentiate them.
Afterall, it is important to us that there are no rooks being mislabeled as pawns, or
any other mistake that could happen by incorrectly setting up on the user’s side.

To finish it off, these features are contained within our specially designed housing,
made to complement the design with both aesthetic and functionality in mind. The
materials chosen not only ensure durability but also contribute to the overall sleek
design. The housing seamlessly integrates and contains each of the systems of
the board and enhances the overall user experience, allowing for portability and
offering a comfortable and stable platform while also providing the feel of playing
in a traditional board with a modern twist.

With this product, our vision is to not only make the gaming experience friendlier
to all players but also to inspire new chess enthusiasts and learners. Users will be
able to gain a thorough understanding of the basics of chess and how it is played
as well as some understanding of basic chess theory and tactics. The interaction
between player and board will provide players with the opportunity to learn this
timeless game in a modern setting, serving as a tool to facilitate their growth.



2 Project Description

This chapter section serves as a fundamental guide for understanding the base
aspects of our project, offering a panoramic view of its purpose, goals, and
guiding principles that we will follow throughout this paper. Additionally, the
section outlines the rules and parameters that govern our project, establishing a
robust framework that ensures coherence and consistency in our endeavor.

2.1 Project Background

Board games are a great way to spend time with friends and family. Like all new
games, beginners learn how to play from a manual, or they might be lucky enough
to have a player present that has played the game before and can coach them
through a game. Some games rely more on luck while others depend on strategy.
Chess is one of those board games that relies heavily on strategy. Professional
chess players can often see 10-15 moves ahead and plan their actions accordingly
when playing a match. For beginners though, they do not have that much
experience to predict their opponent's moves, especially when they do not know
the basics of the game yet. For chess beginners, having that extra person present
to help guide them would be ideal, but that is not always possible. Our group wants
to create a physical board that helps teach beginners the basic rules of chess and
possibly build on it to further teach them basic chess theory.

2.2 Goals

The overall goal of this project is to create a physical chess board that will help
teach beginners how to play chess. To teach players the basics of chess, they
need to first be shown how to initially set up the board and how each piece
functions on the board. In order to accomplish this goal, we first have to create
smaller goals that need to be accomplished first. We have divided these smaller
goals into basic goals, advanced goals, and stretch goals.

We have two basic goals for this project. The first is to detect and identify the
different chess pieces. The second is to light the LED array underneath the chess
board properly so that it shows the player where their selected chess piece can
move to and to show a player where their piece cannot move to. These two basic
goals are the most important goals we need to accomplish so that our chess board
works as we intend it to.

For the advanced goals, we want to convey additional information about a player's
selected piece and to be able to save the game state for players to pick up and
resume at a later point in time. By using a small built-in display, when a player
selects a piece to move, the screen will display a small paragraph of text that
describes how the piece moves. By using both the visuals of the board and the
text on the screen, players should be able to gain a solid understanding of the
basic mechanics of the game. This screen will also serve additional purposes
based on the mode the board is setup in.



Our stretch goals for this project include making further use of the chess engine
that will be programmed into the microcontroller to have an Al opponent for
singular players to challenge against. This will allow singular players to still have
an opponent to challenge even when a second player is not present. A second
stretch goal we have in mind is implementing a small speaker into the board that
will play sound effects when certain cases arise. We can play sounds that can both
encourage and discourage players in their decisions on selecting the best moves.

2.3 Objectives

In order to detect and identify the different chess pieces, we must first create a
system that will accomplish that. We plan to use fiber optic cables to carry light to
each square so that it can be reflected to a photodiode by the chess piece that will
be sitting on top of the square. The source of light for these fiber optic cables must
be selected so that the maximum amount of light can be supplied to each square.
By comparing different characteristics of fiber optic cables, such as length and core
diameter, we will select the best fiber optic cable possible to carry and supply light
to each of the 64 squares on the chess board. The fiber optic cable has to be
positioned under each square so that the maximum amount of light is provided.
The light from the fiber optic cables will then be reflected by the bottom of a chess
piece. Each chess piece will have a mirror on the bottom to reflect any light but for
each kind of chess piece, a different filter will be placed on top of the mirror. We
can then calculate the amount of expected reflected light and assign a range of
values for each piece. To detect this reflected light, each square will contain a
photodiode. The photodiodes will have a change in current depending on how
much light it is detecting. The more current it has, the more light it is receiving. By
reading the current of these photodiodes, we can determine the type of chess
piece on that square.

In order to implement enough LEDs below the chess board so that each square
has an LED, we have to determine the best LEDs to accomplish our goals. Ideally,
we want to be able to implement more than one color into the final project so that
players can associate a certain color with a specific message. We then have to
determine the best way to place these LEDs so that we can easily control which
LEDs turn on and which ones we want to keep off. A driver must then be selected
to control the LEDs so that consistent power and current are supplied to them
without burning out any of the individual LEDs.



2.4 Engineering Specifications/Requirements

TABLE 1 ENGINEERING SPECIFICATIONS/REQUIREMENTS FOR THE COMPONENTS THAT

WILL BE USED TO BUILD THE SYSTEM

Component Parameter Specification
Shift Register Clock speed 24Mhz
Photodiodes Viewing angle 50°

Fiber optic cables

Core diameter

0.75 mm (0.03in.)

Battery Watts 72.15w
Display Screen length size and | 4”

Resolution 480 x 320 pixels
Microcontrollers CPU speed 600 Mhz

TABLE 2 ENGINEERING SPECIFICATIONS/ REQUIREMENTS FOR THE PERFORMANCE AND

PHYSICAL CHARACTERISTICS OF THE SYSTEM

Requirements

Units

Battery Life of the entire chess box

2 4 hours

Chess Box Dimensions* (LXWxH)

24 in. x 18 in. x 6 in.

picked up to when move is show on the
chess board

Chess Board Dimensions* (LxW) 18 in. x 18 in.
Weight of the entire chess box <10 Ibs
Delay/Activation from when piece is | <5 seconds

Currents to differentiate the types of
chess pieces

6 different currents

Piece detection accuracy

= 95%

Asterisk (*): These dimensions are the max dimensions that our project will go to.
We will aim to build the board as small and compact as we can.




Note: These specs in the table above are only estimations and guidelines for our
project. We will aim to improve upon all the specs listed.
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FIGURE 1 HARDWARE BLOCK DIAGRAM

2.5.1 Hardware Description Summary

This section will provide a description and overview of the project's hardware
components focusing on the core infrastructure of our design in a manner to
simplify understanding of the device’s working principles and streamline the design
process.

With the convenience of the user(s) in mind, a rechargeable battery would be the
ideal power source for this project as it allows the device to operate without being
tethered to a fixed power source, such as a power outlet. Batteries provide
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flexibility and portability, ensuring uninterrupted operation when it would otherwise
be incapable of running. Along with it, a voltage regulator will be required to keep
voltage consistent and stable during the device’s operation regardless of system
load or battery voltage output. This will prevent damage to sensitive electrical
components due to overvoltage, prevent undervoltage conditions that can lead to
improper operation or data loss, and increase overall power efficiency and battery
life. This component pair will work to provide power to the microcontroller, sensors,
LEDs, and any other components within the circuit.

To provide the system with the information it requires to operate, a matrix of
photoelectric sensors will be in place to read the wavelength of the light from the
fiber optic system underneath the board that is reflected by the bottom of the chess
pieces and, from there, be able to verify the position of each individual piece in
play. This group, labeled “Sensor & User Input” will act as the main source of data
collection for our processing functions along with any other manual input from the
user interface, such as signals to start or pause the game. Meanwhile, the
components listed in the “Interactive LED Output” block will serve as the main form
of interaction between the user and the board. Each square in the board will be
able to individually light up to communicate different things to the player(s) during
the game to convey helpful information to beginners.

A secondary method of communication and interactivity between user and device
will be present in the form of an attached LCD Screen that will be used to present
more detailed information that would otherwise be hard to convey using only the
LEDs on the board. This information may include things such as game time,
strategy, current game evaluation, etc.

To connect all these together, the microcontroller serves as the central processing
unit for the design. It will receive and process data from all the sensors and inputs,
as well as handle any logic and decision-making in a centralized manner to
optimize system performance. It will also interface with any peripherals or
additional components that should be integrated in the project at a future date, that
are not essential for the device’s operation but provide additional functionality.
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2.8 Chess Gameplay Restrictions for Project

The rules of chess are the foundation for many of the interactive capabilities for
this project. A variety of these rules pose restrictions for the design, and this project
must be able to cater to each scenario on the board that can occur during a match.
All rules of chess for this project, which includes concepts such as piece
movement, piece capturing, castling, promotion, en passant, check, and
checkmate, follow the standard rules of chess ..

Currently, there are only three options available for the LED colors per square- red,
blue, and purple. These options may expand, or change to different colors, but the
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system can easily be designed around these three colors. As explained more
specifically in the following sections, these colors will be used to communicate
certain information on the board, with the general rule of blue being used to show
the user where to put a piece, red for where to remove a piece, and purple as
replacing a piece. To keep this board accessible to audiences that are colorblind,
there will be additional information displayed as needed on the screen display on
the side.

2.8.1 lllegal Moves

Because this chess board is designed to help teach beginners on how to teach
beginners, this board needs to be able to detect and fix all illegal moves. An illegal
move in chess is a broad term that refers to any move, or lack thereof, that breaks
the rules of the game. A simple example of an illegal move is moving the bishop
directly left from where it as it. The bishop can exclusively move diagonally, so this
type of move would be illegal, and the game cannot continue until the user undo’s
this move and makes a valid move instead. This covers the first category of illegal
moves, which is simply done when a user moves a piece to an invalid square it
can move to.

Whenever the user picks up a piece, the square it was picked up from will blink
blue on and off, to show the user where to return the piece if either they change
their mind or if they do an illegal move. All squares that the player can place this
piece will be lit up blue, or any squares they can capture a piece will be lit up purple
instead. For the scenario where the user places their piece in an invalid square,
that square they placed it on will light up red, and the display will show an ‘X’
symbol with text below saying that that was an illegal move. The game cannot
continue until a valid move is played, so the red light will stay there until the mistake
is corrected. That is how the chess board will display these types of illegal moves.

It is important to note that for making invalid moves, more must be considered than
just the move-set of as given piece. In chess, there is a concept known as “pinning
a piece”, where a piece cannot move without sacrificing more valuable pieces
behind it. In some cases, a piece may be pinned to the King, which can be legally
sacrificed, so that pinned piece moving out of the way and exposing the king will
be an illegal move. The protocol will be identical to the previous move correction-
it will light up red on the incorrect square and continue to display the valid locations.
Certain locations will also be removed on the board for pieces that are pinned to
show a reduced list of available moves for these pinned pieces, to reduce further
confusion.

Other illegal moves to consider for a beginner to do includes picking up too many
or too few pieces. If the player makes a valid move, but then instead of passing
their turn to the next player decides to make another ‘valid move’, there needs to
be a system in place to both identify where the illegally moved piece went and
where it needs to return to. This system will need be extensively designed to make
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it as easy as possible for the user to return to the initial position of the board, while
only using three colors and a display.

2.8.2 Recovering Disrupted Board States

lllegal moves can display helpful information for what went wrong when doing only
single moves, but in the situation where multiple pieces are bumped over or
switched by accident, the board could reach a disrupted state where multiple
corrections are needed. The reason this board needs a guidance system to return
the board state is really because it is designed for beginners, and a complete
beginner might accidentally move a bunch of pieces at once, or even knock over
a couple pieces to the ground.

There are two different routes to take when correcting disrupted board states from
the players. First, every piece that is either illegally placed or missing can have
LED indicators underneath, blinking red where they need to go and having solid
red for underneath the squares that they are currently placed that needs to be
removed (in the case that they aren’t on the board, there will be no indicator
besides the return point). This can get confusing though, as if multiple pieces are
missing then there will be lots of flashing squares that the user can’t distinguish
between until trial and error.

The second solution could be just to have the first additional move displayed and
corrected, and wait until the user fixes that one before displaying the next error,
until it is finally returned to a legal state. This method may get tedious if multiple
pieces are taken off but will likely work the best in streamlining the corrections and
making it as easy for the user as possible, so this method will be the one that is
implemented. All LEDs will turn off instead of just the flashing blue of where a piece
needs to go, and a solid red LED turned on underneath the piece that needs to be
moved there. This is only done for cases where many moves are made instead of
just one.

2.8.3 Special Moves

In chess, there are three special moves that can be made that will have to alter the
way the LEDs and display interact with the user. These special moves must be
detected for and break the regular pattern done by just the simple capturing and
moving of pieces.

Castling is the first of the three special moves in chess, which differs from all other
moves in those two pieces of the same color move in that one move. Ignoring this
rule would put the board in a disrupted board state as described in the section
above. To detect and allow this, when picking up the king the additional move of
castling will be shown in its highlighted available moves. After moving the king to
its desired square for castling, the light under the rook will flash red and the one
square that the rook needs to move for castling will be lit up blue. Note that these
moves for castling should only be allowed if castling is legal at that point of the
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game. If the player has moved their king or rook already, castling on that side is
no longer allowed (Or on either side if the king is moved in particular). In addition,
if the king is in check, or passed through a square that would put him in check,
castling isn’t allowed either. All of these would have to be considered when lighting
up the square or not as a valid move for the king. For the sake of the user
experience being smooth as well, moving the rook to a castling square like it would
castle won'’t display castling as a forced next part of the move, since that is a legal
move of moving your rook by itself, but it won’t throw an illegal move if you move
your king after that rook movement, if it is in the same turn. This way the user
doesn’t have to undo the rook move, do the king move, then the rook moves if they
want to castle but just moved the rook first.

En passant is another special chess rule in the sense that it is the only move to
capture a piece that isn’t on the square you move to. What this would mean for the
display is that instead of highlighting purple where the piece is directly on top of it,
it will highlight purple where you move the pawn to do en passant, and then it can
highlight red underneath the pawn you capture during en passant after the
previous move was selected. By detecting this move, en passant is only possible
after the opponent on their most recent move moved their pawn two squares
forward, and your pawn is in the right position. This opportunity passes though
after your move, so if en passant isn’t taken at that moment it can’t happen again
with that specific pawn. When determining if en passant is a legal move to make,
it will have to consider the previous move made.

Lastly, promotion is a special rule in that as a pawn is pushed to the end of the
board, it needs to be replaced with another piece, which is the only circumstance
you would replace one of your own pieces. The way this would have to be
implemented in this project is by having the pawn move to the last row result in the
square being lit up red, and then blinking red until replaced with the promoted
piece. Another thing the player may do it though is simply place down the piece
being promoted to, so that needs to be a valid option for the player, by lifting their
pawn for promotion and placing a different piece at that square.
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3 Research

In this research section, we delve deeper into the intricacies and nuances of our
project’s system and design, seeking to establish a comprehensive understanding
that transcends surface-level knowledge. Here, we will explore the theoretical
foundations of the project and share our personal approaches to the challenges
we faced when designing our chessboard. Our aim is to cultivate a rich reservoir
of insights, drawing from established principles in the relevant fields to create the
structure that will serve as the intellectual backbone of our design.

3.1 Existing Products, Past Projects, Similar Work

Currently there are multiple versions of this idea in the market. Some of the
companies of these projects include Square Off, ChessUp, and Chess House. The
prices overall range from $139 to $349.

The least costly of the three products we looked into is the Chess Genius PRO
from ChessHouse. This board currently costs $139. Compared to what we want to
implement into our project, this board does not have a lot of the aesthetic
characteristics we are aiming for. The ChessHouse board does not make use of
lights to provide information to the players, instead it makes use of a small LCD
screen that is embedded into the board to display the piece movements to the
player. This board is suited more towards single players because of its built-in
chess engine (ChessGenius by Richard Lang). This board detects the piece
movements due to pressure sensors built into the chess board squares.

The Square Off Pro chess board from Square Off is the best portability wise.
Currently priced at $239, this board is flat and can simply be rolled up when it is
done being used. This board only makes use of small white lights to convey which
squares a player can move to. These lights do not light up the entire square though.
The lights are on the line between squares so when a square turns on, the lights
on the sides of it will turn on. The use of lights is simple, but it is effective enough
to still relay information to the player. The chess engine this board uses is
Stockfish. With this built in chess engine, players have the opportunity to play
against an Al that can be adapted to different difficulties so beginners will not be
overwhelmed. Two in-person players can still face off against each other on this
board and the statistics about a game can actually be saved so that they can be
analyzed later.

The ChessUp board is the closest to what we want our final project to accomplish.
This board is currently priced at $349. The ChessUp board makes use of 3 different
colored lights to relay information to the player as a game is played. These colors
are used so that all possible squares a selected piece can move to are lit up, but
the color used determines how strong the move to that square is. A companion
app is also available for this board so the amount of assistance a side can receive
from the board can be programmed in to even the playing field between two players
with a wide gap in experience. This board ensures players play by the book and
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will not allow any illegal moves to be made. The board detects selected pieces as
soon as a player touch any of the pieces on the board.

There was a senior design project done in the past at UCF from summer 2018 to
fall 2018 that heavily inspired our project. The method this team used to detect
pieces is the biggest difference between the two projects. This past team used a
combination of reed switches and resistors to determine the pieces. Each chess
piece contained a unique resistor value so that 12 different values of resistors were
used in total, with each side having 6 unique resistors. When the pieces were
moved, the equivalent resistance of the board would change and that was the
value that was monitored to see how the chess pieces were moved. The
microcontroller monitored these changes by using an ACDC converter. Even
though they were able to accomplish the task of identifying the different pieces,
their system was still not perfect. Some of the main issues they dealt with lied in
their piece identification and detection system. The reed switches that were used
were not consistent and they faced challenges of getting consistent readings of
which piece was moved due to noise or poor contact.

Our goal with this project is to improve upon the previous projects’ issues and
limitations. We believe that incorporating optics into the project will enable us to
create a chess board that is more consistent with detecting and identifying pieces.
Using optics will also enable faster detection of the pieces and a quicker response
from the programming and software to provide the users with a smoother
gameplay experience.

3.2 Chess Piece ldentification System

One of the most important systems for our project is the chess piece identification
system. Our project’'s main goal is to teach new players how to play the game of
chess by showing them where each piece can move to on the board. We needed
to develop a chess piece identification system that would enable players to learn
how each of the different pieces moves around the board, no matter the state of
the game and where the pieces are on the board. Our chess piece identification
system needs to be accurate, consistent, and reliable or else the players won'’t be
able to learn how to play the game of chess properly. Getting this chess piece
identification system to properly work is of utmost importance because failure to
do so will result in an unusable chess board and teaching tool.

For our chess piece identification system, we believe that using optics and
photonics as the main principle for the system would create the best results
possible. After doing extensive research on other “smart” chess boards or chess
trainers, we believe that optics and photonics can fix and improve on some of the
shortcomings and weaknesses in other systems that rely on magnets or pressure
or switches. In our chess piece identification system, there are two main
components involved: 1) the optical sensor and 2) the key to differentiate each
piece. Understanding both components and the relationship they have was
important in order to choose the best parts for this project. As outlined in upcoming
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sections, we will explain the different options we had and explain why we chose
the specific parts that we did.

3.2.1 Optical Sensors
3.2.1.1 IR Sensors/Sensing

One of the first ideas we thought of for our chess piece identification system was
to use infrared (IR) sensors. IR sensors are an optoelectronic device that can
measure and detect infrared radiation. IR radiation is below visible light on the
electromagnetic spectrum and therefore cannot be seen by humans. IR radiation
ranges from the end of the red wavelengths from visible light all the way to
microwaves, typically from 0.75 um to 1mm. IR sensors are typically used as
motion detectors or proximity sensors. We first thought that using IR sensors and
putting one under each square for our piece identification system would have
worked, but we encountered a few issues with that idea. The main issue with using
the IR sensors as the optics for our piece identification system is that being able
to differentiate each different type of chess piece would have been difficult to
achieve using the IR sensors. We would have had to adjust each different piece’s
IR emittance, whether that was through different LEDs or other type of source.
That would have become too complex and tricky to properly figure out since each
piece would have required a power source and circuit design to fit inside the
pieces. IR sensors are relatively cheap, going from anywhere between $1 - $10 on
average, but the components that would have been needed to go inside each piece
to differentiate the types of pieces would have been expensive and much more
difficult than necessary. For those reasons, we decided not to use IR sensors as
the sensing mechanic for our project.

3.2.1.2 Color Sensors/Spectrometers

Another idea that we had for our chess piece identification system was to use color
sensors. Color sensors are optoelectronic devices that can determine the color of
an object. The color sensor emits light, typically by an LED, and then uses
photodiodes to collect the reflected light from an object. The light received by the
photodiodes is converted into an intensity value that can be split into a ratio of
colors, typically on an RGB scale and can accurately determine the color of the
object. For example, if the object is yellow, then the reflected light received by the
color sensor would break down into red and green intensity values, but not blue.
Using color sensors would make differentiating the different kinds of chess pieces
very simple and straightforward as we would just have to color code the pieces
accordingly and provide a key for reference. The main issue with using color
sensors as the optics for the chess piece identification system is the cost. Color
sensors typically range in price from $5-$20 per sensor. Since we need 64
sensors, one for each square of the board, that would become very expensive to
do. The cost of the sensors needed for the project could range from $320-$1280.
Since our project is not sponsored by anyone and all of us are in college and don’t
have large bank accounts, we decided that we couldn’t use color sensors for this
project.
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We did however try to come up with a different approach to still use color in our
chess piece identification system as color coding each of the different pieces would
be the most simple and straightforward way to help teach brand new players how
to play the game and learn how the pieces move. Another idea we had for the
optical sensing of our chess piece identification system was to create a
spectrometer system. A spectrometer is a scientific device that is used for
detecting and separating wavelengths of light on the electromagnetic spectrum.
Spectrometers are very sophisticated machines and therefore are very expensive.
Spectrometers typically cost in the range of hundreds to thousands of dollars,
sometimes even tens of thousands of dollars. We obviously knew we couldn’t buy
and use a spectrometer in our project, but we tried to develop a way to make a
‘homemade” spectrometer that would still allow us to differentiate each of the
pieces using color coded bottoms. We thought of an optical sensing system that
would use photodetectors and color filters to achieve the same result as using a
spectrometer. We thought that we could use a white light source aimed at the
bottom of each square, underneath the board, and point towards the bottom of a
piece that would be on the square. Then the white light would be reflected from the
bottom of the chess piece and go into the photodetector. The photodetector would
convert the reflected light into an electrical signal that would then be related to a
specific color.

We encountered a few problems with this system design. The first problem we
encountered with this design is that a photodetector cannot distinguish between
various wavelengths of light when it receives the reflected light and converts it to
an electrical signal. We would have needed to use color filters on the bottom of the
chess pieces to differentiate them and also needed to put the color filters on top of
the photodetector to only allow that specific color and its associated wavelengths
through into the photodetector. That wouldn’t be a major problem if there was some
way to have all of the different colors related to the different chess pieces that could
be filtered through one photodetector. But we are not able to do that as stacking
all of the color filters onto the photodetector would just allow every wavelength of
visible light to come through and it would just read the reflected light like it was just
the white light. Since there are 6 different pieces in chess, there would be 6
different colors to differentiate through the photodetectors. That means we would
need 6 photodetectors under each and every square on the board. Our project
would need 384 photodetectors for the entire chess board. Each of the
photodetectors would have a color filter on it so that it would only receive that
particular range of wavelengths of light coming from the bottom of a certain kind of
chess piece. Photodetectors are relatively cheap, ranging in price from $0.50-$5,
but since we need 384 photodetectors for the project, the price for our piece
identification system would drastically increase. The cost for all of those
photodetectors could have ranged from anywhere between $192 all the way up to
nearly $2000. We decided not to go with this design of the chess piece
identification system as the price and complexity was just too much when
considering the other options available.
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3.2.1.3 Photodiodes

The last chess piece identification system design that we came up with is using
photodiodes. Photodiodes are a semiconductor device that takes in light and
converts itinto an electrical current. Photodiodes are very similar to photodetectors
and sometimes they get confused and mistaken for one another. Photodetectors
are a more general term for optical sensors whereas photodiodes are a specific
type of photodetector because of how it works. Photodiodes typically use a P-N
junction in order to produce a photoelectric current. The photons (light) get
absorbed into the P-N junction and they create an electron-hole pair that moves
through an electric field, which creates an electrical current. The design of this
system using photodiodes is very similar to the design of the system that would
have used photodetectors and color filters. In this version of our chess piece
identification system, we will have one photodiode under each square of the chess
board and it will measure the intensity of the reflected light from the bottom of the
piece on top of the board. This intensity value of the reflected light will then be
converted into an electrical current and we will determine what piece it is based on
the current value we read.

There are a few advantages in this system design over our ideas about using
photodetectors. For example, when using photodiodes, we are only concerned
about intensity of light. We don’t have to worry about relating the different kinds of
chess pieces to a specific color. This gives us some flexibility when determining
how we will differentiate the six different kinds of chess pieces, which will be further
explained later on. We also only need one photodiode under each square of the
board instead of six photodetectors with the previous system. This will reduce the
cost of the piece identification system overall and also give us more room to be
able to adjust the size of our chessboard and the dimensions of each square,
piece, etc . Photodiodes are very similar in price to photodetectors, ranging
anywhere from $0.50-$5. The realistic price for all sixty-four photodiodes will be in
the range of $30-$50 and shouldn’t be anymore than $64 ($1 per photodiode).

Another distinct advantage for using photodiodes is the simplicity of the entire
system overall. Since photodiodes will convert the reflected light into an electrical
signal (current), we just need to design a simple circuit to be able to properly
determine the six different kinds of pieces. We will be able to control the resistance,
input voltage and overall design of the circuit, which will enable our group to just
focus on measuring the current produced by the photodiodes. Since the current
produced by the photodiodes is classified as analog (continuous-time varying), we
need to convert that into a digital signal so that the microcontroller can read the
value and determine if/if not there is a piece on a specific square. To convert the
signal from analog to digital, we will need to buy and incorporate into our system
an analog-to-digital converter. An analog-to-digital converter (ADC) is a device that
converts an analog signal measurement into a digital value in the form of binary
code. Since an analog signal is continuously changing, the ADC has to first “take
a snapshot” and then quantify that data into binary digits, or bits. Once the signal
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is quantified and given a resolution in bits, then the data can be read in binary
values and sent to the microcontroller as a digital signal.

TABLE 3 OPTICAL SENSORS TECHNOLOGY COMPARISON

(Visible Light)

IR Sensor Color Photodiodes
Sensor/Spectromet
er
Function Measures IR | Measures and | Measures intensity
radiation changes determines specific | of light
wavelength ranges
related to color
Wavelength Range | 0.75 pumto 1 mm = 380 nm to 750 nm | Any wavelength

range (specific to
diode specs)

(color sensor)

= $100s to $1000s
(spectrometer)
=~ $0.50 to
(photodetectors)

$5

Extras/Other Light source and | Color filters for each | Analog-to-Digital
Components circuit inside each | different kind of [ Converter (ADC)
chess piece along | chess piece
with some filter or
other method to
differentiate them
Implementation Medium to Hard Hard Easy
Number of sensors | 64 64 - 384 64
Cost (1 sensor) =~ $1 to $10 =~ $5 to $20 = $0.50 to $5

After considering all options and determining the pros and cons of each system
design, we have decided to create our chess piece identification system using
photodiodes as our optical sensors. Using photodiodes enables us to have great
flexibility with how we determine the different kinds of chess pieces; it is the most
cost-effective option, and it is the simplest option for data collection and
implementation into our chess board.
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3.2.1.4 — Part Selection

TABLE 4 PHOTODIODES PART SELECTION

Name Photosensitive VTP9812FH SFH 203 P
Diode
Brand/Manufacturer Excelitas ams-OSRAM USA
Uxcell .
Technologies INC.
Seller Amazon DigiKey DigiKey
Peak Wavelength 940 nm 580 nm 850 nm

Spectral Range

400 nm - 1100 nm

400 nm - 700 nm

400 nm -1100 nm

Receiving/Viewing

$0.65 (per diode)
$6.49 (10 pcs)

$0.67 (per diode)
$59.14 (100 pcs)

Angle 40 50 150
Active Area N/A 1.55 mm~2 1 mm~2
Price $1.00 (per diode)

$6.50 (10 pcs)
$42.60 (100 pcs)

After deciding that we will use photodiodes as the optical sensors for the chess
piece identification system, we needed to determine the best photodiode to use for
our project that fits our requirements and needs. The most important qualities
about photodiodes that affect our project specifically are the spectral range that
the photodiode can read, the peak response wavelength for the photodiode and
the receiving/viewing angle that the photodiode can detect light. After doing
extensive research, we determined that the photodiode we will use for the chess
board is model VTP9812FH from Excelitas Technologies. We chose this specific
photodiode because it best fits our parameters for the project. Since we will be
using light in the visible wavelength spectrum to go into the fiber optic cables that
will illuminate the bottom of each square on the board, we needed a photodiode
that can not only read visible light wavelengths but also have a peak response
wavelength in that spectrum. The photodiode we chose has a spectral range of
400 nm to 700 nm, which is roughly all the visible light spectrum, but it also has a
peak response wavelength of 580 nm. Currently, we plan on using green light as
the color of light that will go through the fiber optic cables, so our choice of
photodiode has a peak response wavelength very close to wavelength range that
we are using. That is very good as it will lead to an increased responsivity to
measuring the reflected light from the bottom of the board. Another reason we
chose this specific photodiode is that the receiving/viewing angle is 50°. For our
project, using a photodiode with a large viewing angle was important as the
photodiode will be measuring reflected light from the bottom of the chess board.
The larger the viewing/receiving angle, the better our measurements will be, and
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it will help us determine more accurate values when differentiating the different
types of chess pieces, which will result in higher correct piece detection accuracy
during a game. The “cherry on top” for choosing this specific photodiode is active
area size. Our photodiode has an active area size of 1.55 mm”2, which was much
larger than most of the other photodiodes we researched and considered for this
project.

3.2.2 Differentiating each Piece
3.2.2.1 Colors/Color Filters

The first idea we thought of when trying to figure out how to differentiate each of
the six different kinds of chess pieces was to use color. We thought that color
coding the pieces would be the most simple and straightforward way to classify the
piece types. We believed that color coding the pieces would help the players learn
each piece faster as there would be a visual stimulus to relate each piece to and it
would also make setting up the board before a game easier to understand and
memorize. The only way we could color code the bottom of the pieces is by using
color filters. Color filters are a type of filter that can affect the color of light either
through absorption, reflection, conversion and/or balancing of any range of
wavelengths in the visible spectrum. We would have needed to use color filters on
the bottom of each piece and on top of all of the photodetectors. These color filters
would only allow specific ranges of wavelengths of light through to the
photodetector and classify each piece type based on each specified wavelength.
Since we would have used a white light source under each square to illuminate the
bottom of the chess board, the reflected light would change from the broad
spectrum that white light has to a very small range of wavelengths corresponding
to a specific color. This would have enabled the microcontroller to easily identify
the different piece types and allow us to have a high accuracy for determining
pieces during any game.

Color filters are relatively cheap and usually come in a pack with a bunch of
different colors. These filters are typically sold as big sheets that can be cut to
specific shapes and sizes, depending on the needs of the customer. The filters can
cost anywhere from $10 to $30, but that usually includes most of the basic colors
of the rainbow and multiple sheets for each color. If we decided to use color filters
as the way to differentiate the different chess pieces, we would have only needed
1 pack of filters since the bottom of our chess pieces will be small in size when
compared to the dimensions of the filter sheet. The reason we won’t be using color
filters is not because of the color filters themselves, but because of the cost and
setup of the optical sensors for the piece identification system. Color filters are our
backup plan to use in case the other kind of filters we use to differentiate piece
types doesn’t go according to plan.
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3.2.2.2 Materials

Another way we determined how we could identify and differentiate each of the
chess pieces was to use different materials. We thought that using various
materials that vary in reflectivity could work since we are using photodiodes which
just measure intensity of light. Choosing materials based on how reflective they
are to identify piece types would work with our choice of photodiodes and optical
sensor setup. We could have used any sort of material in the world and they
wouldn’t have had to relate to each other. We thought of using a mirror, shiny
reflective tape that is typically used in construction, aluminum foil, a penny, and
many more random objects could be used as they all are reflective at various
levels.

The main issues with using materials and relating their reflectivity values to
differentiate piece types is that there is no source or large amount of data about
different reflectivity values for various materials and sources. There is not much
information gathered about the exact reflectance values of random objects in the
world, which means we wouldn’t be able to provide an exact and precise
reflectance value without lots and lots of testing. We would need to have tested
many different materials and objects dozens if not hundreds of times so that we
could get an accurate average value for the reflectivity. That wouldn’t have been
an issue if we only needed a couple of different values, but since there are six
different kinds of chess pieces, we would need at a bare minimum six distinct
reflectivity values of materials that wouldn’t interfere with each other. For our
project specifically, we would like to get as many differentiating values as possible
to make it easier for the programming and coding of our board to be as smooth as
possible. To have done that would have required dozens and dozens of tests with
many various materials such as tapes, metals, mirrors, plastics, etc. and the values
we would come up with would only be estimates and averages as there is not truly
a source that we could fact check our numbers with. It could still be done, but
because of the complexity and extensive amount of testing needed to be done, we
decided to not differentiate our chess piece types based on the reflectivity of
various materials.

3.2.2.3 Light Filters

The last concept we thought of to differentiate the piece types is to use filters.
There are many kinds of light filters that can change light in many various ways.
Light filters are designed to narrow the range of wavelengths of light to achieve a
specific goal or objective. There are some light filters that specifically absorb
certain ranges of wavelengths or reflect certain wavelength ranges. There are also
filters that can refract or diffract certain wavelengths as well. For our project, we
would be focusing on neutral density (ND) filters. ND filters are light filters that are
designed to reduce light intensity evenly across a specified wavelength spectrum.
ND filters are typically neutral gray in color and act as a mask to control the
intensity of any illumination source. ND filters are characterized by the value at
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which they reduce the intensity of light. The value that each ND filter has is tied to
a percentage that denotes the intensity of light that is transmitted through.

TABLE 5 DIFFERENTIATING EACH PIECE COMPARISON

Colors/Color Filters | Materials Light Filters
Function To differentiate the | To differentiate the chess | To  differentiate
chess piece types | piece types based on|the chess piece
based on color and | intensity of reflected light | types based on
wavelength due to the reflectivity | overall intensity of
associated to colors | values of various | light
materials and objects
Wavelength = 380 nm to 750 nm [ Any wavelength range | Any wavelength
Range (Visible Light) (depends on wavelength | range (specific to

of light source)

wavelength of
light source)

Implementation

Medium

Hard

Easy

Cost

= $10 to $30

= Free to the price of

=~ $10 to $35

whatever material is used

The main reason why we decided to use ND filters for our project to differentiate
each of the 6 kinds of chess pieces is because of the simplicity of ND filters. Using
ND filters allows us to associate a specific number to a certain kind of piece and
we will know how much light is transmitted through. ND filters are just as simple as
color filters, but they don’t require the same level of setup with the optical sensors.
We only need to use one photodiode under each square of the board to measure
the intensity of the bottom of a piece. ND filters are also relatively cheap and
equivalent to color filters, ranging anywhere from $10 to $35. When buying ND
filters, they usually come in a pack with three to four different values of filters in
there so there are different options depending on the purpose for the filters.
Overall, we decided to use ND filters because they are the most simple and easy
to use when compared to the other options for how we could have differentiated
the chess piece types.
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3.2.2.4 — Part Selection
TABLE 6 FILTER COMPARISON

Square Filter Gel Filters, CTO nghtlng NELTE
AEMILE Kit Transparent Light Sheets SEIEIAC
Filter Sheet
Brand/Manufacturer | SIOTI Meking RENIAN
Seller Amazon Amazon Amazon
: 6 (2 per each
# of filters 4 4 kind)
ND2 (Y2 1 ND3 (=48%
transmission) | Y2 trans.)
value of filters ND4 (Yatrans.) | ¥a ND6 (=24%
ND8 (¥ trans.) | /s trans.)
ND16 (1/16 ND9 (212%
trans.) trans.)
Tvpe of filters Neutral Density | Color Neutral Density
yp (ND) Correcting/Enhancing (ND)
Material Pmma Polyester Polyester
Price $22.99 $18.99 $16.98

Once deciding that ND filters would be the best way to properly differentiate the
chess piece types, we needed to figure out exactly how we will implement that into
our project. The main concern for differentiating each chess piece type is
determining how many different values we need the photodiodes to measure so a
proper game of chess can be played. There are 6 different chess piece types.
Ideally, we would want to have 12 different values to be associated with each of
the 6 different types of pieces for both colors, white and black. Unfortunately,
getting 12 distinct values measured from the reflected light from the bottom of the
chess board will be extremely difficult and has increased risk of overlapping that
will cause the microcontroller to read the wrong values and therefore light up the
wrong moves that a player could make. Currently the plan is to get 7 distinct values
to differentiate the pieces on the board: 2 different values for each set of pawns
(white and black) and 5 values related to the other chess piece types. We want to
differentiate between each set of pawns as pawns are the only piece that cannot
move backwards. If we differentiate between them, then that will allow the
microcontroller to more easily track and determine which pawn is what color and
what direction they should move in. We don’t need to worry about what the color
is for the 5 other types of pieces as they can all move backwards. Their direction
of movement isn’t strict like it is for pawns.
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To achieve 7 different values that will differentiate the chess pieces on the board,
we chose 2 different sets of ND filters. The first set of ND filters has 4 different
filters: ND 2,4,8, and 16. Each different filter reduces the intensity of the reflected
by a certain factor. The second set of ND filters we chose has 3 different filters:
ND 3,6, and 9. By using these 2 sets of filters, this provides us with 7 possible
options to differentiate the pieces without even counting the base layer that each
piece will have of just the mirror. The base layer that doesn’t have any filter and
only the mirror will act as 1 value as it should show exactly how much light is being
reflected from the bottom of the pieces on the chess board. These 2 sets of filters
provide us with options and flexibility when determining what values, we want to
control each piece with. It gives us the chance to test different combinations and
precisely choose 7 distinct values for our project.

3.3 Fiber Optic lllumination System
3.3.1 Fiber Optic Cables

Optical fibers, which are very similar to wires, are typically made from different
types of optical glass or plastic. They enable light to travel through them and can
be thought of as similar to electrons in normal electrical wire. Optical fibers are
flexible, which enables them to be bent to a certain point and be easy to use since
they aren’t rigid. They are mostly used for communications since they allow
information to travel at the speed of light and have less loss in signals than wires.
This isn’t to say they have no loss, but they have significantly less loss than signal
travel through an electrical medium. Fibers are also used for illumination. They
illuminate objects that can be hard to light up due to them not being in line of sight.
This is done when light enters through one end of the fiber and exits the other. It
will not exit in a straight line, as a laser light ray does, the light typically disperses
when it exits the fiber from the opposite end. For this reason, they can be used to
illuminate in confined places which is only enhanced by their flexibility. In addition,
we can group them together into bundles that enables them to transport the light
to the target with a greater intensity.

3.3.1.1 Fiber Optic Properties

Optical fibers are made up of a core that is enclosed by a typically clear cladding
material that has less refractive index than the core. Light then is enabled to travel
in the core due to total internal reflection since the cladding has a smaller refractive
index. Total internal reflection keeps all the light in fiber. This allows the fibers to
function like a waveguide, which is an optical device that guides electromagnetic
waves (light) through a medium.

When light travels through any medium or bounces off any surface, absorption and
scattering occur. These two effects cause losses in a fiber which will reduce output
power. Attenuation in a fiber is determined by the wavelength of the light meaning
if there are losses due to absorption or scattering the color of the light that is
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emitted at the end will be different than the light from the illumination source.
Longer fibers will cause the light to be marginally redshifted. In addition, because
of absorption and scattering loss there will be less light output at the end of the
fiber, which results in lower intensity.

Fibers with larger core diameters can couple, which is combining two or more
inputs into a single output, more light. Doubling the core diameter would increase
the coupling power by four since the cross-sectional area would increase by four.
Another way to improve coupling power is to increase the density of fibers in a
bundle. The ends fiber have to be very clean as well as contaminants such as dirt,
dust, and finger prints can cause light to be absorbed which would cause output
light to be lost. In our application, a larger core diameter would mean more light
transmitted through because the fiber would let in more light from the input source.

Single Mode Fibers vs Multimode

Modes, as applied to optical fibers, can be thought of as paths that a ray of light
can take. When a fiber’s diameter is increased so that its V number, the normalized
frequency parameter of a fiber, is greater than 2.405, then the fiber can support
more than one mode of light. Fibers that have one transverse mode are called
single mode fibers and those with multiple transvers modes are called multimode
fibers. The fundamental differences between single and multimode fibers will be
explained further below.

Single mode fibers usually tend to have smaller core diameter than multimode
fibers. The only mode a single mode fiber can support is the fundamental mode or
the LPo1 mode (the subscripts describe the radial and azimuthal variations). This
happens because the fiber diameter is so small that the light travelling through it
interferes with itself and will always result in a gaussian beam given the correct
angle input.

The main dispersion mechanisms in single mode fibers are from material
dispersion and waveguide dispersion. Since refractive index is wavelength
dependent, different wavelengths travel at different speeds through different
materials. This phenomenon is called material dispersion. An example of
waveguide dispersion is that longer wavelengths are less confined, since they
have a lower frequency, they will experience a lower refractive index. Because of
this property, single mode fibers are usually designed with one wavelength in mind
that is optimized for that specific wavelength. A way to minimize dispersion in
single mode fibers is to control the relation between refractive index and core
radius. We can do this by choosing a different material for the fiber or choosing a
different core diameter.

An advantage of single mode fibers is that intermodal dispersion can’t occur.
Intermodal dispersion is when different modes travel at different speeds. Not
having intermodal dispersion is good for optical fiber communication for high data
rates, especially for longer distances. In addition, single mode fibers have lower
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propagation losses which is another reason why long-distance data transmission
and outdoor uses are all done using single mode fibers. This can be seen in data
centers or even fibers that are used to transmit data across an ocean or country.

Multimode fibers however suffer from multimode dispersion. In a multimode fiber
many modes can form at once and different modes can propagate at different or
similar times. When these modes interfere with each other, this causes the
superposition of all these modes. Multimode fibers experience many dispersion
mechanisms such as chromatic dispersion, intermodal dispersion, and polarization
mode dispersion. Chromatic dispersion is inclusive to material dispersion and
waveguide dispersion. Polarization mode dispersion is when different polarization
components travel at different speeds, such as linearly polarized light in opposite
directions (vertical and horizontal) or circularly polarized light (left or right circularly
polarized). Dispersion in multimode fibers can be minimized by using a graded
index profile, which is a gradual change in the refractive index from the core to the
cladding rather than a sudden change, such as a step index fiber.

Multimode fibers usually have a higher numerical aperture (NA) which allows for
greater guidance of light even when bending. However, higher propagation losses
occur when not bending the fiber. Getting light into multimode fiber is easier than
in a single mode fiber because the location and propagation angle of the light don’t
have to be as precise. However, the spatial coherence of the output is diminished,
and the resulting field pattern could be hard to manage. Multimode fibers are
mostly used for short distance indoor applications because they allow for cheaper
multimode data transmitters such as LEDs rather than laser diodes.

The max angle a ray can hit the core of the fiber, which is determined by the
numerical aperture, can allow that light to travel in the fiber more effectively. This
is called the acceptance angle. The numerical aperture is defined as the value of
the sine of the maximum acceptance angle times the refractive index of the
surrounding medium, which is typically air. The numerical aperture can also be
determined by taking the square root of the squared individual refractive index
difference between the core and the cladding. Increasing the NA of a fiber would
also increase the cone of acceptance of the incident light enabling it to get into the
fiber easier.

3.3.1.2 lllumination Fibers

Fibers used for illumination are similar to fibers used for communications except
they have larger cores and smaller claddings to increase the amount of light
received from the illumination source. Most illumination fibers are multimode fibers
since they have bigger diameters to allow light to get in easier. Lighting fibers that
are used purely for illumination purposes can be made out of glass or plastic.

Glass fibers, when compared to plastic, are more efficient at carrying light because
they’re more transparent and also more resilient to heat from the illumination
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source. This enables the illumination source light to be more intense, which gives
more light at the end of the fiber. Plastic fibers are more common since they are
very cheap due to material availability and drawing time and are easier to set in
place. The drawback of plastic fibers when compared to glass fibers is that they
have a higher loss of light and can’t handle high heat which sometimes limits the
amount of light the illumination source can output. The material that the core and
cladding are made up of determines the amount and which modes appear.

Modes are defined by the numerical aperture (NA). Light leaves fibers at the end
as cones and the higher your NA number is the wider the cone of illumination will
be. Fibers with higher NA couple light more efficiently since it collects light at higher
angles from the illumination source. Fibers usually have a NA of 0.3 to 0.6 which
would accept light in cones of 30 to 60 degrees.

There are two types of illumination fibers, end emitting fibers and side or edge
emitting fibers. End emitting fibers use total internal reflection to make almost all
the light come out of the end of the fiber. Side emitting fibers are designed to not
be as efficient by letting some light to be scattered into the cladding, causing it to
become visible, typically for art or display purposes. This will cause the whole fiber
to light up while in an end emitting fiber only the end will light up. A lot of light is
lost by edge emissions throughout the fiber, causing side emitting fibers to have
high attenuation. These losses can limit the length of the fiber that can be used.
There are a few solutions to this such as using two illumination sources to
illuminate the fiber from both ends, having the fibers come back to the same
illumination source, or using reflective end caps to send the light back into the fiber.

3.3.1.3 Fiber Cleaving

Cleaving a fiber is a precise and controlled process involving a purposeful break
in the fiber to create a flat surface at its end. This flat surface is crucial as it needs
to be perpendicular to the longitude of the fiber. The cleaving process is commonly
undertaken to either shorten the fiber or to achieve a cleaner edge, particularly in
situations where scratching or contamination may be a concern. This procedure is
essential for ensuring the efficiency of the optical fiber.

To execute a proper cleave, a series of steps is undertaken, starting with stripping
the fiber. Stripping involves removing the protective coating from the end of the
fiber using a specialized tool called a fiber stripper. The quality of the cleave
achieved during this process is crucial, especially when aiming for low loss. One
widely used cleaving strategy is the scribe and break method.

The scribe and break strategy involves using a cutting tool crafted from a hard
material or diamond to create a crack in the fiber. Afterwards, tensile force is
applied near the crack, using the difference in hardness to create a cleaner break.
This strategy is chosen for its effectiveness in achieving precise cleaves, ensuring
that the end of the fiber is optimal for succeeding uses.
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Understanding fiber cleaving becomes particularly crucial when dealing with fibers
longer than necessary. In such cases, cleaving becomes necessary to reduce the
travel distance of light within the fiber. This reduction is essential for minimizing the
potential loss of light during transmission, thus optimizing the overall efficiency of
the optical system.

3.3.1.4 Project Applications

In regard to this project, we are using optical fibers since they would require less
optical alignment rather than putting a light source under each chess board square
as well as having less light loss due to free space propagation. In addition, since
they are so flexible and able to fit in tight spaces, this allows us to save on space
which is needed to make the chess board as portable as possible. These optical
fibers will all have to be aligned at an angle that will allow light to hit the internal
optical parts of each chess piece for it to be reflected to read the light intensity.
They will also have to capture enough light from the illumination source to give us
sufficient readings for the intensity of the reflected light off the chess piece.

Considering all the information discussed above, we concluded that the best fiber
to use would be a multimode end emitting fiber. We chose an end emitting fiber
since it would provide the most light output to illuminate the bottom of the chess
pieces. If we had chosen side emitting fiber most of the light would have been lost
as light traveled along the fiber which would have given us a weaker light output.
Most illumination fibers are multimode fibers which is great since multimode fiber
have bigger core diameters than single mode fibers which enables the multimode
fiber to receive more light into the fiber more easily. A fiber with higher NA is also
desirable since it would have a higher light acceptance angle, again making it
easier to receive light. A higher NA would also help with illumination of the chess
pieces since the light emitted from the fiber would have a wider cone of illumination.
Using plastic fibers would be useful to incorporate since they are more flexible and
cheaper than glass fibers. The initial purchase of a longer fiber would be beneficial
because they would give us more fiber to use in case of emergency and gives us
more leeway in cleaving and angle adjustment. However, this comes with the
caveat of longer fibers in our chess board increasing light losses due to dispersion
effects caused by the material of the fiber. This would decrease our power output
as well as introduce more noise into what'’s transmitted. We would also like for the
fiber to be as cheap as we can get it without sacrificing performance.
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3.3.1.3 Part Selection: Fiber
TABLE 7 FIBER MARKET PARTS

Brand AZIMOM CHINLY AKEPO AZIMOM
Quantity 1 1 100 1
Material Plastic Plastic Plastic Plastic
Length 100 M (328 ft) | 100 M (328 ft) | 2 M (6.5 ft) 50 M (164
ft)
NA Not listed Not listed 0.5 Not listed
Core Diameter | 0.25 mm (0.01 | 0.75 mm (0.03 [ 0.75 mm (0.03 | 1.5 mm
in) in) in) (0.06 in)
Fiber type Multimode Multimode Multimode Multimode
Temperature -58°F - 167°F | -58°F - 167°F | -58°F - 167°F | -58°F -
Range (°F) 167°F
Cost $11.88 $8.44 $9.99 $14.20

Taking all of this into consideration, we have decided to use the AKEPO fiber. The
AKEPO fiber isn’t the cheapest or has the biggest Core Diameter but has the
biggest total length out of all the fibers listed by doubling the AZIMOM 100 M fiber
and CHINLY fiber lengths. The AKEPO fiber is the second cheapest fiber only beat
out by the CHINLY fiber which has the same core diameter but is half the total
length. The AZIMOM 50 M fiber has the biggest core diameter meaning it would
be the easiest to get light into from the illumination source, but it is the most
expensive and has the smallest total distance. Another advantage of the AKEPO
fiber is that it comes as a bundle of 100 fibers that are 2 meters long which would
reduce the amount of cleaving that we would have to do. This is because we would
not need all 100 fibers and we would use way less than the 2 meters.

3.3.2 lllumination System

The purpose of the illumination system is to generate light so that it can be coupled
into the fibers so that they can illuminate the bottom of the pieces for later reflection
readings. In order to accomplish this, we will need a light source that will generate
enough optical power to make it easier to distinguish between each piece type.
Light will also have to be distributed evenly to all the fibers so that each square will
reach the same amount of light from the fiber.

3.3.2.1 lllumination Sources

lllumination sources are the devices that provide light for the fibers to carry. We
will need an illumination source since fibers do not create or provide their own light
and only transport it. There are many illumination sources that can provide light for
fibers such as lamps, LEDs, lasers, laser diodes, quartz halogen lamps, xenon
metal halide lamps, and other high and low powered sources.
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Xenon metal halide lamps stand out for their high power output and ability to
generate high-quality light. Notably, approximately 24 percent of the energy input
is transformed into light, marking a significant efficiency improvement compared to
incandescent lightbulbs, which typically operate at an efficiency range of 2 to 4
percent. However, Xenon metal halide lamps come with certain trade-offs,
including relatively short lifespans compared to some other light sources. Another
consideration with Xenon metal halide lamps is the warm-up time required to reach
full brightness, taking a few minutes. Additionally, these lamps need a high startup
voltage to ionize the gas within, generating a considerable amount of heat. These
characteristics should be taken to though for our optical system, considering
factors such as instant brightness requirements and the impact of heat generation
on the overall system. To optimize the performance of lamps within our optical
system, considerations such as the incorporation of reflectors or lenses may be
essential. Reflectors, if not already integrated, can enhance the directionality of
light, focusing it toward the target, while lenses play a crucial role in channeling the
light efficiently into the optical fibers. Moreover, the versatility of lamps extends to
their potential use in combination with optical filters.

Quartz halogen light bulbs, belonging to the incandescent light family, are
recognized for their ability to generate light by heating materials until they emit
visible light. However, this distinctive process comes with basic inefficiencies, as
the majority of the energy is lost as heat, making incandescent lights generally
inefficient. Despite these drawbacks, quartz halogen light bulbs offer certain
advantages, particularly in the context of compact optical systems. The compact
and cost-effective nature of quartz halogen light bulbs makes them an attractive
option for optical setups with limited space, aligning with the spatial considerations
of our system. Their small size and affordability contribute to their appeal, allowing
for versatile integration within small or tight spaces. However, there are significant
limitations associated with quartz halogen light bulbs. Notably, these light sources
are notorious for producing high temperatures during operation. Consuming a
considerable amount of energy, ranging from 55 to 100 watts, quartz halogen bulbs
are among the less energy-efficient lighting options available. One of the primary
concerns with quartz halogen bulbs is their potential to generate excessive heat,
posing a risk of melting the plastic housing and fibers within our system. This
thermal issue not only threatens the integrity of the optical setup but also has the
potential to compromise the entire system's functionality. Long exposure times to
high temperatures could result in irreversible damage, leading to the degradation
of both the housing and the fibers.

Another suitable option for our project to consider was the Helium-Neon (He-Ne)
laser. These laser devices exhibit several advantageous features, making them
noteworthy contenders for our optical system. One key strength lies in their stable
wavelength, providing consistency in the emitted light. Additionally, He-Ne lasers
are renowned for producing good Gaussian beam profiles, ensuring precision in
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light distribution. The high quality of the beam and the simplicity of the alignment
process further add to the appeal of He-Ne lasers for our application. However, the
Helium-Neon laser does have certain limitations that influenced our decision-
making process. One notable drawback is the relatively short lifespan of He-Ne
lasers, ranging from 1000 to 10000 hours. This limited lifetime poses practical
challenges, especially in scenarios where long usage times or minimal
maintenance is needed. Furthermore, despite their advantageous qualities, He-Ne
lasers exhibit a relatively low output power, typically ranging from 35 to 50
milliwatts even for the most powerful variants. This may be a critical factor
depending on the specific illumination requirements of our system. Another
consideration is the warm-up time required for some He-Ne lasers to achieve
population inversion. This delay in activation could impact the responsiveness of
the system, particularly in applications that demand swift and immediate uses. One
substantial drawback that weighed prominently in our decision-making is the
bulkiness of He-Ne lasers. These devices tend to be over 1 foot long, exceeding
the parameters we've established for our system. The compactness of our optical
setup is pivotal for integration, and the size of He-Ne lasers was deemed
impractical within the defined spatial constraints.

Another option in our consideration for a light-emitting device is the Laser Diode.
Laser diodes present many advantages that make them appealing for our optical
system. Notably, their compact size sets them apart, being smaller than many
other types of lasers. This characteristic aligns perfectly with the spatial constraints
and design requirements of our system, enabling efficient integration without
compromising on performance. Affordability is another notable aspect of laser
diodes. They stand out as one of the most cost-effective devices for producing
laser output in the desired wavelengths. This economic advantage positions laser
diodes as an attractive choice for our project without compromising the quality of
the emitted light. The high efficiency of laser diodes further enhances their appeal.
Their efficiency in converting electrical power into laser light aligns with our goal of
optimizing energy consumption while ensuring reliable and consistent
performance. A notable feature of laser diodes is their capability to be
manufactured into arrays effortlessly, owing to their small size and output
capabilities. This versatility opens up possibilities for customizing and scaling our
optical system based on specific project requirements. However, it's important to
acknowledge certain drawbacks associated with laser diodes. They typically
produce smaller optical powers, ranging from 5 milliwatts to 10 milliwatts, when
compared to other lasers. Laser diodes produce a considerable amount of heat
creating heating issues. Additionally, laser diodes generate more divergent laser
beams, a factor that needs careful consideration depending on the specific
application and system configuration. Furthermore, laser diodes require sufficient
current to surpass the threshold current and enter their lasing mode. Managing this
current threshold is critical for maintaining stable and consistent laser output. While

31



lasers and laser diodes concentrate higher optical power into a small area,
producing a focused beam, it's essential to note that these characteristic limits their
ability to illuminate multiple objects simultaneously. The light emitted is not
dispersed, posing a constraint in scenarios where broad illumination is required.

An additional contender as a light source is the light-emitting diode, commonly
known as LED. LEDs distinguish themselves with a high level of energy efficiency,
efficiently converting approximately 80 percent of the energy input into light and
only about 20 percent into heat. This efficiency not only minimizes energy wastage
but also results in significantly less heat production compared to many traditional
illumination sources. While LEDs may have limited power compared to some other
light sources, ongoing advancements have led to the development of newer LEDs
that exhibit enhanced efficiency and higher intensity outputs. A key advantage of
LEDs is their instantaneous response to power, eliminating the need for a warm-
up period. They light up almost instantly, providing immediate illumination.
Furthermore, LEDs boast impressive longevity, contributing to their appeal for
applications where a long lifetime is needed. Directionality is another noteworthy
feature of LEDs. Unlike some light sources that emit light in all directions, LEDs
are inherently directional. This characteristic is advantageous as it minimizes
wasted light, directing it precisely where illumination is required. This targeted
approach not only enhances energy efficiency but also allows for more precise
control over what areas are illuminated. Additionally, the directional nature of LEDs
makes them particularly good to use for multimode fibers with larger core
diameters. The larger core diameters of multimode fibers align with the dispersion
characteristics of LEDs, make efficient light transmission over short distances
easier. However, it's essential to note that for single-mode fibers with smaller core
diameters, lasers or laser diodes are typically preferred due to their ability to focus
light into the narrower cores.

Choosing the right wavelength to emit from the illumination source is another
important consideration. Light has a wide spectrum of wavelengths and the light
which we can see is called visible light. Visible light has many colors which have
corresponding wavelength values. For instance, blue has a wavelength range of
about 450 to 495 nanometers while red has a wavelength range of about 620 to
750 nm. Wavelength is an important consideration because we will have under
each square a fiber, LED, and photodiode all close together. The light from the
illumination source cannot be the same wavelength as the light from the LEDs
since it could mess with how we will measure the intensity of the light due to
interference effects. The light from the LEDs would give false values that would
jeopardize our design. To counteract this, we will put a color filter over the
illumination source to block out all the other wavelengths except the wavelength of
the selected filter. If no filters are used, it would mean that white light could not be
used for the illumination system or the LEDs under the square. This is due to white
being a combination of multiple wavelengths of different colors. What could be
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done is to use a single wavelength for the illumination source and not have the
LEDs under the squares emit that wavelength or vice versa. For example, the
LEDs under each square will show possible squares to move for piece or if
someone is in check. Each of these will have a specific color so if we choose green
to show potential moves of pieces, our illumination source cannot emit any green
wavelengths since it will mess with our readings and blue or red wavelengths will
have to be chosen.

3.3.2.2 Technology Selection: Light Source

The best illumination source would have the most optical power while still being as
cheap as possible. This is very important because it would generate a lot of light
making finding the intensities of the reflected light to be easier. There are many
expensive sources that are bright enough, but those don'’t fit into the budget
constraints of this project. Another requirement is that the illumination source has
to be small enough and weigh as little as possible to fit inside the bottom of our
chess board or not make the dimensions of the bottom of the chess board to be
too big which would risk the portability of the board in addition to making the board
too heavy to move around. Heat from the illumination system must be kept to a
minimum since we are using plastic fibers and having lots of heat can ruin them.
Ideally, we would want to have no warmup time since it would be inconvenient for
the player to wait until the illumination source is at full to play. The illumination
source also shouldn’t consume a lot of power since it would cut down on the battery
life of the whole chess board system. A light source with a long lifetime would also
be ideal since it wouldn’t have to be replaced as often.
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TABLE 8 LIGHT SOURCE TECHNOLOGIES MARKET

LED HeNe Laser Quartz Xenon
Laser diode halogen metal
lamps halide
lamp
Temperature Low Medium Medium High High
(Heat)
Warmup time None 10 min None None 15 min
Size 0.98x0.2x|1.74 x| 0.23 x | 3.07 X|2.1x5.3x
0.21n 1.74 x| 0.55 x|0.32 x|[2.1in
10.70 in 3.541in 3.07 in
Quantity in | 100 1 30 5 1
package
Minimum 1 64 64 1 1
guantity
needed
Operating <20 mA 6.5 mA <20 mA 0.83 A 1.25A
current
Weight 1.27 oz 0.92 Ibs 1.55 0z 1.48 oz 2.08 oz
Output power | 2 mW 2 mW 2 mW 100 W 150 W
Cost $6.75 $1732.50 | $12.99 $8.99 $20.71

After gathering all this information, the illumination source we decided on is the
LED. Since we are not using single mode fibers, any type of laser with a small
beam size didn’t make sense. Also, we would have needed a laser for each fiber
which would have been costly and add bulk and weight to the system. LEDs
disperse the light more than lasers however they are still directional, and light won'’t
be wasted as all the light can be directed towards the fibers. LEDs are the cheapest
among the sources listed above with the Quartz halogen lamps being the next
closest. LEDs are the smallest weight with again the Quartz halogen lamps being
the next closest. LEDs are also the smallest in size easily allowing them to fit under
the chess board. The LEDS, laser diode, and Quartz halogen lamps have no
warmup time which is great since no time will be wasted waiting for them to reach
full power. They also generated the lowest amount of heat which would not affect
our plastic fiber or housing. Laser diodes and LEDs have the second smallest
operating current, only behind the HeNe laser although if we use less than the 20
mA and for example used 10 mA the LEDs will have a longer lifetime than if they
used 20 mA. The drawback from this is that this would cause the LEDs to produce
less light which wouldn’t be the best. However, if more light is needed, we could
add more LEDs since they are so small and energy efficient. The small operating
current also means that they would consume less power allowing for longer battery
life, which is ideal for the longevity of the system.
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3.3.2.3 Part selection: LED illumination source

Now that we have chosen LEDs as our illumination source, we will have to choose
between which LED is best to use. Since our illumination source is required to be
only one color, we only need LEDs that emit at a narrow wavelength range. LEDs
of one color should be cheaper than that of multiple color due to semiconductor
properties. However, if the price is close enough, we could use multicolor LEDs
and just use filters to keep it centered on one wavelength. We would want LEDs
without frosting on the outside because the light wouldn’t be as dispersed and
would be concentrated in one direction. This would be useful to maximize the
amount of incident light coupling into the fiber. We would again want the cheapest
LEDs while still being as bright as possible. Being as bright as possible is very
important as it's the main reason for these LEDs because this will allow for a lot of
light to hit the chess piece and be reflected to determine the piece type. Being
bright as possible might contradict trying to have longer battery life since the
brighter LEDs shine the more energy they would consume. We could use multiple
LEDs that are dimmer to conserve more energy or spend more on more energy
efficient LEDs to combat this issue.

TABLE 9 LED ILLUMINATION SOURCE MARKET PARTS

Brand CO-RODE Chanzon ALLECIN
Size 4x3x0.6in 6.3x5.51x0.71 7.48 X 5.67 x
in 0.94in
Weight 0.79 oz 0.634 oz 4.16 oz
Max Luminous 15,000 — 20000 15,000 - 18,000 15,000 - 20,000

Intensity mcd mcd mcd
Quantity 100 100 240

Cost $6.59 $5.99 $9.99

Based on the chart above, the best LED to choose would be the CO-RODE LED.
This is because we will get the highest brightness while also choosing the cheapest
LED. The ALLECIN also has a max luminous intensity of 15,000 - 20,000 mcd but
has only 10 LEDs that can produce this intensity since it's evenly divided between
24 different values. This would mean we would pay more for less LEDs that would
work for our project. Even though the Chanzon LEDs are the cheapest they
produce the least amount of luminous intensity and ranges from 15000 to 18000
mcd. The color that produces the highest intensity, besides white, for all of the
listed LEDs, was green. All of the coatings on these diodes were unfiltered to
transmit the maximum amount of light intensity. All 100 of the CO-RODE LEDs are
each just green and are not multicolored. The viewing angle was 30 degrees
meaning that the light is directional within our desired parameters. The forward
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voltage is 3 to 3.2 volts which are low voltages and would mean low power
consumption. The wavelength for the green light emitted is from 515 to 525 nm.

3.4 LED Array

A significant component of this project is the use of an LED matrix to convey
information to the player. By using different colors, we want to convey valid moves
and invalid moves by using a designated color. To confirm these good moves
versus the bad ones, we would ideally need two colors. We do have stretch goals
that make further use of other colors, so to have the flexibility to incorporate that in
without much added difficulty would be most ideal.

Since a chess board is essentially made up of a grid eight squares wide and eight
squares long, an LED has to be under each individual square. The total number of
LEDs needed to place one under each square of the chess board will be 64
individual LEDs total. The challenge here would be to find the best way to connect
these LEDs and control them to relay information to the players as they play
through their game.

3.4.1 Selecting LEDs

Knowing that we wanted to at least communicate valid and invalid moves to the
players, at least two colors were needed. We do have stretch goals to implement
other colors into our project to serve other purposes, so we wanted to be able to
include that option without too much added difficulty. RGB LEDs have built in
diodes for red, green, and blue so each can be activated individually to achieve
that specific color, but we can turn on combinations of them to achieve other colors.
With all the possible combinations, we would have access to seven different colors
total.

When researching RGB LEDs, there were decisions that had to be made about
the LEDs themselves. The first one was deciding the casing the LEDs would come
in. There were only two options: frosted or clear. With the clear casing, the light
that would be emitted would shoot straight out from the diodes, so it resembled a
laser. Knowing we wanted our squares to be evenly lit as possible, the clear casing
was not the best option to accomplish this. With the frosted casing, the light would
be diffused by the casing so it would give more of a glow effect. We can use this
glow to our advantage when lighting up our board. Another significant detail about
the two casings is their ability to mix colors. With the clear casing, when more than
one diode is turned on, the colors would not be able to blend. With the frosted
casing, the light from multiple diodes would have a chance to mix with the diffusion
so we would have a more notable difference with the colors.

Another decision that had to be made about the LEDs were the configuration of
the diodes themselves. There are also two ways the diodes could be configured:
common anode or common cathode. As the names suggests, the portion that is
common would all share a common node. After looking into different LED array
configurations, we found it to be easier to implement common cathode RGB LEDs.
To turn on common cathode RGB LEDs, the anode of the desired color would have
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to be connected to a voltage source while the cathode would be connected to a
lower voltage source or a ground so that current flow through the diode.

(A) (B)

FIGURE 4 (A) CoMMON ANODE CONFIGURATION (B) ComMMON CATHODE
CONFIGURATION

The table below shows the specifications of the LEDs that were selected. Each
specific color diode has a different forward voltage so when selecting the resistor
value to limit the current, we will have to consider both the forward current and the
forward voltage for each color. To determine the limiting resistor value, we have to
take into consideration the source voltage to the LED, the forward voltage of the
LED, and the forward current of the LED. This formula shows how the limiting
resistor is calculated:

_ Source Voltage — Forward Voltage

Forward Current
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TABLE 10 LED CHIP TYPICAL ELECTRIC AND OPTICAL CHARACTERISTICS: (TA=25°C)

ltems Color | Symbol | Condition | Min. | Typ. Max. Unit
Forward Red VE [F=20mA | 1.8 2.0 2.2 V
Voltage

Green 3.0 3.2 3.4

Blue 3.0 3.2 3.4
Luminous Red Iv [F=20mA | --- 800 mcd
Intensity

Green 4000

Blue 900
Wavelength | Red A [F=20mA | 620 | 623 625 nm

Green 515 |517.5 | 520

Blue 465 | 466 467.5
Light Red -4.68% ~ -8.27%
Degradation
after 1000 | Green -11.37%~ -15.30%
hours

Blue -8.23%~ -16.81%

3.4.2 LED Controller

One of the most difficult parts of the LED array is finding a way to turn on and off
desired LEDs. In order to simplify the design of the matrix, the LEDs will be
connected by row and column in a grid system. Each column would correspond to
the anodes of each RGB LED so there will be 24 columns total across the whole
matrix. Each row would correspond to the cathodes of the LEDs in that row. Below
shows a 2 x 2 matrix showing these connections.
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FIGURE5 2 X 2 LED MATRIX

Knowing the method to turn on the diodes, we can then make assumptions about
the connections that have to be made to this matrix. Each row must be connected
to a ground or a voltage source lower than what is provided to the anodes while
each column must be connected to a positive voltage source. With these
connections, current can then flow through the diode and it will turn on. There is
an issue with this configuration though, LEDs that are diagonal from each other
cannot be turned on at the same time. If this is attempted, the two opposite LEDs
on the opposite diagonal will light on instead. To fix this issue, we must implement
a way to turn on and off voltages to the desired rows and columns. For our rows,
we can use NPN transistors to switch connect a ground to the desired rows. But
with this limitation on being able to only turn on one LED at a time, we need to
create a subsystem quick enough to trick the human eye. What appears to the
human eye as all the LEDs in the matrix being on is actually singular LEDs turning
on and off at a speed that is faster than what the human eye can detect. The flicker
fusion threshold is the frequency at which the human eye sees a flickering light as
a steady light. This threshold frequency varies among humans, but it can vary from
50 to 500 Hz. So, we need to find a controller that has a clock frequency that is at
least greater than 500 Hz.

When researching LED matrixes, we found out there are multiple ways to control
these arrays. Two of them in particular stood out: LED drivers and shift registers.
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One of the factors that needs to be considered when selecting our driver is the
packing of the integrated circuit itself. We want to be able to test the integrated
circuit with a simple version of the matrix to ensure the correct component is
selected. When looking into the different kinds packaging for an integrated circuit,
there were three main forms our selected components came in: through-hole,
surface mount, and chip carrier.

Chip carrier packaging is designed so that they can be plugged into a PCB or
soldered whilst protecting the components inside the chip. When researching how
to test this kind of packaging, it would have to mounted to a PCB that would then
connect to a bread board for testing. It would take more time to order a PCB and
solder the select the specific component and for it to not work in the end.

Surface mount components are designed with shorter leads so that they can
placed directly onto a PCB without the need for through-holes. The leads on these
components are significantly shorter compared to their through-hole counterpart.
The leads on these components are also not at a length long enough to insert
directly into a bread board for testing. Surface mount components would not be
the most suitable option for testing either.

Through-hole components are pretty self-explanatory. These components are
designed so that they can be inserted into a PCB and soldered into place. The
leads on these components are significantly longer compared to surface mount
components and the angle at which the leads end at are 180 degrees. The spacing
between the leads on these components are also spaced enough to work with the
spacing present on the breadboards. This kind of component housing would the
most ideal for us since it will allow us to test the component before soldering it
directly onto a PCB. The ability to test is crucial to ensure that we are selecting the
best driver for our matrix and microcontroller.

3.4.2.1 LED Driver

LED drivers are designed so that constant current and voltage would be supplied
to the LEDs so that none of them will overheat, flicker, change color unexpectedly,
or not perform as expected. To accomplish this, LED drivers convert alternating
current to direct current and some drivers even have the ability to shut off all the
LEDs if the temperature reaches above a certain point.

Factors that need to be considered is the number of bits the LED driver can control
at a time. ldeally, we want a driver that can control the number of columns of the
LED matrix. None of the drivers we researched were capable of controlling a matrix
of LEDs so we will have to find a way to selected which row of LEDs will be turned
on. We can do this by connecting the desired row to the ground or a low voltage
source. The TPS929240-Q1 is an LED driver that is capable of controlling all 24
columns with one chip. It is also capable of controlling the brightness of the LEDs
through PWM. For this project, we do not need to worry about the brightness of
the LEDs because we want them to be able to shine through a clear material. The
TPS92120-Q1 is the 12-channel version of the TPS929240-Q1. It has the same
features as the TPS929240-Q1 such as the current sink, the PWM control, and the
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protections built in for the LEDs. The TLC59210 is different compared to the two
previous drivers. The TLC59210 is an 8-channel driver that makes use of flip-flops.
So, it has 8 input pins and 8 output pins. We only have a limited number of pins on
the microcontroller that we will be using so using this driver would not be ideal. To
implement it into our design and still conserve microcontroller pins, we would have
to pair the TLC59210 with a shift register.

Another factor that needs to be considered is the output characteristics of the
output pins. In order to control the columns, the drivers must be able to output
enough current which is at least 20 mA. The LEDs that were selected have a
forward output current of 20 mA. With the TPS929240-Q1 and the TPS92120-Q1,
they are both capable of meeting this demand of 20 mA. They can both output
current about four times greater than the 20 mA required for the LEDs. Both of
these drivers would be suitable to control the columns of the matrix. The TLC59210
is different compared to the two other drivers though. The TLC59210 is designed
as a current sink circuit. Current sink components are meant to intake current from
the output pins. This current sink feature would not be ideal to control the columns
of the matrix but it could still be implemented to control the rows of the matrix.
Another method would have to be paired with the TLC59210 to control the
columns.

A factor that is not essential to consider but would make calculations easier is the
amount of voltage output can be provided by each pin. By knowing this source
voltage to the diode, the forward voltage of the LED, and the forward current of the
LED, we can calculate the resistor value that would be necessary to provide the
highest illumination possible. By using the formula below, we can calculate the
resistor value necessary for each color of LED. Vsis the supply voltage, Vi is the
forward voltage, | is the forward current of the LED.

Ve — V¢
]
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TABLE 11 LED DRIVER COMPARISON

TPS929240-Q1 TPS92120-Q1 TLC59210
Number of 24 12 8
channels
LED current 100 75 200
per channel
(mA)
Vin min-max 4.5-40 4.5-40 3.3-55
V)
Vout min- 0-40
max (V)
Maximum 1 MHz 1MHz
Frequency
Extra Current source Current sink Current sink
Features
Enable/shutdown PWM control Thermal
FlexWire control Thermal shutdown
interface shutdown PWM control
Package HTDDOP (surface HTSSOP (surface | PDIP (through-
Type mount) mount) hole)
TSSOP (surface
mount)
Price $3.280 $1.742 $0.697

3.4.2.2 Shift Registers

Shift registers are a type of sequential logic circuit that can be used to store or
transform binary data. Each shift register is made up of multiple flip flops designed
to hold multiple bits of data. The way a bit of data is sent to the corresponding
register is by making use of clock pulses to push each bit individually until it arrives
at that register.

One of the features of these shift registers is the ability to daisy chain them together
to create a larger shift register that is capable of controlling more bits. Daisy
chaining is where the output of one shift register is directly fed into the input of the
next one. So, if two shift registers are daisy chained together and are sent 16 bits
of data, the first shift register will take the first 8 bits and process them and push
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the 8 remaining bits to the next shift register. This process would be the same with
3 shift registers and even larger amounts of daisy-chained shift registers. With the
ability to daisy chain, if we cannot find a decent shift register large enough for our
project, we can make one that meets the specifications we need. To control the
entire array, 24 pins would be needed to control the columns and 8 pins would be
needed to control the rows of the array. In total, we would need at least 32 pins to
control our LED array.

Ideally, we would be using the shift registers to source current from each of the
output pins.

When selecting shift registers, a key feature is for it to draw enough current for the
diodes. Each diode for the LEDs needs about 20 mA to be turned on. Most shift
registers out there cannot supply enough current to completely turn on a row of
LEDs so we can use these shift registers to turn on switches to power the diodes.
There is also another issue with how the shift registers would power the rows and
columns. Due to this current power limitation, we can only turn on one LED at a
time. When we need to be able to light up multiple squares, this would be a
problem. There is a trick to resolve this problem. The human eye can only see
about 30 to 60 frames per second. We need to find a way to quickly alternate
turning on single LEDs so that it appears to our eyes that all of them are on at
once. So, we would need to use a shift register that is fast when processing data.

When researching shift registers, one of the major specifications needed for our
project is a serial-in to parallel-out (SIPO) configuration. This configuration takes
in a single line of input, let us say 16 bits of data for now, and transforms it so the
designated bit goes to the corresponding register. With this configuration, we are
able to control all of the rows and columns at once. Ideally, we want a shift register
to control both our rows and columns, so 32 bits total would be needed. When
looking into 16-bit shift registers we found one that is in the SIPO configuration.
The one issue is that a single unit would be $31.592 so for two of them it would be
about $63. Compared to the price of getting enough 8-bit shift registers to control
32 bits of information, the price for 4 8-bit shift registers is significantly lower.

With the 8-bit shift registers that we found, they also varied in their specs. We
selected two to compare against: the SN74HC595 and the TPIC6A595. The
TPIC6A595 is capable of drawing more current, and this value actually goes higher
with less outputs on. The SN74HC595 meets the current requirement for our LEDs
because it can draw a maximum of 35 mA for a singular output. One of the deciding
factors here though is the speed of the clock. We need a high clock speed when
controlling the matrix and the SN74HC595 has the best clock speed for its price.
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TABLE 12 SHIFT REGISTER COMPARISON

SN54LS673 SN74HC595 TPIC6A595
Number of 16 8 8
Channels
Max Current (mA) 12 35 350
Vin min-max (V) 4.75-5.25 2-6 4.5-5.5
Clock Speed 20 MHz 24 MHz 10 MHz
Price $31.592 $0.073 $1.150

3.4.2.3 LED Driver vs. Shift Registers

One of the final decisions that needs to be made is whether to go with the LED
driver or the shift registers when controlling our LED matrix. Ideally, we need the
driver to be quick enough to light up the correct squares for our players almost
immediately after a piece is identified. The problem with the matrix is making sure
the incorrect LED is lit due to latency with the selected driver. Depending on what
driver we select, we might be able to only power one LED at a time. We can create
the illusion that we have multiple lit at once by taking advantage of the speed of
the driver to alternate quick enough. This timing restriction limit is what will help us
decide between these two options. We will not be able to have a final decision until
we get time to test all of our components together and see which driver will give us
the most consistent results.

3.5 Display Screen

There are a lot of factors to consider as we start looking for displays to use for our
project to select the best option. In addition to showing game time and providing
useful information to the players, the display will also act as a general graphical
user interface for navigating menus and configuring the game.

3.5.1 Display Requirements

This section will go over the display requirements and characteristics we put into
consideration when choosing a display to implement in our design and put forth
some available products for comparison.

3.5.1.1 Size and Resolution

The size of our display is high on our list of priorities. Naturally, given the limitations
on the device's bulk and dimensions, we must select a size that fits the form factor
of our project without sacrificing the display's quality or readability. This also
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considers the resolution of the display, since displays with higher resolutions offer
images that are clearer and more detailed.

3.5.1.2 Refresh Rate and Response Time

The display's response time is still a point of contention, despite being less
significant for our design. Since our application won't be displaying any fast-moving
images or videos, we don't need exceptionally high refresh rates on our screen.
Nevertheless, it's crucial that the display remains responsive to our program's
requirements to give the user a positive experience.

3.5.1.3 Power Consumption

The display will probably be one of the most power-intensive parts of the design,
so knowing how much power it uses is crucial considering that our project will run
on a battery. Most of a display's power consumption goes toward lighting the
backlight, so it's critical to select a display with a reasonable power consumption
without sacrificing brightness or image clarity.

3.5.1.4 Support

This step serves to ensure that the display is compatible with the microcontroller
or processor used in our project. If the display also includes software libraries,
development kits, or drivers that make integration with our system easier, we could
save a significant amount of development time.

3.5.1.5 Cost

The cost of the display is a significant factor, especially on the budget constraints
we have for our project. Careful cost management contributes to the success of
the project, making it important to find a display that meets your requirements at
a reasonable cost.

3.5.1.6 Touchscreen Capabilities

Finally, one characteristic that is not essential but is also of note is the possibility
of using the display as a form of user input. We have planned to use buttons on
the design beside the display for controlling user input, however, if the matching
display contained a good touchscreen, it would make for much sleeker design.

3.5.2 Display Choice

Given all the requirements described above, we need to analyze the different types
of displays available and decide on which one best fits our needs.

3.5.2.1 Seven-Segment Displays & Dot Matrices

There is little reason to consider these two display types, as they are far below our
desired specifications. Seven-segment displays are far too limiting on the type and
guantity of information we can display, and dot matrices have incredibly low
resolution due to their nature, as they are essentially a group of individual LEDs
much akin to what we are trying to replicate on a larger scale with our own LED
matrix for the chessboard lighting.
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3.5.2.2 OLED & AMOLED Displays

OLED stands for Organic Light-Emitting Diode, these use an organic, carbon-
based material for emitting light, meaning they lack the necessity of backlighting.
This category of displays allows for superior image quality but consumes more
power and usually provides worse visibility in bright light. “Hobby-Oriented” OLED
and AMOLED displays for microcontroller implementation are also very expensive
when compared to other display types and are usually found in smaller-sized
packages, which are not exactly ideal for the type or amount of content we plan to
display.

3.5.2.3 LCD Displays

Probably one of the most common displays used for general applications, the
traditional liquid crystal displays are simple, demand low power, and are
considerably cheaper than the OLED displays discussed above. LCD displays vary
wildly in their design depending on its intended use, however, displays used for
microcontroller integration tend to have limitations, such as only being able to
display a small number of characters at a time, and being unable to display full
images. For those reasons, LCD will be unfit for this design.

3.5.2.4 TFT LCD Displays

TFT LCDs use a thin film of transistors rather than a single layer of transistors like
traditional LCDs. This results in improved image quality, faster response time, and
lower power consumption. TFT LCDs are also thinner and lighter than conventional
LCDs, making them ideal for use in mobile devices, like our chessboard.

TFT displays are capable of reproducing images and are often cheaper and have
a larger screen size over the other contenders. Not only that, but some
manufacturers even include touchscreen capability, which, as discussed in the
requirements section above, although not something that is obligatory, it is
appreciated and would expand the possibilities of our design and overall contribute
to the product’s presentation.

All these qualities make the TFT displays a great choice for our project.

3.5.3 LCD Market Research

Recognizing the dynamic nature of the market, after choosing TFT displays as the
ones to be used for the project we deemed it essential to conduct a comprehensive
market search specifically focused on TFT (Thin-Film Transistor) displays.
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TABLE 13: LCD PART COMPARISON

HiLetgo 2.8" SPI | HiLetgo 3.5" TFT | Hosyond 4.0"
TFT LCD Display LCD Display TFT LCD
Display
Screen Size & 2.8" 3.5” 2

Resolution 240 x 320 pixels 480 x 320 pixels 480 x 320 pixels
Operational Voltage | 3 35y 3.3V~5V 3.3V~5V
Expected qurent 120mAh 150mAh 180mAh
Consumption
Driver IC ILI9341 ILI9488 ILI9486
Communication Sp| SPI Capability Sp
Protocols (Not Implemented)
Touchscreen Yes (Resistive) No Yes (Resistive)
Cost $16.39 $18.49 $19.99

All three displays seen on the table were all relatively inexpensive in both their
initial hardware and power consumption costs, which are estimated at only a 1Wh
power draw for the largest display, less than the expected consumption of the LED
grid we will be using to light up the chessboard. For their drivers, all three displays
use relatively well-known IC chips with decent library support and are capable of
SPI communication, except for the 3.5” display, which has the capability to perform
SPI but does not have it integrated in the module by default.

The clear choice among our options was the Hosyond 4.0” Display, however, we
did find ourselves a bit limited on the size of the display. A large majority of displays
with 5” or bigger screens use HDMI channels and are overall harder to introduce
into the design without significant upgrades to additional components, which would
drastically impact on our budget. To make up for the smaller size, it is possible to
build the display in an angle, as opposed to flat on the chessboard to facilitate
reading.

3.6 Power Management

When deciding on a type of battery for our design, we are faced with two options
that are the most popular in the market, lithium polymer pouch cells (LiPo) and
lithium-ion cylindrical cells (Li-ion). Other types do exist, such as nickel metal
hydride batteries, which do not meet our energy needs, and lead acid batteries,
which are unnecessarily heavy, bulky, and expensive for use in this application.
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3.6.1 Lithium-lon vs Lithium Polymer Batteries

Since we have already determined that the other kinds of batteries do not attend
our project’s requirements, in this section we will be analyzing the different
characteristics of Lithium-lon and Lithium Polymer batteries to determine which will
be the best fit for our design.

3.6.1.1 Physical Properties

Lithium polymer batteries are a winner in this category. Contrary to the typical steel
hard casings of their conventional lithium-ion counterparts, LiPo batteries are
usually manufactured in a flexible casing, which are much lighter and have a much
smaller footprint.

3.6.1.2 Power Characteristics

Even though, as mentioned above, lithium polymer batteries are usually much
lighter than lithium-ion cells, when accounting for their energy density (Wh/Kg),
lithium-ion batteries pull out ahead, able to store larger amounts of energy for less
added weight, allowing for longer runtimes in comparison to LiPo cells.

3.6.1.3 Safety

Safety was a major concern over the choice of batteries, both for the safety of the
designers and the users. Lithium-ion batteries tend to be safer than lithium polymer
pouches due to their hard metal casing exterior, making them more resistant to
impact and puncture, which is going to be great project to make it safer during
transport and usage, since we are aiming for portability. [41]

3.6.1.4 Cost

Li-ion wins again. Although comparing individual cells show that lithium polymer is
cheaper, we must consider that, to achieve the same capacity we would have with
li-ion, we would need a larger amount of battery cells, which would impact on our
budget.

The table below summarizes our discoveries discussed above in a clear and
concise manner that will be useful to reference to later.
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TABLE 13 BATTERY COMPARISON

Cycle Life
200 - 2000 | 500 - 1000 | 500 —2000 | > 1200

(Cycles)

Efficiency

70 - 90 70 75-90 70
(%)
Energy Density (Wh/Kg) 30-40 30-80 100 - 250 | 130 - 200

Weight Heavy Medium Light Lightest

Total Cost Low Medium High Medium
Toxicity Very High High Low Low

3.6.2 Battery Pack Design

Probably the most crucial part in our power design. Due to the need for
convenience and portability of the design, it is important that the board doesn’t rely
on wired connections to an external power supply to maintain operations. The
solution to this issue is simple and effective: to implement a battery pack comprised
of 18650 lithium-ion battery cells into the design.

There are several benefits to this approach, but in this case, these cells are
particularly advantageous due to their high energy density, that is, their ability to
store a large amount of energy in a relatively small package. Not only that, but by
grouping together individual cells into a custom power bank makes it simple to alter
the design in later stages of development.

Once the voltage (Volts) and capacity (mAh) requirements of the system are
established, it is possible to assemble a battery pack that meets the specifications
by connecting these cells in parallel to reach the desired amperage and afterwards,
connect such parallel groups, which we will call modules, in series to achieve an
appropriate voltage.

Desired Pack Capacity

(A) # of Parallel Cells = Cell Capacity

Pack Nomanal Voltage

(B) # of Serialized Modules = Cell Nominal Voltage
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FIGURE 6: (A) BATTERY EQUATION FOR NUMBER OF PARALLEL CELLS
(B) BATTERY EQUATION FOR NUMBER OF SERIALIZED MODULES

3.6.3 Power Estimations

The LED matrix used on the board is, by a large margin, the most demanding
component power-wise. Assuming an average current draw of 20mAh per LED on
a voltage output of 5V, we can estimate, based on average range of 12 to 17 LEDs
concurrently lit, that the total power consumption of the LED array will range
between 1.2 and 1.7 Wh.

The LCD display comes in second place for power consumption, drawing an
expected current of 180mAh at 5V, resulting in an expected power rating of 0.9W.

The remaining components are mostly used in low-power applications, so it's
expected that they contribute little to the overall operational demand. However, to
account for these other components and give the project some leeway in the
upcoming phase of prototyping and development, we will consider the total power
consumption of the project to range between 3.5 and 4.5 Wh, for the purposes of
designing an initial battery prototype.

To have enough energy on our battery to supply to the project, we need to set
expectations on the length of time we want the battery to last. Assuming a minimum
duration time of 6 hours, we can multiply that number by the hourly power draw of
the circuit to determine that our battery will need a total of 27 Watts. Easily
achievable with our battery design.

The initial plan for our battery will be a 2S3P design, meaning it will hold two groups
of three 18650 cells each. Considering each cell has a nominal voltage of 3.7 V
and a capacity of 3250 mAh, this design will make a 6-cell battery pack with a
nominal voltage of 7.4 V and a total capacity of 9750 mAh, which totals for a 72.15
Watts battery, which should easily be able to maintain the demand of the system
for much longer than our 6-hour minimum.

3.6.4 Battery Management System (BMS)

A Battery Management System (BMS) serves to ensure safe and efficient
operation while running our product on battery power. This system is essential for
the type of battery we are using, as it is designed to monitor, control, and safeguard
our battery.

In this case, our management system will oversee the balance of charge across
all cells, making sure they charge evenly throughout. Without such a system in
place, some cells could possibly charge up faster, as not every cell is chemically
identical, which would lead misalignment in the voltages of the cells, and ultimately
to the destruction of the battery due to overvoltage.

Additionally, other protection mechanisms are included in systems like this one,
such as short circuit protection, as well as protection from overcharge,
overdischarge, and overcurrent. In essence, a BMS is crucial for this design and
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will prove itself to be very useful for dealing with any safety concerns regarding our
device’s power source.

Today, we can find several boards in the market with many of these protection
circuits already pre-installed. Displayed in the table below are a few examples of
model protection systems made specifically for 2S battery packs like the ones we
will be using. All the listed models below possess the same protection circuitry
listed above as requirements, however, we decided to go with the JH20 due to its
inbuilt charge balancing system, which the others lack.

TABLE 14 BMS MODELS COMPARISON

HX-2S-A10 HX-2S-JH20 HX-2S-D01
Charging Voltage | 8.4v-9v 8.4V-9V 8.4V-9V
Operating Current | % i
imensions | (118X, [Txzsis - woxtinss
Charge Balancing | NO YES NO
Cost $9.49 /5 ($1.898 ea) i;)l'gg I5($2.398 | ¢5 99/ 2 ($3.495 ea)

3.6.5 Voltage Regulators

Voltage regulators are extremely useful devices. They are a type of component in
a power supply unit that ensures a constant voltage supply through all operational
conditions. It regulates the device’s voltage during cases of power fluctuations and
load variations. This project will require consistent and stable voltage levels during
the device’s operation. This will prevent damage to sensitive electrical components
due to overvoltage, prevent undervoltage conditions that can lead to improper
operation or data loss, as well as increase overall power efficiency and battery life.

Although the general use for voltage regulators is to maintain the output voltage at
a specified amount, there are multiple approaches to achieving this. Thus, there
exists two types of voltage regulators, called switching and linear regulators
respectively.

Linear regulators are an excellent choice for powering low-power devices.
However, despite its simplicity, and low cost, linear regulators are typically
inefficient, as they dissipate a great amount of power as heat during operation,
making them inadequate for use on a battery-powered device. Meanwhile,
switching regulators, are highly efficient and are available in the market in compact
and reliable modules that will aid us in the implementation process. [40]
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FIGURE 6 (A) LINEAR VOLTAGE REGULATOR CIRCUIT AND (B) SWITCHING VOLTAGE
REGULATOR CIRCUIT

The table below outlines some important distinctions between Linear and
Switching regulators. It summarizes the important characteristics we will have to
consider when acquiring the voltage regulators.

TABLE 15 LINEAR AND SWITCHING VOLTAGE REGULATOR COMPARISON

Buck

Design Availability Buck Boost
Hybrid (Buck-Boost)

Efficiency Low High
Complexity Low Medium-High
Medium to high due to cost of
TOtaI Cost Low external components
Input Voltage Range Small Range Wide Range

In our design we will use a buck converter, which is utilized when the DC output
voltage required is lower than the DC input voltage. The ones we will be using are
a very commonly used type of switching circuits for voltage regulation.

The circuit of a Buck converter and its operation are both very simple. The circuit
consists of a switching transistor, together with what is called a “flywheel circuit” a
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closed loop involving an inductor, a capacitor, and a diode. While the transistor is
on, current is flowing to the load through the inductor. As any with any inductor,
this component will oppose changes in current flow and act as a small energy
storage. The inductor stores energy when the transistor is on and when it turns off,
the diode connected in parallel with the load allows the energy stored in the
inductor to flow to the output, preventing a voltage spike and ensuring a continuous
current. This system is further enhanced with a parallel-connected capacitor
connected at the output to smooth out any remaining ripples in the output voltage
and provide a stable DC voltage to the load. [42]

We are using these, as opposed to boost converters because our battery will have
a larger voltage than the 5V we will use in the system. The basic topology of a
buck converter can be seen in the image below, do note that the finished model
contains control circuitry to maintain the proper operation of these circuits.

;Vir\_ »_/ 'VOUT

+

1

FIGURE 7 Buck CONVERTER CIRCUIT TOPOLOGY

The buck converters we will be using in this project are found readily available in
the market in the form of small self-contained and ready-to-use modules. They
utilize LM2596 series chips, a collection of integrated circuits that provide all the
active functions necessary for a step-down switching regulator. These chips can
drive a 3 Amp load, which should be well over our load requirements for this
chessboard.

These regulators are easy to use, requiring only a minimum number of external
components and are available in both fixed and adjustable output version. We will
be using the latter for this product even though our design runs exclusively on 5V,
we’d like the flexibility to add components that utilize different voltage levels in the
future should the need arise.

The main concern over the use of this buck converter was that it would need a
higher voltage battery to be able to properly stabilize the voltage because, when
completely discharged, our battery will have approximately 5.8V which makes the
difference between output and input voltages in the buck converter relatively small.
However, upon testing, the voltage was properly regulated even with voltage
differentials between input and output were as low as 0.7V, which means we are
safe to use a 2S battery pack that will fluctuate between 5.8V and 8.4V when fully
discharged and fully charged respectively.
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3.6.6 Battery Recharging

While first envisioning the process for recharging our batteries, we thought of many
ways to possibly do it before settling in with our current solution. We had first
considered utilizing replaceable batteries, which the user would take out and
individually recharge each cell after a certain period of use but considering the
number of individual cells we have and the overall construction of our project, that
solution would be a big hassle to maintain through the entire period of testing as
well as during operational use.

That’s when we realized we needed a friendlier and more efficient way to keep our
project’s energy requirements in check, so we turned to some of the more basic
designs of 9V DC power adapters in the market, hoping they would reasonably
attend to the expectations we had. They did, for a while, but after long research of
the market, it was clear that adapting our project to use these types of chargers
would become relatively expensive. The cheaper adapters were severely
underwhelming, capable of supplying only a small amount of current at 9V,
somewhere between 0.5 and 1.0A at a time, and the more powerful chargers
showed to be a bit on the pricier side, reaching up to $20.

The battery, along with its other components, is already one of the most expensive
systems of the project, and aside from inflating its prices even higher, these 9V
adapters weren’t exactly what we were looking for either, so we kept looking for a
more ideal solution. Thankfully, we came upon an easy alternative for charging our
batteries, making for an exciting discovery.

USB-C is a connector format compact enough to fit in small of devices like
smartphones, while still having enough power transfer capability to charge bigger
devices like laptops. This implementation would be ideal, simply for the
convenience that would come with not having to use a specific charger to power
our board but be able to use an USB-C connector, which can be found mostly
anywhere as of today. And thus, we turn to USB-C PD, or USB-C Power Delivery,
an extremely handy tool. It is a popular technology that has only grown larger in
the last few years, completely changing the way on how portable and handheld
electronics are charged since its introduction.

Power Delivery allows for devices to request from the charger the exact rate of
charge they need before transmitting and receiving power, that ensures that the
same 100-watt PD charger that can deliver enough power to charge a large device
such as a high-end laptop, can charge a 20W cellphone battery without destroying
its systems. To allow the use of this technology in our project, we had to first figure
out a way to first be able to have a USB-C input. Therefore, we purchased a USB-
C PD “trigger board”, which is responsible for providing an USB-C compatible input
from the charger. These PCBs have a minuscule footprint, and are extremely
cheap, bought for only 98¢ each. They are responsible for enabling the PD
functions of the USB-C adapter and allow our project to be charged through it. The
trigger board we got is capable of selectively go through a varied range of different
voltage levels, but we will be using 9V for our battery charging purposes.
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3.7 Chess Engine

When beginning to research what Microcontroller to select, a few different
decisions could be made regarding functionality of the product at the end. A fully
implemented chess engine will add features such as best move selection, and an
evaluation of the current position, but it may ultimately affect the microcontroller’s
selection as specifications have to be selected based around this software
component, which will be the most CPU intensive. This portion of research was
approached with an open mind to see if it was possible to easily implement a chess
engine, and not give too many restrictions to the rest of the project if these features
are implemented.

3.7.1 Chess Engine ELO

ELO is one term used often to compare the strength of chess engines. ELO is a
rating system meant to compare the relative strengths of players in game, and
chess often uses this rating to compare the best players. Your ELO rating
increases or decreases based upon wins or losses to opponents, with each
increase / decrease based on the difference in ELO before the match. Typically, a
player with an ELO 100 points above their opponent would win about 64% of their
games, while a player with an ELO 200 points above their opponent would win
about 75% of their games. Magnus Carlsen achieved the highest ELO ranking ever
for classical chess with a rating of 2882 in 2014.

Chess engines also can ELOs associated with them, determined by play with other
chess engines or against human players. Ideally for this system, the higher the
ELO of the chess engine the better the engine would be at showing the player the
best moves. A chess engine with a very low ELO could provide moves that don’t
help the player and hurt the functionality of it. Of course, with players of a high
enough ELO using this board, the ELO of the chess engine would have to be still
a few hundred points higher than them to guarantee best move selection, and only
select chess engines have that high of an ELO. | chess engine with a lower ELO
would still likely be better than a vast majority of its users, but not have as high of
an accuracy in best move selection.

3.7.2 Chess Engine Selections
3.7.2.1 StockFish

StockFish is the most powerful chess engine to date, winning the “Top Chess
Engine Championship” 14-times. It is open source and written in C++, compatible
with Windows, Mac, and Linux, which means for this to be placed on a
microcontroller, it must be a microcontroller that can have an operating system on
it. StockFish exists in 16 versions, where the latest versions generally have greater
strength but larger file size and memory usage. Earliest versions of this are under
400 KB, and the most modern versions are about 40 MB. On top of that, | found
data sheets with different computer’s performance, and it is safe to say that a much
less powerful processor, like one that would be in a microcontroller, would struggle
to run StockFish at any level. StockFish’s latest version’s ELO is approximately
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3200, and in some cases scoring up to 3400+ in rating, which would be stronger
than every human chess player to date.

3.7.2.2 Micro-Max

In opposition to StockFish, Micro-Max is an extremely lightweight chess engine
that runs on C, known as the smallest C Chess program in existence. This option
would function well on a microcontroller, with only having 1433 characters total.
However, the greatest weakness of this chess engine is it's ELO, with recorded
ELO of about 1950. This would place it at about the 99.7 percentile out of all USCF
(United States Chess Federation) members, meaning that a good majority of all
chess players would lose to this engine, but there will still be exceptions. The code
provided doesn't initially support being able to load a game at any position other
than the starting one, but with some modification that aspect shouldn’t be much
more difficult to emulate.

3.7.2.3 Tom Kerrigan’s Simple Chess Program (TSCP)

Like Micro-Max, TSCP is a lightweight chess engine that runs on C, with a very
low ELO of about 1700. It comes in at 2,248 lines of code, but unlike Micro-Max, it
is written in a way designed to be very easy to read and teach people how chess
engines work. Not only that, but it has an opening book available to emulate an
actual player towards the start of the game. Being able to load a position on the
board as well as evaluation of any position is also already there and would just
have to be slightly modified to be able to use that data ourselves. With its low ELO,
it would place at about the 99.3 percentile out of all USCF members.

Through experimentation with this engine itself, its features extend beyond just
analysis of a game or a computer opponent, but it can also organize and hold all
the information for both sides to play the game. Rather than having to program the
entire logic for each move, create systems to store the positions, etc. this program
could do that all for us, and easily be modified to work with the rest of the micro
controller. This is a huge strength as it will speed up implementation immensely.

One potential issue with TSCP though is that TSCP is copyrighted and needs
explicit permission to use the work. However, this issue was quickly resolved by
reaching out to the owner of TSCP, Tom Kerrigan, and we got approval to use
TSCP if we make it clear that we did not write TSCP. We also cannot be profiting
off or redistribute TSCP, but neither of which will happen in the scope of this
project.

3.7.2.4 GNU Chess

GNU Chess is a somewhat of an average of the previously found chess engines.
It has a very high ELO of 2660, which places it in the 100.00 percentile out of all
USCF, and the 99.97 percentile of all non-scholastic USCF. This means that it is
extremely unlikely anyone would beat this bot, except for a handful of super
grandmasters out of the entire world. This alone will make it extremely accurate
for best moves detection and evaluation. In addition to that, the file size isn’t too
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unreasonable with only taking 3.2 MB of space, which shouldn’t be too big of an
issue on most microcontrollers.

However, it has a few weaknesses, one of which being that it must use a Linux
operating system to run. Requiring an operating system will cause many more
constraints on the project, as it will become more difficult interacting with hardware
and keeping high battery life, so this a major downside to this powerful engine.
This engine appears to be one of the best options though for a device with an
operating system though, as it is more light-weight than StockFish, and having it
run on Linux, the most light-weight operating system, would likely make it the
simplest to implement on that type of system.

TABLE 16 CHESS ENGINES

Qualities: StockFish Micro-Max TSCP é—‘;]NelSJS
Approximate ELO 3200 1950 1700 2660
File Size 40 MB 6 KB 160 KB 3.2 MB
Requires OS? YES NO NO YES
*Load Position | YES NO YES YES
Feature?

*This quality is true if the given chess engine can load up a chess position rather than only being
able to begin from the starting position.

3.7.3 Chess Engine Conclusions

Based on the research completed on the previous engines, the best choice for a
chess engine to be ported on for this project would be Tom Kerrigan’s Chess
Program. While it has the lowest ELO out of the selections listed, the primary focus
of this project is to help beginners learn and play chess, so any ELO as “low as”
1700 is still very high compared to the average beginner. Its readability, and light
weight design will make it very easy to implement into this project and become a
tool to help implement the many other features outside of just the chess engine
aspect of it. Stockfish may have similar features but would be far too demanding
on the hardware to be able to run at all. Micro-Max is stronger ELO wise and could
fit easily on a microcontroller, but its “minimalist” code style makes it far too difficult
to modify for our usage.

| initially began research into this area just to see if this feature was possible to
implement, and what restrictions that would impose for the microcontroller
selection, but with this engine | see how this would help implement many of the
core aspects of this project, and therefore is the best choice and should be
implemented regardless of if the analysis features should be added or not. In
addition, the specifications of the microcontroller should not be affected much by
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the selection of this component, if it has storage capable of holding the 160KB file
and it can run C code, but the stronger the processing power is the faster and
better the engine will run.

3.8 Microcontrollers
3.8.1 Microcontrollers or Single Board Computers?

When beginning to research different microcontrollers to implement for this project,
| noticed a large difference in some of the specifications of the devices. Some
devices claiming to be at the top end of the industry only had CPU speeds less
than a GHz, while | would find other devices from other companies with CPU clock
speeds in the multiple GHz. This difference led to the discovery that some of these
devices weren'’t really microcontrollers, but something different known as Single
Board Computers (SBC).

SBCs are mainly different from microcontrollers in the sense that they are intended
to run Operating Systems, usually Linux. As a result, the specifications for those
devices do need to be much higher to be able to support many more libraries of
code, and as a result, extended functionality. This would make running more
complex code easy, as you can program in a variety of languages that all compile
down, with a simpler interface, however this comes with the cost of making access
to the hardware components on the device much more difficult interact with.
Microcontrollers have very easy access to this without an operating system.

Given the complexity of the hardware stack for this project, that difference alone is
enough to make the Microcontroller the clear option for this project. Furthermore,
power constraints will also make the microcontroller the winner. Since SBC’s have
OS running always, the microcontroller can have far more efficient low-power
modes, and therefore will allow for longer battery life for our device. Lastly, as
researched in the previous section, an operating system can be avoided by
selecting a chess engine that runs on C, which was found with TSCP. This project
will use a microcontroller.

3.8.2 Microcontroller Specifications

When selecting a microcontroller to use for this project, there are many different
specifications to consider that will ultimately cause major issues for the
implementation of this project if not selected correctly. Taking into consideration
the hardware stack needed, specs such as storage, RAM, CPU speed, GPIO pin
count, and other specific functionalities will have certain minimum requirements to
make everything work. In addition to that, minimizing cost of this component will
also remain a priority, but it must be done so without sacrificing functionality.

Flash storage on the microcontroller is the first benchmark worth considering. This
one should not be very restrictive for the project, as the chess engine itself selected
from the previous section only will take up a few hundred Kilobytes. With having a
display and menus added, there will need to be more data stored, but it is safe to
say that everything should be able to fit on the microcontroller with 2MB of flash
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storage. This is an estimate that will mostly determine on the display graphics and
drivers for what needs to be stored. The chess engine will only be a 160 KB file,
so it is possible for the program to be stored under 500 KB, but a 2MB max is good
realistic upper bound.

RAM size and CPU speed are both important specifications that the stronger they
are, the quicker the program can become (and potentially more powerful the chess
engine can become). CPU clock rates upon initial research typically range from
about 100 up to 600 MHz, and RAM sizes typically range from 200 KB up to 4 MB.
The software will likely still be able to run under those minimums provided, but for
the sake of minimizing response time, they should be as high as possible.

Low-Power mode should be a feature on this microcontroller to help with battery
life on the board. Since there will be many points where the board is just waiting
for the user to lift or place a piece, a low-power mode can be implemented to
reduce its battery usage. In addition to that feature, the number of GPIO pins is
important to have. Depending on the hardware stack, upwards of 30 GPIO pins
may needed. Lastly the communication protocols of SPI, 12C, and UART may be
used for communicating to these hardware devices, so missing any of these
interfaces will restrict what hardware can be selected.

Something worth noting | found after researching these microcontrollers as that
there are manufacturers of the processors, and manufacturers of the
microcontroller which uses those processors. | found it like buying graphics cards-
where a RTX 3070 isn’t only sold by Nvidia but buy other manufacturers too who
have the hardware components of the Nvidia but with slight modifications. Some
of these microcontrollers researched have the same processors in them, but
because of changes in the way they are produced on the microcontroller
manufacturer specs may differ such, besides CPU clock rate.

3.8.3 Microcontroller Selections
3.8.3.1Teensy 4.0

The Teensy 4.0 microcontroller has high strength with a small size. With an ARM
Cortex-M7 CPU, with clock rates of 600MHz and 1MB of RAM, it has some of the
best processing power out of any modern microcontroller. It has 2 MB of Flash,
which is the bare minimum required for the project, but this may prove to be
punishing if my calculated estimation is incorrect. There are 40 digital input/output
pins, which should be plenty for this project. For those communication ports, there
are 3 12C and 3 SPI.

One feature of this chip that is amazing is its variety of additional features it hosts,
a majority of which aren’t initially in the scope of this project but could be expanded
for stretch goals. One of which includes its two 12S ports for digital audio. Other
features included are Cryptographic Acceleration, Random Number Generator,
RTC for date/time, and more. One feature that will be used for this project if this
chip is selected is its Pixel Processing Pipeline- this will allow for an accelerated
image processing for the display. Depending on what type of display is used, this
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addition could vastly speed up what and how things are displayed. To top things
off, the price and availability of this device is amazing- only $25 and the ability to
be delivered in less than two weeks.

Overall, this seems like a solid choice for the project. Its speed will greatly
contribute towards our goal of having a short response time and give the chess
engine the ability to be very responsive. My primary concerns come with the low
flash memory, as this device may run into a situation where the entire program
cannot be flashed on, resulting in major changes to the software. In addition, there
is no UART communication ports which may make some peripherals unable to be
connected at all.

3.8.3.2 ESP32

After finding different microcontrollers, the ESP32 appeared to be one of the most
popular microcontrollers currently. It is known for its very cheap price with some
strong specs. | manage to find one for $10, with fast delivery of under a week,
making it super accessible for starting the project. In addition to that, it has 4 MB
of RAM, and 4 MB of Flash, surpassing all the minimum requirements. Its number
of GPIO pins isn’t too extraordinary at 28 and has communication support for SPI,
I2C, and UART. Other additional features this microcontroller has includes
Bluetooth connectivity, a 2 MHz — 60 MHz oscillator, Ethernet MAC interface, 5
power modes including an Ultra-Low-Power mode, and a Random Number
Generator. Most of those features likely won’t be used, but the clock and power
mode settings are very helpful for implementing this project efficiently.

Its greatest weakness comes from the CPU speed, at 240MHz. This is not
necessarily that slow, but the Teensy 4.0 runs at over double the speed. And this
240MHz is only its maximum computing speed, which means realistically it will be
running slower than that most of the time. This will be the bottleneck for the system,
as the chess engine will directly scale its strength and response time with the CPU
speed. However, its many strengths may cause this microcontroller to be the best
choice for the project despite its relative slowness.

3.8.3.3 STM32

STM32 does not have nearly as strong specifications as the other options
previously found. With a clock rate of 168 MHz, it is about 2/3 slower than the
ESP32 and almost 1/4 as slow as the Teensy 4.0. In addition, the RAM comes in
at about 200 KB, and the Flash at 512 KB. This is below what | believe should be
used for this project, although it is possible it could fit on this small amount of
space. Lastly, its price is the highest so far coming in at $28.

However, it does have some strengths. Like the ESP32 board, it has lots of
communication with ports for SPI, 12C, and UART. What is greater than that is the
fact the microcontroller has about 50 GPIO pins, if not more when configured
correctly. This makes it highly adaptable to devices that have many inputs, where
the other devices would run out of input space. It is also available very quickly,
where it will ship in in less than a week. In addition, it also has the capability to
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connect to the internet, use an SD card slot, and be easily programmed with the
JTAG / SWD debug interface.

The circumstances | could see this project using the microcontroller option is in a
dire situation where we need to have a lot of GPIO pins, more than the other
options can handle. However, its slow speed and very small amount of RAM and
Flash do make it an unlikely contender for the becoming the microcontroller for this
project. These specs theoretically could all work for the project, but it will make
implementation more difficult, and the final product may have issues with response
time.

3.8.3.4 Teensy 4.1

After researching for more similar products to the Teensy 4.0, | found the PJRC
Teensy 4.1, which is more expensive, yet more powerful option. Using the same
processor as the Teensy 4.0 (an ARM Cortex-M7), it reaches a clock rate of 600
MHz and has installed RAM of 1 MB. However, this version of Teensy improves
on its predecessor, with a flash memory of 8 MB (4x greater than version 4.0). This
eliminates one of the main concerns with using the Teensy 4.0 as now the flash
memory much exceeds my minimum requirements, and it should be comfortably
programmed on. In addition to all of this, the are 55 GPIO pins available, which is
15 more than the original version.

One additional special feature this version of Teensy offers is the ability to install
additional RAM or Flash Memory. These PSRAM chips can add 8 MB of RAM
each, and with two slots available to the Teensy 4.1, you can add up to an
additional 16 MB of RAM. The cost of adding these features would total out to be
an additional $9.00, where it would be $1.60 per added RAM, but an additional
~$5.00 in shipping. But, if shipping is purchased from the site | provided and not
from Amazon, and | purchased the rest of the Teensy 4.1 microcontroller, it will
only be about $3.00 more expensive to add these chips as the Amazon option is
more expensive.

Other features this microcontroller has are the same as its predecessor, with RTC
for date and time, a Pixel Processing Pipeline, and more. These features,
particularly the Pixel Processing Pipeline, will help with lowering the response time
and allow for the display to be high quality.

Overall, this microcontroller is an amazing contender for this project. It has the
highest CPU speed, Flash, GPIOs, and potentially RAM with the additions out of
any of the other options listed. A few downsides this microcontroller has though is
its price, coming in at $35 or $38 with added RAM, making it the most expensive
option. In addition, with manually installing memory to this microcontroller, there is
risk of damaging it and needing to replace parts. It also potentially can take the
longest out of any other option as well to show up, but that is still within a
reasonable range.
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3.8.3.5 Arduino Nano

The Arduino Nano has good mix of strengths and weaknesses. This device takes
advantage of the ESP32 chip, but the microcontroller itself is manufactured by
Arduino. Hence, the CPU speed is at 240 MHz, identical to the other ESP32 option.
It has a small amount of RAM with only 512 KB, and very few GPIO pins with only
14. In addition, there are only 4 total communication ports, 1 SPI, 1 12C, and 2
UART. This may be a major issue when trying to connect to the other peripherals,
as communication may be limited.

Its greatest strength however lies in its Flash Memory. Its internal Flash Memory
comes in at 8 MB, already equal to the Teensy 4.1, but it also comes with an
additional 16 MB of external Flash Memory. This 16 MB external Flash Memory is
much slower than the internal one, but with those two combined it can hold 24 MB
of Flash Memory. This gives massive flexibility in the software development
process, as it is very unlikely that while programming this, we reach the cap of
memory. Not only that, but this device is also one of the most affordable, coming
in at the cost of $19. Lastly, this device will ship quickly arriving in less than a week.

Overall, this device has some solid strengths, but isn’t likely to become to the
selected microcontroller for this project based on its low number of GPIO pins and
communication ports. With a complex hardware stack, the four communication
ports likely won’t be enough. It is possible to communicate to multiple devices
using one port, but the added latency from doing so will hurt the overall response
time of the project.
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TABLE 17 MICROCONTROLLERS

e Teensy Teensy Arduino
Specifications: 40 ESP32 | STM32 4.1% Nano**
CPU Speed 600 MHz 240 MHz | 168 MHz | 600 MHz 240 MHz
RAM 1 MB 4 MB 200 KB 1 MB [/|512KB

17 MB
Flash 2 MB 4 MB 512 KB 8 MB 8+ 16 MB
GPIOs 40 28 50 55 14
Communication | 3 SPI, 3|4 SPI, 2|3 SPI, 3|3SPI,312C | 1 SPI, 112C, 2
Protocols 12C 12C, 3| 12C, 3 UART

UART UART

Price $25 $10 $28 $35/$38 $19
Delivery Time <2Weeks | <1Week | <1Week |< 1 Week /| <1Week

< 2.5

Weeks

*Two values are shown for some of these specifications: values on the left are without the added
RAM, values on the right are with the added RAM.

**The two values listed under Flash are for 8 MB of internal flash and 16 MB of external flash.
External flash is much slower than internal flash.

3.8.4 Microcontroller Conclusions

After examining many different microcontrollers, the conclusion was met that the
best choice of microcontroller would be the Teensy 4.1. While the Teensy 4.1 is
the most expensive option, it remains in the price range of $20 - $40 for this
component. Due to a chess engine needing the most computation power available
to be the most successful it can be, using the powerful ARM Cortex-M7 chip
running at 600 MHz was desired the most. In addition, the ability to reach up to 17
MB of RAM will give this device a high upper bound for performance.

When designing the software, the entire program should realistically fit in under 2
MB, but with Flash Memory of 8 MB, there is plenty of room for adjustment if this
estimation was incorrect. The 55 GPIO pins also will permit for very easy and clean
hardware integration.

As further hardware components are researched, the communication protocols
used needs to be carefully monitored. There is now the added restriction that
UART cannot be used to communicate as this chip does not support that
communication system. In the circumstance that a hardware component cannot
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https://www.amazon.com/PJRC-Microcontroller-Development-Lockable-Version/dp/B09X27NXL5/ref=sr_1_4?crid=1F2QRT004ZHHS&keywords=Teensy+4.0&qid=1698259726&sprefix=teensy+4.0%2Caps%2C94&sr=8-4
https://www.amazon.com/HiLetgo-ESP-32S-Bluetooth-Wireless-ESP-WROOM-32/dp/B077KJNVFP/ref=sr_1_6?crid=1SQ8PPHQ6T1ZT&keywords=HiLetgo+ESP-WROOM-32&qid=1698260712&sprefix=hiletgo+esp-wroom-32%2Caps%2C85&sr=8-6
https://www.amazon.com/HiLetgo-STM32F407VET6-Cortex-M4-Development-NRF2410/dp/B071KBZR58/ref=sr_1_1_sspa?crid=12ZKPMTZHDCCB&keywords=STM32&qid=1698263534&s=electronics&sprefix=stm32%2Celectronics%2C116&sr=1-1-spons&sp_csd=d2lkZ2V0TmFtZT1zcF9hdGY&psc=1
https://www.amazon.com/PJRC-Cortex-M7-Processor-iMXRT1062-Without/dp/B088JY7P2H/ref=sr_1_3?crid=1OMTN7V1WN1LI&keywords=PJRC&qid=1698281192&sprefix=pjrc%2Caps%2C111&sr=8-3
https://www.pjrc.com/store/psram.html
https://www.pjrc.com/store/psram.html
https://www.amazon.com/Arduino-Nano-Every-Single-Board/dp/B07VX7MX27/ref=sr_1_4?crid=2FHFZTR9OL4DA&keywords=Arduino%2Bnano&qid=1698284034&sprefix=arduino%2Bnan%2Caps%2C118&sr=8-4&th=1

use UART, then a different microcontroller must be selected. In that scenario, the
ESP32 would be the best choice.

3.9 Converting Analog to Digital Signal

One of the biggest components of our project is finding a way to accurately read
values from the photodiodes. This will require us to find some way to take the
analog signal from the photodiodes and convert it to a digital signal for our
microcontroller to read. The microcontroller that was selected is only capable of
ADC conversions on 18 of its pins. Each square on the chess board will contain a
photodiode so 64 different photodiodes need to be read in total. To help simplify
the number of analog inputs to the microcontroller, we will use a multiplexer. In the
off chance that the built in ADC on the Teensy 4.1 is not enough, we have looked
into other ADCs that we could use.

3.9.1 Multiplexer

A multiplexer is a type of combinational logic circuit designed to take in several
different inputs from multiple pins and combine them all to a single output line.
Essentially a multiplexer completes the opposite task that a shift register is
designed to do. To accomplish its task, a multiplexer will alternate reading each
input and combine each input to the next. This can be compared to a recording
taking a sentence from 8 different people and combining it all into one file.
Multiplexers will help trim down on the number of inputs to be read at once.

There are mainly two different kinds of multiplexers: analog and digital. As the
names suggest, multiplexers are made to handle certain types of signals. Digital
multiplexers are only capable of handling digital signals. Digital signals can be
described as being high/on or low/off. Analog multiplexers are capable of digital
signals as well as analog signals. Analog multiplexers can transfer the analog
signal through its output.

Since we want to send the analog signal directly to the microcontroller to be
converted, an analog multiplexer would be the best option. Like with the LEDs, we
need to be able to consider the switching speed of the multiplexer. We also need
the multiplexer to read the full range of current values that the photodiode will give
off. We plan to measure the output current of the photodiode so we have to be
sure the multiplexer can handle those extreme values.

As we did for the LED drivers, we want to be certain that we can test the multiplexer
before soldering it onto a PCB. This means that we need to find a multiplexer that
is in through-hole packaging.

To simplify the circuit for the photodiodes, they will most likely be connected in a
way similar to the LEDs. We will use a matrix system to connect all 64 photodiodes
together. One way that we are thinking to collect values is to cycle through each
of the 8 rows constantly and record the states of the photodiodes each time. This
way, we can easily discover when a photodiode changes states based on if a piece
is placed or removed. The multiplexer would be connected to the bottom of the
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columns for the matrix while a shift register will be used to supply power to each
row. This method will make it easier for us to detect which square state changes
based on the grid built into the matrix. We can also use multiple of them at once to
constantly monitor all 64 photodiodes.

The most important factor that needs to be considered when selecting a
multiplexer for our project is how much current it can intake. With our photodiodes,
we need to be able to read at least 7 distinct values, so a high resolution is
necessary. At this time, we do not know the exact range of current values the
photodiodes will provide.

Below is a table showing off 4 8-to-1 analog multiplexers. The TMUX8108 is an
analog multiplexer that is capable of reading current of up to 100 mA. This analog
multiplexer is does not come in a through-hole package so we would not be able
to fully test it in a breadboard. The TMUX6208 is an analog multiplexer that can
handle the most amount of current out of the three multiplexers that were
researched. Like with the TMUX8108, the available packagings of the TMUX6208
would not make it possible to test in a breadboard environment either. The
CD74HCA4051 is the one out of the three multiplexers that can be tested in a
breadboard environment. The issue with this multiplexer is that it can only take in
current values up to 25 mA.

A factor to consider is the switching speed of the multiplexer itself. The multiplexer
must be quick enough to keep up with switching between the 8 inputs consistently.
Out of the three multiplexers, the TMUX8108 is the quickest on its switching time
with a time of 12 ps.

For this project, we will select the TMUX8108 for its switching time. We will need
at least 8 of them to be connected to each of the analog pins on the selected ADC
to feed all 64 inputs into our microcontroller.
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TABLE 18 MULTIPLEXER COMPARISON

Vin (single) (V) 12, 16, 20, 36, 5, 12, 16, 20, 1.8,2.5,3.3,5 Upto20V
44,72,100 36

Input/output 100 300 25 10

continuous

current (max)

(mA)

Packaging TSSOP TSSOP PDIP (through PDIP
(surface (surface hole) (through
mount) mount) SOIC (surface hole)
WQFN (chip WQFN (chip mount) TSSOP
carrier) carrier) SOP (surface (surface

mount) mount)
TSSOP
(surface
mount)
Switching time 12 us 140 ns 10 ns 400 ns
Price $3.850 $2.432 $0.097 $0.61

The goal of this multiplexer is to save on the number of pins for our microcontroller.
There is still a possibility that we may not need to use the multiplexer in the first
place. We will not have a definite answer until we select all of our components and
map all the pins on our microcontroller accordingly.

3.9.2 Analog to Digital Converter

This section will cover our research into analog to digital converters (ADC). ADCs
are an integrated circuit designed to take analog input and convert it to a digital
signal. This digital signal will then be sent to our microcontroller to interpret. We
will use the ADC to read the voltages of our photodiodes in order to determine
which piece is above the specific photodiode.

The role of this ADC is to read the voltages off of the photodiodes. The voltages of
the photodiodes will change depending on how much light it is receiving. With an
increase in the intensity of light that it reads, the more voltage it will provide. We
have looked into arrays to simplify the reading process of these photodiodes and
we have decided on an array that works almost like our LED array. We will need
at least 8 analog inputs on our ADC to read all 8 photodiodes in a row.
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ADCs have multiple specifications to consider when selecting one. The number of
bits an ADC is the equivalent to how many levels of values it can detect. So, for a
3-bit ADC, 8 levels of output codes would be available. The more bits would mean
more values that we can access.

If we select an external ADC, we also need to consider the communication protocol
it uses. The Teensy 4.1 is not able to use UART and it has a limited number of
pins for SPI and 12C. We are already using all three SPI ports for the LCD screen
and the switch registers for the LED array. We can add on the ADC converter to
the shift registers, but it would take more work programming wise to implement it.
Ideally, an ADC with I12C would be our best option for this project.

The sampling rate refers to the number of samples per second. By using the
sampling bits, these samples are then converted to a digital signal. Since we want
to ideally be able to detect 7 different values, but we can still work with 6, we want
the samples that are to be taken to be precise. The number of bits and the sampling
rate will play a significant role in our ability to read the voltages precisely.

The microcontroller we selected has built in ADC pins, but they are limited to how
much voltage they can read. The maximum voltage one of these pins can read is
3.3V, anything higher is not recommended because it would burn out the pin. We
do not yet know the exact range of voltages our photodiode will provide us, but we
want to have another ADC ready in case our microcontroller cannot meet the
demands we require. There is also not a lot of information available about the exact
specifics of the built-in ADC on the Teensy 4.1 so we will have to test it out.

The ADS7138-Q1 is a 12-bit ADC converter that has 8 analog inputs. With 12 bits
of resolution, we have access to 4096 different values, with one of these values
being 0. The sampling rate is also reasonably high at 140 ksps. Each input pin is
also capable of reading input voltages up to 5.5 V. The communication protocol of
this ADC is 12C.

The ADS1015 is also another 12-bit ADC. The issue with this ADC is that it can
only take in 4 analog inputs at a time, so we would have to use 2 ADS1015 chips
to satisfy the requirement of reading 8 analog input values. The ADS1015 can read
a higher voltage compared to both the Teensy 4.1 and the ADS7138-Q1. The
sampling rate is also lower than the sampling rate of the ADS7138-Q1 because it
can only takes samples at a rate of 3.3 ksps.

Both of the ADC ICs that were looked into have better specifications compared to
the built in ADC on our microcontroller. We will not know for sure until we have
time to do testing to know for sure which ADC will work best for our project.
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TABLE 19 ADC COMPARISON

8

N/A 140 ksps 3.3 ksps
N/A 55V 0-55V
N/A 12C 12C

10 12 12

N/A $3.57 $1.1
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4 Project Standards and Constraints

In the dynamic landscape of modern industries, adherence to established
standards is paramount. These standards, whether industry-specific or regulatory,
embody a collective wisdom that has evolved over time, encapsulating best
practices, safety protocols, and efficiency benchmarks. This section will go over
relevant standards for our project and their importance to its success.

4.1 Standards about I12C Bus Specification

4.1.1 UM10204 - 12C-Bus Specification and User Manual

In UM10204, the specifications and the uses of the 12C-bus are discussed. 12C is
a bus that is both popular and powerful due to how devices communicate on this
interface. One device is designated as a master device while all other connected
devices are referred to as slaves. This document goes into detail about how the
I2C-bus works and specifies the limits that all 12C devices must operate at.

One of the major features is how devices communicate with 12C. Only two bus
lines are needed between the master and slave devices: a serial data line (SDA)
and a serial clock line (SCL). The master has to always initiate communication with
the slave whether it be to send data or to receive it. When sending data, the master
sends a start message to the slave, sends the data, and then terminates the
connection used to communicate. More steps are necessary when receiving data
though. The master still sends a start message, then sends what register of the
slave it wants data from, the slave transfers the data, and the master will then
terminate the communication line. When there is more than one slave device
connected to these two bus lines, the master will then use a unique address to
refer to each slave device. The ability to easily add and remove slave devices is
one of the major benefits of using I12C because no drastic changes have to be
made to the circuit housing these devices.

4.2 Standard About Soldering Standards

Both J-STD-001 and IPC-A-610 are standards that involve the soldering process
and includes industry standards for PCB assembly. IPC-A-610 is the overall
standard used for soldering because it covers the electronic assembly acceptance
while the J-STD-001 is more specific because it covers the materials and
processes used for soldering. The LED array in this project require each individual
LED to be soldered into the PCB that will contain the wiring for the matrix. The
photodiodes that were selected will also need to be mounted to the PCB by
soldering as well. These standards will help ensure proper care is taken when
soldering these components to the PCB.

4.2.1 IPC-A-610 — Acceptability of Electronic Assemblies

IPC-A-610 is the most widely used electronics assembly acceptance standard in
electronics history. This standard deals with the visual aspects of PCBs and
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ensures that all electronic assemblies meet a certain level of quality. Specifically,
this standard deals with component placement, soldering, cleaning, and marking.
With this approach in electronic assembly, manufacturers can ensure their
products meet acceptable levels of functionality and appearance. This standard
covers through-hole, surface-mount components, and mixed technologies.

With component placement, there are certain requirements that need to be met.
Since a majority of our project will make use of through-hole components, a lot of
detail will be going into designing the PCB. Proper spacing, alignment, and
orientation of the components must be considered when designing the PCB.
Components must be spaced and aligned properly so that interference between
two components does not occur. Proper spacing also allows for an easier time
when assembling and testing components on the board. Orientation refers to how
polarized components such as diodes and capacitors will be placed onto the PCB
so that it follows the design. If the orientation is not correct, the component would
not function as intended and will cause further complications. The components
have to mounted properly so that they are both secure and the leads of the
component are long enough to have it properly soldered to the board. This
standard also goes into depth on the soldering requirements. These requirements
cover the formation, the fillet, the shape, the cleanliness, and the strength of the
solder joint. By covering these specific components of the solder joint, soldered
components will be securely attached. Cleaning is required after soldering is
completed so that any residing flux is removed so that it does not cause any
interference.

4.2.2 J-STD-001 — Requirements for Soldered Electrical
and Electronic Assemblies

This standard sets the requirements for the manufacture of electronic assemblies
and is used by electronic assembly manufacturers, suppliers, and users.
Specifically, this standard covers the necessary materials, methods, and criteria
for creating a high-quality electronic assembly. This standard is important to
consider because none of the team members have experience in soldering and
having basic information about the skill will be very useful.

The standard materials for soldering are covered in J-STD-001. In order to ensure
the correct operation and dependability of electronic assemblies, the general
composition and qualities of solders are covered. Cleaning agents are covered so
that flux residues are properly removed as well as ensuring that the electronic
assembly is not damage in the same process.

70



4.3 Standards for Rechargeable Lithium-lon
Batteries

4.3.1 IEC 62133 - Safety requirements for portable sealed
secondary cells, and for batteries made from them, for
use in portable applications.

Manufacturers, governmental authorities, and stakeholders involved in the lithium-
ion battery industry commonly acknowledge and use IEC 62133 as the benchmark
for battery safety. This international standard, developed by the International
Electrotechnical Commission (IEC) and last updated in 2021, outlines
specifications and tests for the performance and safety of lithium-ion batteries used
in a variety of portable electronic devices, such as tablets, laptops, cell phones,
and other gadgets. The standard addresses various aspects of battery safety,
including electrical, mechanical, and chemical safety.

Adhering to the standard contributes to guaranteeing the safety and dependability
of our lithium-ion batteries. IEC 62133 specifically addresses problems like thermal
runaway, short circuiting, overcharging, and overdischarging, all of which have the
potential to pose a risk to the safety of our users if left unchecked. The standard
also specifies testing protocols to confirm standard compliance and labeling and
documentation requirements.

IEC 62133 outlines various testing procedures, including checks for electrical
abuse such as overcharging and short-circuit conditions, to guarantee that the
device is safe for use in its intended applications. One of these tests includes
charging a cell utilizing a charging method applicable to cells and batteries that are
subjected to external short circuit, thermal abuse, crush, and forced internal short
circuit tests before short-circuiting the cell, connecting its positive and negative
terminals with a total external resistance of less than 100mQ. In such abusive
electrical scenarios, the battery needs to show a certain level of resilience to avoid
thermal runaway or other dangerous reactions, otherwise a failure in the device’s
operations could pose a great hazard to the users’ safety. [22]

However, one of the most pertinent sections for our needs is the one assembly of
lithium-ion cells into lithium-ion batteries. It specifies that if several lithium-ion cells
are used to build a single battery, then each battery must have precisely matched
capacities and be made by the same manufacturer, chemist, and design of cells.
The importance of ensuring that each lithium-ion battery, if there are several, has
its own independent control and protection is also mentioned in this section. It also
emphasizes how important it is for the battery designer to make sure that the
design and assembly follow the guidelines provided by the cell manufacturers
regarding the maximum limits for voltage, current, and temperature.

IEC 62133 is essential to maintaining the dependability and safety of lithium-ion
batteries, which in turn contributes to the general security of the equipment and
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systems that use them. Manufacturers must adhere to this standard to satisfy
regulatory requirements, secure market acceptance, and foster customer trust.

4.3.2 IEC 62115 — Electric Toy Safety

Outside from IEC 62133, another standard that we may want to look at for our
project that can impact on our battery design is IEC 62115, which specifies safety
requirements for electric toys, that is, any toy that has at least one function
dependent on electricity. Any product designed or intended for use in play by
children under 14 years of age are considered toys, whether designed exclusively
for that demographic or not. [21]

This standard covers the whole range of electric toys from small button battery
operated lights to large ride-on electric toys powered by rechargeable batteries.
This results in different requirements and tests according to the type of electric toy.
Nonetheless, the aim of this standard is to reduce risks when playing with electric
toys, especially those risks that are not evident to users, in the case of its electrical
function.

4.4 Software Standards
4.4.11S0 9899 — C Programming Language

One of the most important standards to be followed for the implementation of our
design is the ISO 9899, which standardizes the C programming language.
Throughout this document, there are definitions on the syntax, semantic, input
specification, output specification, and limits to C. Without this standard, every
single device might have its own variation on the language of C, making reusing
code virtually impossible as every device would have its own set of commands that
differ from the next- meaning either re-writing all the code, translated for that
variant, or finding code that someone developed specifically for that device, both
of which would cause major restrictions in development.

Some other parts of what this design standard covers includes how it deals with
floating-point numbers. In TS 18661, there are five sections listed out describing
Binary and Decimal floating-point arithmetic, interchange and extended types, and
supplementary functions and attributes. Floating point arithmetic is often one of the
most CPU intensive function, so unifying the way the C language uses these will
minimize how intensive it will be. Another important section is in TR 18037, which
discusses Embedded C programming, and how the C language will interact with
all the variable hardware components. This standard is particularly important
because programming on any device will use the same command terminology.

4.5 Standard for Chess Board Layout

A standard game of chess is played on a square board that is arranged in an eight
by eight grid, with a total of 64 squares. The chessboard alternates the color of the
squares between light and dark colors, as related to the color of the pieces. There
will be 32 light squares and 32 dark squares. The rows of a chessboard are always
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referred to as “Files” and typically labeled by letters in the alphabet, ranging from
A to H going from left to right. The columns of a chessboard are always referred to
as “Ranks” and typically labeled by numbers, ranging from one to eight going from
bottom to top. Chess pieces are split into two separate sets, a lighter color (usually
white or beige) and a darker color (usually black or brown). Each player will control
a set of pieces that contains 16 total pieces. Each side has 6 different kinds of
pieces that includes eight pawns, two knights, two rooks, two bishops, one queen
and one king.

The setup of the board is the exact same for both players and never changes. The
orientation of the board will always be the same for every game. The board will
always be oriented so that there is a light colored square in the bottom right corner
and a dark colored square in the bottom left corner. A game of chess can never be
played if the board is not positioned like that. The setup of the pieces for the game
is the exact same for each player as it will always mirror one another. In the back
row, the rooks are placed in the corners, followed by the knights placed in the next
inside squares, followed by the bishops next to the knights. In the two middle
squares is where the queen and king are placed. The queen is always placed on
the left middle square while the king is placed on the right middle square. The
gueen should always be on a square of the same color (the white queen on a light
square and the black queen on a dark square). The king will always be placed on
an opposite colored square (the white king on a dark square and the black king on
a light square). In the row in front of the back row is where all eight pawns will be
placed.

The dimensions of the board will vary from country to country, but there are a few
standards that are followed, and enforced for professional chess. The dimensions
of each square on the board are the exact same as well as the entire board itself.
Square size on a chessboard is always proportional to the size of the king’s base
diameter. The base diameter of the king should be roughly 75%-80% of the size
of the square. This guideline ensures that there will be proper piece spacing on the
board during a game. The official World Chess Federation (FIDE) Championship
Chess set has a square size of 2 inches and a height for the king at 3.75 inches.
Meanwhile, the United States Chess Federation (USCF) has a standard
tournament chess board that has 2.25 inch squares and the king’s height is 3.75
inches. Another guideline related to the size of the king piece relates to the king’s
base diameter compared to its height. Both FIDE and the USCF follow the
guideline that the king’'s base diameter should be between 40%-50% of the king’s
height.

Once the board is fully set up with 32 pieces altogether, then the game begins.
White will always go first followed by black. The objective of the game is for one
player to checkmate the opposing king. Once a king is put in checkmate, the game
is over.
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4.6 Project Constraints
4.6.1 Design Constraints

Design constraints refer to certain physical restrictions that are present when
designing a project. The main goal of this project is to create a smart chess board
that is portable which causes some constraints to arise when designing our project.

One of the biggest factors that deal with portability is the material the chess board
and the box under it will be made out of. We want to use a material that is sturdy
enough to protect the hardware it encases but at the same time not be too heavy
for a person to carry. There is also a limit to what materials we can use due to
economic constraints. None of the hardware components should be disturbed if
something were to happen to this shell. Inside of this shell, we want to be able to
house two extra layers that the players cannot see: the matrix that contains both
the LEDs and the photodiodes, and a PCB that contains the microcontroller and
other hardware components. The dimensions of this box should not be too large
where it makes it awkward to carry either. We want to aim for a standard chess
board size with only a few inches of added depth.

The top layer of our project has some design constraints as well to make it as
appeasing as possible to the players. We do not want to give away what is
occurring underneath each square so we need to use a material that can allow the
LED to emit light but at the same time prevent players from seeing into the chess
board. We also want to embed an LCD screen into the side of the project so that
it can provide an explanation to players about their selected pieces. We want an
LCD screen that is large enough to provide a few sentences but nothing that will
add extra bulk to this project.

Another big component is the layer that will be underneath the board the players
will play on top of. This layer will contain the LED array along with the optical
system that will detect the different pieces. One of the biggest issues with this is to
find a way so that the LED does not cause any disturbance to the photodiode and
give false values. We have two possible ways to solve this problem. The first is to
seal off the optical system under each square so that it can only detect the light
that is reflected off the chess piece. This method would then cause the placement
of the LED to be shifted so it would be off-centered. The new placement of the LED
could cause uneven lighting to occur under a square, so we have to find a way to
make it appear even. The second method we can use to solve this problem is using
a specific color of light in the optical system. We can use a filter on the photodiode
so that it only picks up a certain color of light and make sure the LED array does
not light up to that color. In both of these cases, we still have to ensure that the
light from each LED does not bleed into neighboring cells and give false
information to the players.

There is also a constraint between the two bottom layers of this project. We plan
to use fiber optic cables to direct light to each square. The issue with this is the
placement of the LED these cables will run to and how these cables will be
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connected to each square. We want to place the LED on the bottom layer so that
it can be in the center and run the cables up through the second layer to attach to
the bottom of the top layer. The issue with this is how to implement this in a way
where we can still adjust the project without too much disruption to these cables.
We can make small holes in the PCB that will hold the LEDs and photodiodes so
that these cables can run through to the top layer. The biggest challenge is making
all three layers connect.

4.6.2 Economic Constraints

Due to the nature of this project, there is a major economic constraint on the
design. Regardless of the scale of what team is designing a project, there is always
a tradeoff between minimizing the cost and maximizing the quality of the final
product. If there was no economic constraint, then every component would be the
highest quality available, and the quality of the final product would be very high-
with the cost being equally high, of course. On the other hand, if there was only an
economic constraint with no care for the quality of the final product, the result would
be very cheap, yet barely function and run at incredibly undesirable speeds.

Because this team is comprised of five undergraduate university students, the
tradeoff between cost and quality will have to favor more towards low costs with
some reduction to functionality. Each component will have to be selected with this
in mind, but ultimately depend on exactly how much value does each one offer for
the additional dollar. There are few different groups of components to consider
where to distribute cost to. Each component falls into one of the following groups:
Microcontroller (MCU), Display (LED array and Display Screen), Piece
Identification (Photosensors, Fiber Optic, and Chess Pieces), Power (Battery and
Voltage Regulator), or Case + PCB (PCB, Chess Board, Buttons).

The Microcontroller is one component that has certainly high value for every
additional dollar spent. Because one of the main challenges over past similar
projects was the response time, having a powerful microcontroller would help solve
those issues. However, the constraint exists, and this component can get very
expensive when reaching very high specs. Ultimately the constraint of < $40 for
this seems reasonable, and there are plenty of powerful microcontrollers that
would help address the issue of response time while still being affordable.

The Display components has its tradeoffs. The LED array can be restricted to less
colors making it cheaper, which ultimately won’t have too big of an effect on the
final product, as two colors per square is the least amount that would be needed.
In addition, the display screen is a component that can get very expensive with
increased size, but ultimately the design can be built around a small screen used
to communicate smaller pieces of information, rather than a lot of information at
once that would need a larger display for usability. Generally, these components
can still function well with cheaper options selected, meaning that a large economic
constraint should be placed on these products.

The Piece Identification System (PID) also needs to have economic constraints
but may experience some flexibility like the MCU. One specification for this project
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is to have a piece identification of > 95%. In general, the cheaper the component,
the less reliable it will at detecting the piece. When selecting the fiber optic cable,
photosensors, and material for the bottom of the chess pieces, the difference
between less than 95% and greater than 95% accuracy of detection will be worth
the extra dollars. However, there is still constraint, as with the rest of the project,
and at a certain point keeping the costs lower and taking a lower accuracy is
appropriate. The difference between a less than 99.9% accuracy and a greater
than 99.9% accuracy is less worth the additional dollars than the previous
specification.

The power supply system in particular needs strong economic constraint to avoid
raising the cost of the entire project significantly. One specification for this project
related to this component is the battery life, which should be greater than 4 hours.
Beyond that minimum though, there should be strong constraint to avoid higher
prices- the battery can get very expensive for greater life. The other components
related, such as the voltage regulator, may have less of a tight constraint on it as
the battery, as if that component fails then many other components may have to
be replaced, significantly raising the cost of the project.

The remaining components with the Case and PCB should be following a strong
economic constraint. Apart from existing and providing its basic functionality,
increased spending on these components will not improve the achievement of any
of the other specifications. It can help with the overall aesthetic design, but for
functionality’s sake, it is not worth the additional costs. These components should
be at a minimum in price.

Overall, the economic constraint exists in every portion of this project. Breaking
the budget set for any of the components can lead to troubles implementing, as
this project does not have any sponsors and will have to directly come out of the
pockets of the students designing it. Most of the components do have some impact
upon how successful the final design will be at achieving its specifications, so cost
should be appropriately weighed in against the quality of its functionality, but those
components without that direct correlation should minimize its cost as much as
possible.

4.6.3 Manufacturing Constraints

When creating a product, it's important to consider the many manufacturing
constraints so that your product can be as efficient and as cheap to produce as
possible. The selection of the material has a very large impact on the
manufacturing process and can drive up costs, for example using LEDs to light up
the squares and as our illumination source. We will be getting 100 LEDs in one
order due to the high availability of this component. To show this further, the 100
LEDs also only cost $6.75, making the cost per unit to be 7 cents each, making
them very cheap. LEDs have a very long lifetime meaning that they are very
durable and don't require high powers that will wear them out. The availability of
material, the cost of each component, and durability of the parts are all considered
in the material selection. There were many different types of light sources we could
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have used, however most of them would have run into one of these problems and
not been as efficient.

Additionally, the manufacturing process of how parts are made should be
considered. Selecting the right process to make your product and making sure it's
capable of creating the right quality and quantity is important to make sure the
product lasts a long time and is reliable during that time. For our project we have
decided to 3D print the chess pieces because we would need the inside of each
piece to be hollow. This is because we will be putting mirrors and filters inside each
piece to integrate them into the optical system effectively. This would not affect the
quality of the pieces since it would still be one color and would not affect the shape
of each piece. 3D printing might take a long time for each type of piece, but it would
allow us to customize the sizing if needed and make it hollow inside to fit our
purposes. We could try buying plastic pieces to shorten this design process but
since we would want them to be hollow it might cost more to customize them as
needed. Another method we could have tried is to use wood and to carve the
pieces out but that would likely take longer to make than 3D printing and if we
made it would likely affect the quality because it would depend on the carving skill
of the carver. In addition, wood carving tools are expensive and would be
considered an unnecessary expense for this project.

Another manufacturing constraint would be the specifications of your product in
terms of its size and the components within it. If we have small specifications that
could lead to more precise and costly manufacturing due to tolerances and need
for more advanced equipment. If we choose a fiber with the smallest core diameter
possible it would be harder to manufacture a core that small due to the drawing
process taking longer and using higher heat. This would lead to the cost of the
development of this project increasing a lot since we would need a lot of fibers to
achieve our goal.

Furthermore, manufacturability, which shows how easy something is to create in a
factory setting, is something that needs to be considered. Making designs that
would be easy to manufacture by minimizing complex shapes and having hard to
reach places would be helpful because they can cause production costs to
increase, and the chances of defects would be higher because of the need for
precision. An example of this would be our electrical circuit design. By making the
electrical setup smaller it would decrease the complexity and the cost of the project
but would also make it harder to build. We have tried many different designs to
make the electrical setup smaller like putting our components into boxes to have
less wiring to reduce cost and reduce material waste.

Moreover, scalability is an important manufacturing constraint because some
manufacturing techniques are better for high volume productions while some are
better for low volume customized products. In our project we could have made
filters for specific wavelengths, but it would have cost more instead of general
filters that filter all wavelengths out evenly. LEDS are also very scalable since we
could get 100 of them in one order. Scalability as a whole is important because
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any product has to comply with supply and demand, if our project cannot keep up
with these changes in the market it will fail as a whole.

In addition to cost constraints, we have to better understand the actual costs of
manufacturing. Things to consider that were factored into our product design are
material cost, labor costs, and overhead costs. In our project this would involve our
optical and electrical design since making a more complex one would cost more
to make because of additional time requirements. Adding multiple layers would
increase the difficulty of manufacturing, labor, and money by adding extra steps
and more work. This would mean having to spend more money because workers
need to be paid, machines need maintenance and repair, and more advanced
machines cost more money.

Another manufacturing constraint would be supply chains. We would need to
analyze our supply chain to spot potential bottlenecks or risks. Having an alternate
source for critical material and components is important. We have many
components in our project from different companies with different specifications.
While we are choosing what is best for us now, later on we will need to consider
alternative sources in case some businesses go bankrupt, products are
discontinued, or other circumstances happen without our knowing. We will also
need to understand what's happening in the world due to material shortages that
could happen or shipping problems that could be caused by terrible world events
such as COVID 19. In summary, keeping close tabs on the different factors that
would affect us getting the materials we need to make this product a success is
important to the product as a whole.

Finally, the transportation and logistics of our manufactured material needs to get
back to us to use it. We will also have to consider the cost and delivery time. If our
materials are made in another country, they could be shipped to us in a cargo ship,
which would be the cheapest option. However, would take a longer time. If we
wanted priority, it could be flown to us but will cost more. Another thing to think
about is gas prices, as those have been on the rise and have affected ground
shipping costs as well as time to ship using this method. Different materials have
different lead times for this reason. If there are deadlines we have to meet, such
as what's required of the product right now, purchasing will have to be done very
ahead of time to make sure we get everything on time and can make the product
as needed.

By having these manufacturing constraints in mind during product development,
we can reduce the chance of costly development changes and production delays
looking forward. Organizing a feasibility study can help make a smoother and cost-
effective production process. Having documentation that will outline these
problems and how to best handle them will also be very helpful.

4.6.4 Environmental Constraints

Considering environmental constraints when developing a product is becoming
very necessary in the world today as environmental sustainability is becoming a
bigger worry as climate change continues to take hold. Failing to take this into
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account can lead to long-term negative environmental impacts and reputational
damage within the company that produces the product.

A major environmental constraint would be energy efficiency. Designing our chess
board to be energy efficient would reduce energy consumption and avoiding
greenhouse gas emissions used to power it would be ideal. An example of energy
efficiency in our project would be the use of LEDs on our chess board. LEDs are
one of the most efficient light sources since most of the electrical energy is
converted into optical energy or light instead of being lost to heat. Incandescent
light sources produce light by heating up materials, but this is very inefficient since
most of the electrical energy is turned into heat. In fact, less than 5 percent of the
energy is turned into visible light while the rest of the energy is loss as heat. When
choosing our illumination source, we looked into incandescent light sources, and
we quickly realized that it would be too inefficient and would require more energy
to use. The lumens efficacy for a 120-volt incandescent bulbs is 16 lumens per
watt while an LED is 100 lumens per watt. Incandescent lights are so inefficient
that some governments are starting to phase them out to decrease energy
consumption. Dealing with energy constraints in product development decreases
environmental impacts, increases cost savings, generates a longer lifespan for the
product, and increases competitiveness due to energy efficiency is important in the
market, as customers are becoming more mindful of environmental needs and
considerations. It is important to run simulations and energy inspections to make
decisions relating to energy consumption in product developments to ensure that
all standards are being met to the best of the company’s ability.

4.6.5 Energy Constraints

Energy constraints are important to consider when developing a product because
energy usage has economic, environmental, and operational implications. We
have already talked about how we are using LEDs which are very energy efficient
and minimize energy consumption.

Managing battery life is a critical energy constraint. The target is to achieve a
minimum of 4 hours of battery life, requiring a thoughtful approach to energy
consumption optimization. The key lies in selecting energy-efficient components
and utilizing effective power management strategies. One example within our
system is the LED array. While there is a straightforward method of turning on all
three red, blue, and green LEDs simultaneously, this approach demands a
considerable amount of energy, potentially compromising the desired battery life.
To address this challenge, we've opted for a more complex solution that involves
rapidly cycling each LED on and off at a speed not visible to the human eye. This
technique, known as flickering, not only creates the illusion of a consistent
illumination but also significantly conserves energy compared to simultaneous
activation of all LEDs. Flickering is a well-established practice in various optical
applications, capitalizing on the phenomenon that our eyes cannot perceive rapid
changes in light intensity. By strategically cycling the LEDs at a frequency beyond
our brain’s comprehension, we achieve the desired visual effect while also
minimizing energy consumption. This approach aligns with our commitment to
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maximizing battery life without compromising the functionality and aesthetics of the
chessboard. Furthermore, the selection of energy-efficient components is a pivotal
aspect of our strategy. Each component, from LEDs to other essential elements,
is carefully chosen based on its energy efficiency, ensuring that the overall system
operates optimally within the defined power constraints.

Another crucial aspect to consider within illumination systems is the generation of
heat. Heat generation not only signifies a potential inefficiency in the energy
conversion process but can also have implications for the overall performance and
lifetime of the system. As highlighted earlier, incandescent lights are a perfect
example of this concern, as they are known for their inefficiency, losing a
substantial portion of their energy as heat. In stark contrast, LEDs emerge as a
promising solution to combat heat-related challenges. LEDs showcase an
impressive level of energy efficiency, converting a significant majority of
approximately 80 percent of the electrical energy into optical light power. This
characteristic not only maximizes the use of the energy input but also minimizes
the production of heat, addressing one of the key limitations associated with
traditional incandescent lights. The minimal heat output of LEDs is a result of their
unique semiconductor-based operation producing light without the substantial heat
generation characteristic of incandescent sources. This property is especially
valuable in applications where heat dissipation is a critical consideration, such as
in small/ tight optical systems or environments sensitive to temperature changes.
Furthermore, the reduced heat generation contributes to the overall efficiency and
safety of the illumination system. By minimizing wasted energy in the form of heat,
LEDs not only enhance energy conservation but also promote a cooler operating
environment, reducing the risk of overheating and potential damage to surrounding
components.

In addition, an equally significant aspect involves educating the user on optimizing
energy usage in our chessboard project overall. By teaching information about our
project to users, we can enable them to interact with the chessboard in a manner
that not only aligns with energy-efficient practices but also ensures the longer
lifetime and effectiveness of the system. One approach to educating users on
energy efficiency involves conveying the importance of interactions with the chess
pieces. For instance, users could be informed that holding a chess piece for an
extended period may contribute to energy wastage, as the system might continue
to illuminate that specific area unnecessarily. Conversely, emphasizing the
energy-saving benefits of leaving chess pieces on the board when not in use can
promote more resourceful usage. Moreover, maintenance of the project plays a
crucial role in sustaining energy savings over time. Providing users with
information on routine maintenance tasks enables them to contribute to the
system's energy efficiency. For instance, users could be encouraged to
periodically change the LEDs, ensuring that the LEDs operate at their optimal
efficiency. Regular inspection, replacement, or cleaning of filters, fibers, and
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mirrors are additional maintenance steps that users can undertake to maximize
energy savings. By incorporating a user education component, we not only
promoting a sense of responsibility among users but also enhance their
understanding of how their interactions and maintenance practices directly impact
the energy efficiency of the chessboard system. This collaborative approach
between users and the technology underscores a commitment to sustainable
practices and long-term energy conservation.
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5 ChatGPT and Al

In this section we will discuss the topic of Al and how its current popularity surge
is affecting many different people and industries. Here we focus on explaining the
phenomenon that is Al generation and how it can relate to our project in both
positive and negative ways.

5.1 Generative Al

Recent years have witnessed a profound surge in the popularity of Al technology,
especially in the field of generative Al. Millions of companies across the globe are
utilizing artificial intelligence tools to improve their businesses. According to
Reuters, ChatGPT alone has reached over 180 million users as of September
2023. [17]

Originally, traditional Al was designed to complete specific tasks given a
predefined set of rules. This type of Al operates in a deterministic manner,
following explicit rules and instructions. Contrary to traditional Al, generative Al can
create a wide variety of new content by analyzing patterns in existing data and
utilizing those to create a unique new output. It can produce complex content that
mimics human creativity relatively realistically, making it a valuable tool for many
industries such as gaming, entertainment, and product design. In one of their
articles, Harvard Business Review states, “Al can not only boost our analytic and
decision-making abilities but also heighten creativity.” [18]

Right now, generative Al is being applied and quickly improving in various
domains, including natural language processing, image synthesis, text completion,
code generation, and more. These advancements have opened new possibilities
for the utilization of these tools and will fundamentally change many lines of work.

5.2 Ethical and Bias Concerns

As generative models become more powerful, increasing ethical concerns are
being raised due to potential misuse of the technology, as well as raising
reasonable fears that Al will ultimately replace human workers throughout the
economy. This conflict brings to the surface questions over Al ethics as well as
copyright and labor laws.

Many of these concerns stem from the field of creative work, such as that of visual
artists. These generative Al models are trained on large datasets, often including
copyrighted material scraped from the internet, causing them to directly copy the
style and content from the publications of real artists without any compensation or
credit. To make matters worse, deep neural networks are often considered "black
box" systems because it can be challenging to understand how they arrive at
specific decisions or generate certain outputs. The lack of explainability raises
concerns over accountability, transparency, and the ability to address errors or
biases within the model.
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Privacy issues also became a public concern in the field of Al. Its capability to
generate synthetic images that closely resemble real people can potentially lead
to the unauthorized use of personal likenesses or even identity theft. In the same
vein, there are concerns over the spreading of misinformation and the potential for
malicious use of Al-generated content for deceptive purposes, which could harm
individuals or manipulate public opinion.

These are all valid concerns, and addressing these issues requires a
multidisciplinary approach involving technology experts, ethicists, policymakers,
and society at large. It is essential to strike a balance to ensure that Al technology
contributes positively and serves to augment human work, not replace it.

5.3 Al in Design Process

The multi-step process of designing entails investigating, developing, and
perfecting an idea to produce a marketable product. With so many opportunities to
improve productivity, creativity, and the design process, artificial intelligence can
be a very useful tool in product design.

Every product design starts with a problem or challenge that requires resolution.
Since it establishes the tone for the whole design process, identifying this issue
and establishing the project's scope and goals are critical steps. With Al, designers
now have access to new tools for trend and data analysis, that might assist launch
projects much quicker.

Because Al can swiftly analyze large amounts of data, it also provides streamlined
techniques for collecting information in research, increasing the efficiency of this
process. Al can also be a fantastic source of inspiration by utilizing it to study
existing designs and come up with original ones. Artificial Intelligence has
revolutionized the creative design process, especially in terms of ideation and
problem-solving. Based on human prompts, generative models can create new
ideas and innovative solutions for designers. This quickens the ideation process
and creates new opportunities for design exploration and innovation.

And lastly, the prototyping stage of a product can be greatly aided by Al. Advanced
algorithms enable designers to replicate real-world scenarios, eliminating the need
for physical models and facilitating the testing and improvement of product
prototypes. This lowers the price of physical prototyping while also quickening the
design iteration process. Al-driven simulations offer insightful information that
helps designers decide on product performance and design changes. Through the
application of Al in user feedback analysis, prototype generation, and design
iteration, designers can guarantee that the product fulfills the requirements and
anticipations of its intended market.

In summary, Al technologies have become invaluable assets in the design
industry, easing jobs and enabling designers to push the boundaries of their
imagination. They are used for everything from concept formulation and
prototyping to data analysis and design optimization, and designers must adapt
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the way their work to accommodate the incorporation of Al into the creative design
process, as we usher in a new era of efficiency and innovation.

5.4 Research Methods with Al

As generative Al is shown to be very valuable in the design process, its worth going
more in depth into how research can be optimized using these contemporary tools.
While the information generated by Al isn’'t always true, when it is interpreted
instead as just a reputable opinion on something then the floodgates open with
potential uses; It can be used to create recommendations for what to research,
used to review what research you have done already, and used to solve any
barriers that you may be currently stuck with.

Using Al to create recommendations for what to research is more efficient and plan
internet searches. By taking advantage of an Al’s ability to generate output with
considering the context provided, you can create a list of devices worth
researching into that matches that context. For example, in the microcontroller
selection research portion of this paper, generative Al was used to help point in
the right direction the initial devices to research. When asking it what devices it
would recommend using given some of the project specifications, it gave a list of
6 or so devices. From there, to ensure the accuracy of the information found, the
rest of research was completed manually by looking up those devices specifically.
Rather than reference some random opinionated blog posts with generic lists of
microcontrollers, using an Al both removed some of the bias and increased the
relevance of those results. Out of those selected by the Al, all of them were great
suggestions and considered as candidates for implementation.

Another strategy that could be used when conducting research is to use it as a tool
to review what choices you have already selected. By using its ability to derive
from context, you can prompt a generative Al with all the research options you
have done so far and ask it if you are missing any major areas of research. For
example, if | only have done research for a device from one manufacturer, it will
be able to cater to my projects needs and recommend me some other
manufacturers that can also be considered.

Lastly, using generative Al with research can help providing solutions for barriers
you are currently struggling with. By once again taking advantage of the large
context provided, it can take in many considerations and do its best to reason out
a solution. For instance, let’s say that while researching, you can’t find any LED
arrays that would be compatible with the selected microcontroller. Rather than
having to get rid of the microcontroller, using Al to prompt it with the exact issue
mentioned might shed insight into some components that would work, or check if
the problem does need to come down to changing out the MCU. Al serves as
another opinion to help aid in making project changing decisions.

5.5 Programming Assist

With generative Al being trained across billions upon billions of data entries into
the internet, some Als have the ability to create or modify code. Even at the very
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peak of generative Al, most cases it can’t simply just write the entire program for
a user, but almost every generative Al can be used to assist the writing of it and
be used as a catalyst for faster programming. Using Al as an assistant programmer
is a technique that will only grow in use as time passes, until Al is strong enough
to do all programming by itself. Until then, this team will be able to develop code
much faster than one individual without Al.

When designing a section of code, using Al as programming assistant can go as
follows:

= In detail, describe to the Al what a certain section of code should look like.
= Take generated code and modify it to fit the rest of the program.

= Copy and paste errors to the Al and give it the code back that you modified.
= Consider solutions and potential implement them.

This approach to programming allows for every piece of code you write to always
be just a modification from a larger piece of code generated for you. Most of the
code can be generated instantly for you, but because of limitations in the current
strength of the Al, it can’t correctly process all the context of the rest of the
program, including library restrictions, variable names, etc.

The approach described for debugging is also very helpful in the development
process. By simply copy and pasting the errors given, as well as the code that is
giving the error, the generative Al will do its best to solve the error on its own- often
getting it right. This process can be repeated a few times if not solved immediately,
but in some cases the error may not be able to be solved completely from the Al.
That’s when you ask for suggestions for what to look for or what specifically is likely
causing the issue, and it can help the developer look in the right areas first that
may be causing the problem. This method will save lots of time programming by
having all basic errors and bugs solved by the Al- which is trained on data from
millions of issues of a similar nature- and only resorting to using the developer to
debug more complicated areas of code. This optimizes what each party is best it-
the Al is fast but not necessarily the smartest, while the human developer is the
opposite, slow but can theoretically solve any issue.

5.6 Prompt Engineering

While generative Al has proven to be a powerful tool for many industries, this tool
is greatly weakened without proper use of it. Since all the input you provide for the
generative Al is its prompt, the better prompt you create, the better the output you
can receive. The collection of strategies used to maximize the output from
generative Al is known as prompt engineering. By manipulating the only
communication between the user and the machine, result will likely be far more
relevant and accurate then what a generic prompt could offer.

For example, let's say you are trying to create a name for a new website you
created that offers virtual private math lessons. You would want the best name
possible as it will be the first impression it makes on users, which may turn into
paying clients. A generic prompt you may yield:
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“List me 5 names for a math tutor website”
. MathMentorHub.com

2. TutorMathematics.com

3. Mumerallest.com

4. SolveltTutors.com

. MathMasteryOnline.com

Please ensure to check the availability of these domain names before using them, as they

may have been registered or used by others. Additionally, always consider your target

audience, branding goals, and overall message when choosing a name for your website.

FIGURE 8 OPENAI'S GPT-4 PROMPT 1

Now these five website names provided aren’t too bad! There are some catchy
names that generally explain what the site does. However, the names are a bit too
generic for the website and won'’t really make it obvious what is special about this
site.

To improve this, we will use prompt engineering. One basic technique with prompt
engineering is to feed in many more details for what names you would want. The
generative Al will do its best to consider all these details to craft a suitable list of
website names. Here are the results when using a more precise prompt:

“‘Generate five creative and engaging website names for a math tutor platform
focused on providing affordable and accessible math lessons through Zoom,
targeting high school students and those at earlier levels. The lessons cover topics
from Algebra 1 to Calculus 2, offered at a rate of $30 per hour. The website's
mission is to make math education easily accessible to all. Please ensure the
names are catchy and inspire confidence in potential students.”
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. MathZoomedIin.com

* Tagline: "Close-up on Comprehension: Affordable Math Tutoring”
2. EduCalculus30.com
* Tagline: "Dive Deep from Algebra to Calculus, Just $30/hr™

3. NumeriConnect.com

* Tagline: "Connecting Digits & Minds: Your Math Mastery Awaits"
4. MathForTheMasses.com

* Tagline: "Elevate Your Math Skills, Without Elevating the Cost”
5. AccessibleAlgebra.com

* Tagline: "From Basics to Beyond: Math Education for Everyone”

Remember to check the availability of these domain names before making a selection.

FIGURE 9 OPENAI'S GPT-4 PROMPT 2

Not only did the website names get more relevant, but it one came with its own
tagline! Out of all the options, | would have ended up selecting the
MathZoomedIn.com one, which wouldn’t have been found if | didn’t prompt it with
something more relevant to the output | wanted.

Another technique used to create very precise prompts, is to turn the generative
Al into the prompt engineer for itself. By asking the Al to create a prompt that would
give the best possible results for an Al, it can restructure your ideas in a way that
makes the Al more responsive to your specifications. For example, in the last
example, that prompt was generated by ChatGPT! The prompt used to generate
the prompt was:

“Create me a prompt that would generate me the best possible results for a
generative Al to create a list of 5 website names for a math tutor website. The
website will be done by setting up private lessons through zoom, running at the
rate of $30 per hour. Its goal is to make math accessible for anyone at high school
level or earlier, with math lessons ranging from Algebra 1 to Calculus 2.”

The feedback loop from ChatGPT allowed for my requirements to be clearly
organized into an effective result. Using my own written prompt might have given
similar results, but in the sake of optimizing the output from the Al, this is a highly
effective method.

One more strategy that is very helpful when creating prompts is that generative Al
works well when given context. When debugging code, including all the code for
that file, and explaining the error that is happening gives the Al all the tools it needs
to attempt to solve the problem. Missing the additional context means that it will
have to predict what context you didn’t include, which may lead to further
inaccuracy. Including context doesn’t have to be in a well formatted text file either,
because of the way it reacts to any prompt given, dropping in dozens of messy
error lines can still be translated and used by generative Al.
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For this project, any usage of generative Al should certainly utilize these prompt
engineering strategies. Doing so will save time from the user’s side, save money
as some generative Al’s charge per prompt, and increase the accuracy of the task
given to it. All the information provided by generative Al will not be correct, as it is
only trained off the internet and isn’t the internet itself, but using techniques to
modify the prompt will maximize the correctness possible.
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6 Hardware Design

6.1. Fiber Optic lllumination System

The LEDs that will be used for illumination will be all the way on the left of the board
on the opposite side of the display. These LEDs will be connected to the PCB, and
we will be on the same layer as the photodiodes and the other LEDs under each
square to show possible moves. The lllumination LEDs will be divided by the
honeycomb structure just like the other LEDs to prevent light from leaking to the
squares and to provide an even amount of light into the fibers. We will have at least
one lllumination LED for each row of the chest board so at the minimum we are
planning to use 8 illumination LEDs. More LEDs can be used to provide greater
light intensity which would make it easier to separate into 7 different current ranges
by enabling us to have bigger intensity ranges for each piece type. However, if we
use more than one LED it will add a bit more complexity since we have to ensure
that an even distribution of the light would be coupled into each fiber because the
light intensity hitting the bottom of each piece must be as uniform as possible so
that we can accurately identify the piece type.

Eight fibers will be used per row since each row has 8 squares and will be
positioned directly over the illumination LED or LEDs to maximize light coupling
into the fibers. One fiber will go to each square on the row. This would mean that
each fiber on the row would be of different lengths which will cause more light to
be loss in the longer fibers. Nevertheless, this could be ignored since loss is usually
measured in decibels per kilometer and we will be using well under that with
relatively closer lengths in comparison.

The fibers will then be secure to the bottom of the removable top, running under
the borders between each square and will over the honeycomb structure. The
borders will be 1/16 inches wide to provide room for the optical fibers to run
underneath and for aesthetics of dividing the squares. When the fiber reaches its
square, it would go diagonally from the boarder and towards the circle in the middle
of the square. Once at the circle it will be fastened to the bottom on the circle at an
angle to illuminate the bottom of each piece. We will angle the fiber at 75 degrees
from horizontal to get the most light intensity as possible. We will have to make
sure the fiber has enough slack to be able to make these turns. The fiber
positioning is important as it affects how far the photodiode would be from the LED
under the square. The smaller the angle the less distance the light will have to
travel meaning that we would minimize loss and get the highest intensity.

One of the most significant problems in the Optical interactive chess board for
beginners is how sensitive our optical parts are to change. Even the slightest
adjustments or movements could have very big consequences for our project. To
prevent this, we will look at ways to minimize this risk but before that we must
identify what optical parts in our project are sensitive to change.
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Starting off will be that all the fibers should receive the same amount of light and
couple the same amount of light. We can’t have one fiber that has more or less
light than the other fibers since it will mess with the intensity received by the
photodiode. Next will be if there is enough light intensity to be able to distinguish
the different chess pieces. The light intensity received by the photodiode has to
high enough so that it can be divided into 7 different ranges for the types of chess
pieces. Keeping the position at which, the fibers will be over the illumination LEDs
would be sensitive to change. Another concern will be how we will keep the fibers
aligned. If the fibers angle changes the photodiode will receive less light since it
will not be in the optimal spot. The cleanliness of the end of the fiber will be very
important as any dust or fingerprints at the ends of the fiber cost light to be
dispersed or absorbed which will result in losses. Ideally, we would want the light
from the end of the fiber to not diverge and be narrower as it would concentrate
the light which would increase the intensity that would be receive from the
photodiode.

There are ways to solve the issue of these sensitive parts, each with their own
drawbacks and benefits. We will ensure that all the fibers will receive the same
amount of light by measuring the optical power that is transmitted at the end of
each fiber. We will check that all the fibers have the same or close enough optical
powers to each other. We could also have one illumination LED for each fiber to
ensure even distribution of light however this will take up more space.

The next problem we could run into is if there is enough light intensity to distinguish
each chess piece. We could solve this by using multiple LEDs for fiber, but this
makes it harder for even distribution of light. We could also make our illumination
LEDs brighter at the tradeoff of a shorter lifetime of the LEDs or getting brighter
LEDs.

Ensuring the consistent and precise positioning of the fibers over the illumination
LEDs is a critical aspect of our system's functionality. To address this challenge, a
practical solution has been devised, involving the secure fastening of the fibers to
the wall. This can be achieved using tape or by tying the fibers together, providing
a reliable means to maintain their proper alignment.

The advantage of this solution is the placement of the hinges for the liftable
chessboard. These hinges align with the side of the chessboard housing the
illumination LEDs. This design consideration minimizes the likelihood of excessive
movement or displacement of the fibers during the liftable chessboard's operation.
The alignment of the hinges with the illumination LEDs serves as a stabilizing
factor, ensuring that the fibers remain in close proximity to the LEDs, optimizing
the efficiency of light transmission.

The use of tape or ties provides a flexible yet secure method to fasten the fibers,
offering both stability and ease of adjustment if necessary. This solution not only
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ensures the proper alignment of the fibers but also contributes to the overall
reliability of the system, especially during the liftable chessboard's operation.

Keeping the fibers angle at the open of the circular opening has been one of the
most difficult changes. We thought of making a ramp for the fiber to lay on or
sticking it to some kind of cone or straight shaped material, but we decide it to
attached to the resin on the square of the chess board. We chose this since it
would make the fiber closer to the bottom if the chess piece allows for less light to
be lost. We have thought of multiple ways to attach the fiber to the bottom of the
circular opening such as using hot glue, regular glue, or tape. However, we can’t
use hot glue since it would melt the plastic fiber so using glue or tape is preferable.
We will most likely use tape since it is easier to work with.

Another potential concern involves the cleanliness of the fiber ends. Recognizing
the possibility of contamination affecting the performance, a solution was created
to mitigate this challenge. Our approach involved situating the fiber ends at the
bottom of the opening. Placing the fiber ends at the bottom of the opening was a
calculated choice aimed at protecting the integrity of the optical pathway. This
decision was driven by the understanding that locating the fiber ends at the top
might expose them to a higher risk of gathering dust or debris. By situating the
fiber ends at the bottom, we not only minimized the potential for external
contaminants but also extended the effective travel distance for light to reach the
photodiode.

A worry that we are also dealing with is the divergence of the light from the fiber.
We could add a lens to the end of each fiber to collimate the light, however this
could be expensive and take up more space. Instead, what we will be doing is to
minimize the length the light will have to travel to the photodiode which will give
the light less room to diverge before hitting the photodiode.
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FIGURE 10 BOTTOM OF LIFTABLE CHESS BOARD

The figure above illustrates how all the fiber will be arranged under the chess board
to eventually illuminate under the bottom of each piece. This part of the chess
board is removable so when it is lifted this is what will be seen in the bottom. All
the fibers will be attached to the bottom of the chess board to minimize the
alignment of the fibers and so that it is easier to fix and adjust parts inside the box
without the worry of misaligning the fiber. Since the chess board is removable the
fibers cannot be attached to anything inside the box. To counteract this, we are
going to secure the fibers to the bottom of the chess board. However, the fibers
can also sit on top of the honeycomb structure so that the fibers can be hidden
while not being attached to the honeycomb structure. This can create spacing that
could allow light to enter unwanted squares but since the spacing created by the
fibers and the honeycomb would be small not much light would enter the
surrounding squares.

Another thing to consider is that the honeycomb has a small width of 1/16 inches
which will not allow all the fibers to sit on top of it meaning that some fibers will
have to run parallel to the honeycomb inside the squares. All the optical fiber start
off on the left side of the box and will travel to the right side of the board. This is
because the chess board can be removed by lifting it from right to left.

The illumination LEDs will be on the left side of the chest board under the 0.75-
inch border on the PCB. The lllumination LEDs are not part of the removable chess
board. The optical fibers will always be directly over the lllumination LEDs even
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when the chess board is lifted. We will have 8 fibers per row that will travel in
between the squares which will have a spacing of 1/16 inches.

When the fibers reach the corner of their intended square, they will go diagonally
to reach the opening in the middle of the square. This opening in the middle of the
square will be 0.25 inches in diameter and the fiber will be attached at the bottom
of this opening at an angle of 75 degrees from horizontal. The fibers will need to
have enough slack to perform these turns as they cannot turn sharply. Due to this
we expect that the fibers will sag down into the square then up to the bottom of the
opening. The fibers will need room to perform these turns, and this will be helped
by the fact that the square is 1.75 inches by 1.75 inches. As the fibers go left to
right there will be more room to work with since each one of the 8 fibers will go to
one square in the row. We will have a 0.75-inch boarder around the chessboard
that can be used for extra space as needed.

FIGURE 11 SIDE VIEW OF FIBER OPTIC SYSTEM

How the fiber optic system will operate can be seen in the figure above. This figure
shows the side view of 2 squares in a row. This will be repeated for every row and
every square in the row. The Illumination LEDs will be under the 0.75-inch border.
The 8 fibers for the row will be positioned over the illumination LED for maximum
coupling of light into the fibers. An idea to allow for easier positioning of the fibers
in the direction of the LEDs is to angle the LEDs toward the right so that the fibers
wouldn’t need to be bent as much. However, we must ensure that the angle at
which we turn all the LEDs must be the same to enable the same amount of light
to enter each fiber. The 8 fibers will then travel under the boarders between the
squares and over the honeycomb structure which have the same width of 1/16
inches.
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Once the fiber reaches its square it will sag to achieve the desired angle at the
bottom of the 0.25-inch opening. With the fiber at a 75 degree angle the light will
be reflected from the bottom of the piece to the photodiode which will be lower in
the square. The fiber will sag inside the square which could cast a shadow from
the LED in the square. However, since the fiber is so thin the shadow will be small
and might not be visible at the top of the board. We would want to minimize the
amount of sag in the fiber, to have a smaller shadow, while still enabling it to be
angled at 75 degrees.

The circular opening in the middle of the square will be 0.25 inches in diameter
while also being 0.25 inches in height. We decided the fiber will be at the bottom
of the opening to lower the chances of the fiber end getting dirty which would lower
the intensity of the light coming out of the fiber due to loss. The sides of the opening
will also be angled at 75 degrees allowing for easier attachment of the fiber to the
bottom of the opening. Each of the 8 fibers in the row will have different lengths.
This is because some of the fiber will have to travel past more squares which have
a length of 1.75 inches. The last fiber for example will have to be around 12.5
inches at a minimum compared to the first fiber which would be around 2 inches.

0.75in

0.75in

14 in

1.75in

1.75in
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FIGURE 12 ToP VIEW OF HONEYCOMB STRUCTURE
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The honeycomb structure serves as a pivotal component in our design, made to
fulfill its primary role of preventing light leakage between squares. The intention is
to confine the light emitted from each square's LED within its designated space.
To achieve this objective, we have opted for a lightweight and easily removable
material, namely cardboard, known for its practicality, cost-effectiveness, and
accessibility for potential repairs.

The dimensions of the honeycomb structure are planned to ensure optimal
functionality. The walls of the honeycomb, designed to block light and create
defined boundaries for each square, have a width of 1/16 inches. Each individual
square within the honeycomb measures 1.75 inches by 1.75 inches (length x
width), providing a well-contained space for the LED and photodiode. These
components are positioned inside each square to illuminate it and capture the
intensity of reflected light from the bottom of the chess pieces.

The playing area, consisting of 64 squares, is fully enclosed on all sides, forming
a 14 inch by 14 inches grid. Notably, the honeycomb structures on the outer edges
are partially enclosed, featuring only three walls. These outside cells, positioned
under the outer border of the chessboard, are slightly smaller at 0.75 inches by
0.75 inches (length x width). The left-side outside cells are where the illumination
LEDs will be for the fibers, contributing to the overall functionality of the system.

To stabilize the honeycomb structure, particularly in the four outer corner cells,
blocks of wood are placed to prevent any movement. Meanwhile, the remaining
outside cells, devoid of any internal components, serve as potential extra space if
needed. The total footprint of the entire honeycomb structure measures 15.5
inches by 15.5 inches (length x width), with a height of 1 inch.

The construction of the honeycomb involves precision notching, with columns and
rows featuring specifically placed notches to create the walls. The notches in the
columns and rows are positioned to form a grid. The honeycomb structure would
be built by having notches from the top of the cardboard to about halfway down for
the walls that will be the columns (from top to bottom of chess board). The walls
that will be the rows (from left to right) will have notches from the bottom of the
cardboard up to halfway. The first notch in both column and row walls will be 0.75
inches in and then the rest of the 8 notches will be at 1.75 inches apart from each
other. From the last notch the carboard will extend another 0.75 inches until the
column or row ends. These honeycomb structures are designed to sit atop the
Printed Circuit Board (PCB) and beneath the chessboard, forming an integral part
of the intricate chessboard system.

6.1.1 - Angle of the Fiber Optic cable

The angle of the fiber has a big impact on how we design the rest of the system.
From the testing that we did we realized very quickly that if the angle of the fiber
from the vertical axis is too big, we will lose intensity of the light. The further
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horizontal it got the worse it was for reading values. However, if our angle is too
small the photodiode would be very close to the LED inside the square. Having a
smaller angle is preferable because we get higher intensity reading with the angle
being as close to vertical as possible. This is because having the angle be as small
as possible would shorten the distance the light would have to travel to the
photodiode which would reduce lose. Since the fiber has an emission/ acceptance
cone of angle 60 degrees (30 degrees from the center in each direction) the light
will diverge as it leaves the fiber. This is gotten by the equation in figure below.
The NA in our fiber is 0.5.

A) Cone of acceptance/ emission = 2 » sin™1(NA4)

B) 2 = sin"1(0.5) = 60°

FIGURE 13 A) EQUATION FOR THE CONE OF ACCEPTANCE/ EMISSION OF A FIBER OPTIC
CABLE B) OUR FIBER OPTIC CABLE CONE OF ACCEPTANCE/ EMISSION.

Having a lower cone of emission is desirable because less light will be lost due to
the divergence of the light however lowering the cone of emission would also lower
the cone of acceptance which will make it hard for to couple the light from our
illumination LEDs to our fibers. This could be solved using lenses at the end of
each. However, this would add extra cost, might take up more space, and be more
complex. We instead will try to keep the distance the light travels as short as
possible so that the light out of the fiber does have as much distance to diverge as
widely, which would keep the intensity as high as possible.

We will use the law of reflection to determine the path the light will take. The law
of reflection says that the angle of reflection is equal to the angle of incidence. The
angle of incidence will be determined by the fiber which will then affect the angle
of reflection. The law of reflection can be broken down into two right triangles. The
first right triangle will have its peak at the bottom of the chess piece and the other
angle will be at the fiber as seen in the figure above. The right angle will be
underneath the bottom of the circular opening at the same level at which the fiber
ends. The other right triangle will be much bigger with the peak still being the
bottom of the chess piece and the other angle where the photodiode would be.
The right angle will be underneath the circular opening where the light is reflected
at the same height as the photodiode. Using this we realize that the light will travel
in the path of the hypotenuse of the right triangles.

If we divide the circular opening into two equal distances of 0.125 inches which
would be the middle of the opening and knowing that the fiber will be at the bottom
of the 0.25-inch-deep opening, we can determine that the biggest possible angle
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the fiber can be is 26.6 degrees from vertical or 63.4 degrees from horizontal. This
is because after this angle most of the cone of emission will hit the other side of
the circular opening opposite the fiber. This would lower our intensity received by
the photodiode. The photodiode will be 0.35 inches away from the bottom of the
piece or the top of the circular opening. Knowing that the angle at the top is 26.6
degrees and how far away the photodiode is away from the top of the circular
opening we can calculate that the furthest the photodiode can be from being
directly under the center of the square is 0.175 inches. This does not give us a lot
of room since we plan to have the LEDs in the middle of the square to provide
even illumination of the square. A solution to this problem could be to move the
LED to under the fiber in the square to the left of the center or to switch the LED
and the photodiode and have the LED to the right of the center of the square. From
these calculations we can also see that at the max angle the light would travel 0.66
inches.
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FIGURE 14 ANGLE OF FIBER ALIGNMENT (NOT TO SCALE)

As we can see in the figure above in the first right triangle the height from the level
at which the fiber ends to the top of the circular opening is 0.25 inches. We choose
the angle to be 15 degrees from vertical because the smaller that angle is the
higher the intensity will be however, we didn’t want to go smaller since we wanted
more space to work with on the in respect to the photodiodes and the LEDs also
having a smaller angle can be harder to align. Having the angle of incidence at the
top we can see that the fiber will be 75 degrees from horizontal.
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Knowing these parameters, the distance from the fiber to where the light hits the
bottom of the chess piece at the same level as the fiber is 0.07 inches. The
distance the light will travel from the end of the fiber to the bottom of the piece is
0.26 inches. In the other right triangle since we know the angle of incidence is 15
degrees by the law of reflection the angle of reflection will be the same as the angle
of incidence so it will be 15 degrees.

From this we can see that the angles in this right triangle would be the same as
the first one. The angle the light hits the photodiode is 75 degrees. From this we
can determine that the length from the photodiode to where the light is reflected at
the same level as the photodiode is 0.09 inches. The light will travel 0.36 inches
from the mirror to the photodiode.

Analyzing all of this information we can see that the light will travel a total distance
of 0.62 inches from the end of the fiber to the mirror to finally the photodiode where
the intensity will be converted into current.

Another bit of information worth noting from this is the distance the photodiode
would be from the end of the fiber which would be 0.16 inches. This is significant
since the LEDs would normally be placed in the middle of the square and the
circular opening, which would be 0.125 inches from the fiber. This gives us a
difference of 0.035 inches from the middle of the square to where the photodiode
should be. This will not be enough space considering that the LEDs in the square
have a width bigger than 0.035. This means that if we place the photodiodes 0.16
inches from the fiber, we will have to move the LEDs from the center of the square.
The next best option is to move the LEDs between the fiber and photodiode by
moving the LEDs to the left towards the fibers.

6.1.2 - Loss in the Optical Fiber cables

The variation in fiber lengths within each row introduces a diversity in light output,
as the length of a fiber is intricately linked to its attenuation or loss. This inherent
property plays a pivotal role in determining the efficiency of light transmission
through the optical fibers and is often referred to as attenuation. In practice, a
longer fiber is expected to exhibit higher losses, leading to a potentially different
light output. It’s crucial to assess whether these attenuations are significant enough
to cause variations in output when compared to other fibers.

Attenuation ideally should be minimal across all fibers. The design envisions fibers
of varying lengths, ranging from approximately 2 inches for the first square in a row
to around 12.5 inches for the last square in a row. This difference of 10.5 inches
provides a range of fiber lengths within a row.
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A) Attenuation = 1010gm(i)

B) Attenuation in % =2 m( )

L[km]

FIGURE 15 A) EQUATION FOR OVERALL SIGNAL ATTENUATION OR LOSS IN DECIBEL
THROUGH THE FIBER B) EQUATION FOR SIGNAL ATTENUATION IN DECIBEL PER
KILOMETER IN A FIBER.

Finding the total attenuation through a fiber is an approach that involves
determining the input and output power. The input power originates from the
illumination LEDs, coupling with the fiber, while the output power represents the
light emerging from the fiber. Using these measurements, they are then plugged
into the figure above figure equation A, where Pi denotes the input power, and Po
signified the output power. The resultant value from this equation provides the
attenuation in decibels (dB) through the fiber.

To obtain attenuation in decibels per kilometer, two methods are available. The
first method involves dividing the attenuation obtained from the figure above
equation A by the total length of the fiber in kilometers. Alternatively, the second
method to get the attenuation in decibel per kilometer involves the use of the figure
above equation B. Given that inches are significantly smaller than kilometers, the
losses experienced per kilometer may be considered negligible. However, even
with this consideration, it's imperative to acknowledge and factor the total
attenuation of the fibers.

I's noteworthy that, despite the varied fiber lengths, the design strives for
uniformity in the amount of loss across all fibers. This should contribute to the
systems overall efficiency, offering a balanced and consistent output despite each
fiber distinct length. The careful consideration of attenuation shows the
commitment to precision in the design, ensuring reliable and uniform performance
across the entire array of optical fibers within the system.

The incorporation of a dome into the system serves a dual purpose namely, the
mitigation of ambient light interference and the enhancement of coupling efficiency
between the LED light source and the optical fibers. The strategic placement of
this dome involves positioning it directly over the illumination LED, creating a
protective barrier against ambient light and providing an optimized pathway for the
fibers to receive light.

This design not only shields the system from ambient light but also ensures that
the LED light is efficiently directed into the optical fibers. By introducing the dome
structure, we have created a controlled environment where the fibers can enter
from the top and align precisely with the illumination LEDs beneath. This
arrangement minimizes the chances of light dispersion and maximizes the emitted
light for transmission through the fibers.
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Moreover, the versatility of this design becomes clear when considering its
potential for expansion. The framework allows for scalability, offering the chance
of incorporating additional LEDs within the limits of the dome. This expansion could
potentially increase the overall illumination capacity, providing a way to get the
system’s brightness levels to specific requirements. The dome serves as a
solution, not only addressing the issue of ambient light but also optimizing the
efficiency of light usage within the system. Its design flexibility opens the possibility
for future upgrades.
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FIGURE 16 CELL OF HONEYCOMB STRUCTURE WITH ILLUMINATION LEDs

Examining the figure above provides details about the domes dimensions and its
critical role in optimizing the functionality of the system. The dome, with a length
of 0.70 inches and a height of 1.20 inches, spans from the Printed Circuit Board at
the base to approximately 0.30 inches below the border. This specific placement
is calculated to align with the honeycomb structures cell’s height of 1.5 inches until
it reaches the lower part of the border.

One notable aspect of the design is that the dome deliberately maintains a slight
distance from any surrounding walls, whether that’s the enclosing honeycomb
structure walls or the outer boundary of the entire project. This intentional gap
ensures that the dome refrains from making physical contact with these structures.

The strategic significance of the dome becomes evident in its role as a light
blocking component. By carefully crafting a structure that avoids direct contact with
the surrounding walls the dome effectively creates a barrier against ambient light,
confining the emitted light from the LEDs to a controlled and compact space. This
deliberate confinement strategy is pivotal, as it curtails the dispersion of light,
resulting in a higher concentration of light available for reception by the optical
fibers.
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This design consideration does not underscore the commitment to optimizing the
illumination system’s performance. The strategic positioning and dimensions of the
dome not only shield against ambient light but also contribute to the system’s
overall effectiveness by maximizing the light available for transmission through the
optical fibers. This enhances the effectiveness and reliability of the illumination
system on the chessboard.

6.2 Chessboard and Chess Pieces

2.9in.
1.75in.

1.75in. 1.45in.

FIGURE 17 SCHEMATIC OF EACH SQUARE ON THE CHESSBOARD ALONG WITH THE
DIMENSIONS OF THE KING.

For our chessboard, the sizing of the squares is an important aspect to determine
and get right. We must figure out the right dimensions of the square and the
opening in each square that not only enables our project to work through the use
of optics, but also that will allow for the construction of an overall project that is
compact and portable while being aesthetically pleasing. The current dimensions
that we decided to go with is a square size of 1.75 inches long by 1.75 inches wide.
We chose these dimensions because a chessboard is an 8 by 8 grid, so it would
create a chess board that is 14 inches long by 14 inches wide. When looking at
other chess boards and their dimensions in person, we felt that these dimensions
were an appropriate size considering our parameters for this project. Most chess
boards we compared to that were meant for casual use and could be bought at
any store were typically smaller in size than our dimensions. When comparing to
a typical professional chessboard that is used in tournaments and such, we noticed
that those boards are much bigger in size. We believe that choosing dimensions
that are somewhere in the middle of the chess boards that we were comparing
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with was the best choice since our project is aimed for beginners to learn how to
play the game while still heavily incorporating electronics and optics to create a
unique product.

Once we determined our square size, we had to figure out how big the opening in
each square would be so that enough light could come from underneath the board
from the fiber optic cables and reflect from the bottom of the piece that is on the
square so that the photodiodes can detect and determine which piece it is. We
discussed many different options for the shape of the opening as well since that
would have a big factor in how much light could come through and how the
positioning of the components under each square would be. We decided to make
the opening in each square a circle with a diameter of 0.25 inches. We chose this
particular shape to start off with as we believe that this would be the easiest to
make and incorporate into each square of our chessboard. We did strongly
consider an oval shape that would have been diagonally positioned in the center
of the board that would have related to the positioning of the components
underneath, particularly concerning the placement of the fiber optic cables and
how they come underneath each square. We decided on the diameter of the circle
to be 0.25 inches as we believe this is enough room for the light coming out of the
end of the fiber optic cables to be able to be reflected and provide enough intensity
for the photodiode to measure and properly determine which piece is on top of the
square. The diameter of the circle, aesthetically, doesn’t look too big or small in
the square. Only after building our chessboard and being able to test and practice
on it will we be able to determine whether or not we need to change the size or
shape of the opening in each square to get our project to work properly.

For our project, determining the square size and the size of the opening in each
square was important since it has such a big impact on the components and parts
underneath the chessboard, but the size of each piece also is very important for
our project to work as intended. Chess piece size and square size are closely
related to one another. Typically, the king is both the tallest piece on the board and
also has the largest base diameter. The king's base diameter is usually around
75%-80% the size of the square. Since the size of the squares is 1.75 inches, we
decided that the diameter of the base of each piece will be 1.45 inches. Each piece
on our chessboard will have the same base diameter, whereas in regular chess
sets the base size is different depending on the piece type. We have to make each
piece have the same base diameter to make sure that no matter where any piece
is placed on a square, we will always get a reading from the photodiode and the
board can then show the movements of any piece that is about to be played. We
can’t have different size bases for the different piece types because it might cause
the board to not accurately and properly detect the piece and be able to work as
intended. We determined the base diameter to be 1.45 inches to account for all
situations and scenarios for how a piece can be placed/positioned on a square.
Since chess pieces aren’t always perfectly positioned in the center of the square,
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we have to make sure that the bottom of the piece is always covering the opening
in the center of the square. To account for the worst case scenario, we needed to
make sure that the base diameter would be greater than the distance from a corner
of a square to the center plus the radius of our opening. We rounded up to 1.45
inches to give a little extra room for error and still have all of our pieces be able to
be detected and determined by the photodiodes.

The height of the chess pieces isn’'t as important as its base diameter when
relating to square size. As shown in Figure XX, the height of our king piece will
be about 2.9 inches. The king piece height is usually around double the size
compared to its base diameter. The rest of the chess piece types and their
corresponding heights will be determined at a later point when we get to building
our project and putting it all together. The heights for all of the chess pieces will
vary depending on the piece type and it will look normal and appropriate while
also aesthetically appealing as we will try to put our own unique designs and
influences into it.

6.2.1 — Differentiating Chess Pieces

FIGURE 18 BASE OF CHESS PIECES

To differentiate each piece, we plan on putting a mirror in every single piece to
serve as the base layer to reflect light back down towards the photodiodes. As
shown in Figure 18 above, all of our chess pieces will have at least a mirror inside
the base and some will have a filter in front of the mirror. The mirror will serve as
the base value of the reflected light. Ideally, we want the mirror to reflect all of the
light coming from the fiber optic cable so we can know how much light is coming
out of the fiber. Once we have our base layer measured and given to one of the
chess piece types, we will put filters in front of the mirrors in the rest of the piece
types so we can differentiate them based on how much light is reflected towards
the photodiodes. There are different values of filters that we will use to differentiate
the pieces. Hopefully we only need one kind of filter for each piece type, but we
can adjust the base size to incorporate as many filters as we need to properly
differentiate each piece. The mirror and filters won’t be placed on the bottom of the
pieces but instead slightly inside them so that they don’t get damaged or worn
down due to usage during a game. They will be positioned slightly inside but not
too far inside to where the values of the reflected light will be altered or affected.
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6.3 ADC for Piece Identification

This section will cover the process of designing the ADC subsystem that will be
used to send the analog inputs to the microcontroller. With the transimpedance
amplifier circuit implemented, a source voltage does not need to be supplied to the
photo diodes and they cannot exactly be connected in any way to simplify the
overall matrix. This means we will have to find some way to constantly read 64
analog inputs from each of these amplifier circuits.

The Teensy 4.1 only has 18 analog inputs so the first problem that needs to be
solved is how to cut down on the number of analog inputs. Part of our research
was looking into multiplexers, specifically analog multiplexers. By using these
multiplexers, we can use an eight 8-to-1 multiplexers to read all 64 analog inputs.
This would mean that only 8 ADC pins on our microcontroller would need to be
used.

When deciding how to connect the multiplexers, we found out that we can connect
each address line pin of all of the multiplexers together. By connecting them this
way, only three pins on the microcontroller would need to be used to control all 8
multiplexers. Each multiplexer will be responsible for a specific row of photodiodes.
By changing the address input, we can then select which column would be sent
over to the microcontroller. By using this method, we can constantly monitor all 64
photodiodes to find any changes about the state of the board. The CD74HC4051E
has an active low enable pin so it must be connected to a ground in order to read
from its inputs.
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FIGURE 19 ANALOG MULTIPLEXERS FOR ADC

6.4 Battery & Power Systems

Responsible for providing reliable and consistent power, this set of systems ensure
the seamless functionality of the remaining electronic components within the
design. The careful integration of battery and power management solutions is
imperative to support the needs of the project as its success hinges on the
reliability and adaptability of its power supply systems, which make them
indispensable components in the pursuit of optimal functionality and operational
longevity.

6.4.1 Battery Management & Safety Systems

On our project, we will be entrusting most of the battery safety features to a single
board called a Battery Management System (BMS), as discussed in a previous
section, we chose for this task the HX-2S-JH20 protection board manufactured by
Jessinie. This PCB offers many forms of protection to the battery, and by extent
the rest of the system as well as its users. It also possesses capabilities to aid on
the proper process of recharging the batteries, which we will discuss in depth in
this section.
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Unfortunately for us, the documentation on this specific battery management
module was scarce and hard to find. However, this component is an essential part
of our system and therefore, to properly understand its role in the project we will
need to analyze the circuit board and identify its functions. Most importantly, its
charging balancing feature, which will be extremely important for the life and
operation of our battery pack.

The HX-2S-JH20 board contains a HY2212-BB3A chip designed by HYCON
Technology Corp, which is used in Li-lon and LiPo multi-cell battery packs for
single-cell lithium battery charge balance control. Its purpose is to oversee the
recharging process of the battery and ensure all cells receive proper charge. The
following circuit diagram displays the board’s charge balancing system that is
spearheaded by the BB3A IC and was recreated by analyzing its datasheet and
relating it to the remainder of the management board’s circuitry.
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FIGURE 20 CELL CHARGE BALANCING CIRCUIT

We can analyze this diagram to understand how this simple circuit makes a whole
lot of difference in our battery’s efficacy. Once each cell reaches its maximum
voltage, 4.2V for our 18650 cells, the MOSFET will enable current to flow through
the resistors labeled RB, which will discharge their respective cells allowing for the
remaining cells to charge without stepping over the voltage limit for that cell. This
way, all cells get charged to 4.2V, so we can fully take advantage of the entire
capacity for each cell.

The reason why we need such a system is because during charge and discharge
of our battery, battery cells may not be completely in sync, meaning that some cells
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may lose or gain charge in different speeds. That is important because when
charging our battery, some cells could reach maximum voltage prior to others and
if we stopped charging all cells once the first cell reached its maximum voltage
level, it is likely that much of battery’s total capacity would be going to waste as
other cells still need to finish charging and thus our battery life would be
considerably diminished. Conversely, we do not want to keep charging the cells
that have already reached maximum capacity to avoid overcharging and damaging
them, possibly even causing them to fail.

Besides the balancing function, the board also includes several functions which
utilize a HY2120-20CB IC to oversee the protection systems for the battery. This
chip is connected to larger 8O0NO3 MOSFETs and monitors the voltage of the
battery to control charging and discharging, specifically to protect the cells in
situations where voltage overcharge and overdischarge as well as charge and
discharge overcurrent conditions would occur. This works by disabling the
MOSFETs when these conditions are triggered, and thus cutting off the remainder
of the circuit from the battery.

From the information above we can devise a simple diagram, such as the one seen
below, to help visualize how this board will fit into the larger circuit and observe the
overall functionality of our project’s power systems.
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FIGURE 21 POWER DISTRIBUTION DIAGRAM

As evident in the diagram, we heavily emphasize on the need for safety while
working with these batteries. Although usually safe, when improperly handled,
lithium batteries can bring serious risks to the integrity of the project as well as to
the client’s well-being. Following this design, we make sure no cell is connected
directly to the remainder of the circuit, where it would be most vulnerable to power
spikes and other anomalies that might be harmful to it. Instead, we use our
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management system board as an interface to the batteries, equipped with several
protection systems, it will drastically improve the reliability of our pack.

6.4.2 Reviewed Power Consumption & Battery Capacity
Estimates

We had to make slight adjustments to the size of the battery due to the availability
of parts. We are still using a design including two serialized groups of cells, each
of which contain three 18650 batteries, for a total of six cells. The difference is,
instead of 3250mAh, each cell has a nominal capacity of 3000mAh, which caused
us to have to redo our power estimations. Since we are already decided on the
converters we will be using, we can also include them into the equation, as their
efficiency at stepping down our voltage will make for important data to consider.

Considering the setup described above, we have a battery with a total nominal
voltage of 7.4V and a capacity of 9000mAh, making for a total wattage of 66.6
Watt-hours. Studying the LM2596 datasheet, it is revealed that we can expect a
power efficiency rating of around 80% from our converters. That shoves off a good
chunk of our total battery capacity, taking our effective battery to only 53.28Wh.

Still, we believe that this battery will be more than enough to meet our quota. We
believe that the expected power consumption may fall well between the values
predicted during our preliminary research stage, but even extrapolating our
predictions and expecting a power consumption as high as 5Wh, we are well within
the range of a 10-hour battery life cycle, blowing away our initial expectations of
having only four hours of operation between recharge cycles.

6.5 - Circuit for Fiber Optic Source LEDs

When designing the circuit that will be used to power the LEDs for the piece
identification system, some considerations had to be made. The first significant
decision was whether to connect the LEDs in series, parallel, or both. Each of
these options had its own advantages and disadvantages. When connecting LEDs
in series, a singular voltage source would be used to power all of the connected
LEDs. So, if we used 16 green LEDs with a forward voltage of 3.3 V, we would
need a voltage source of about 53 V. Connecting the LEDs in series would not
work for this reason. When connecting LEDs in parallel, the voltage source would
be shared among the number of rows used. This method would drain the battery
quicker. When implementing both methods, we will be able to connect more LEDs
without sacrificing more battery. Another issue that had to be addressed is how to
turn on and off the circuit when the board is not in use, so battery is not drained
while it is sleeping. We added in a NPN transistor where the base is connected to
the microcontroller so it can control when these LEDs are turned on.

To calculate the voltage source needed for the configuration shown below, we had
to use a source higher than the combined forward voltages in a singular row. With
two green LEDs that have a forward voltage of 3.3 V, we needed a source greater
than 6.6 V. We selected a 7 V source for this purpose. To calculate the resistor
value, we used the below formula:
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R Supply Voltage — Total Forward Voltage in a Row
- Forward Current

The LEDs have a forward current value of about 20 mA. After calculating, we get
a value of 30 Q for the limiting resistor.
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FIGURE 22 FIBER OPTIC SOURCE LED SCHEMATIC
6.6 — Photodiode System in Chess Piece

Identification System

L -12v
FIGURE 23 THE CIRCUIT USED MAKE OUR PHOTODIODE WORK.

For the chess piece identification system, we need to make a circuit that will allow
our photodiode to work properly and be able to provide an output signal that can
be read by the microcontroller so it can detect and identify a piece on a square. To
do this, we had to build a transimpedance amplifier circuit for our photodiode. A
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transimpedance amplifier circuit is a current to voltage converter circuit. A
transimpedance amplifier circuit will take the low-level photocurrent produced by
the photodiode when light shines on it and convert that into an increased voltage
output. The circuit is designed to enhance the output signal that the photodiode
produces so that we can have a larger range of values to use to differentiate the
different chess piece types. The transimpedance amplifier circuit we built for our
project is shown in figure 26.

The reason why we needed to build a transimpedance amplifier circuit is because
trying to measure the photocurrent produced by the photodiode would have been
too difficult to do for our project and its specific goals. The photocurrent produced
in the circuit is very small given that the input power of the reflected light from the
bottom of a piece is typically either milliwatts or microwatts. The photocurrent that
is generated with that kind of input power is not even one microamp. We would not
have been able to differentiate between the different chess piece types measuring
the photocurrent on the scale of less than one microamp. That measurement scale
does not provide our project with enough wiggle room and large enough ranges to
be able to differentiate the pieces while also maintaining excellent accuracy of our
piece identification system.

By converting the output signal to a voltage measurement that reads in volts or
millivolts provides our project with a greatly extended range for values to
differentiate each piece with. If we could get enough input power coming from the
reflected light, we could potentially have our ranges for the different pieces be as
large as 0.5V. Being able to differentiate the values associated with the different
pieces by as large of ranges as half a volt would be incredibly helpful for us to hit
our identification accuracy goals.
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FIGURE 25 FuLL ARRAY OF 64 PHOTODIODES

6.7 LED Matrix Subsystem

This section covers the design and implementation of the LED matrix. The LED
matrix is one of the most significant subsystems of this project. As described
previously, this matrix will cover the entire bottom of the playable chessboard so
that each square contains an LED. By using this LED matrix, we can then relay
information to the players by using these lights.

We want to keep the design of this subsystem as simple as possible to ensure the
highest level of success when implementing it into our final design. As discussed
previously, the LEDs will be connected so that LEDs in a row will share a common
node for their cathodes while LEDs in a column will share a common node for their
anodes. This design reduces us controlling 64 RGB LEDs individually (192
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different diodes!) to only needing to control 32 different variables. These 32
variables correspond to the total number of rows and columns of the matrix. 24
different columns will need to be controlled and only 8 different rows need to be
controlled as well.

After figuring out that the LED color that will be used in the piece identification
subsystem would be green, we were able to simplify our array even further by
removing the columns for the green anode. Any use of the color green in our array
could cause incorrect values for our photodiodes and we want to avoid any
inaccuracies. This cuts down the total number of columns we need to control now.
From 24 columns that need to be controlled, we are now down to 16 columns (8
for red and 8 for blue). In total, we would only be able to use 3 different colors to
convey information to the players: red, blue, and purple. To control these columns
without using up a significant percentage of the available pins on the
microcontroller, we will be using shift registers to cut down on the number of pins
that need to be used. We are lucky enough to have enough GPIO pins on the
microcontroller to control the rows for our matrix, so we only need to worry about
having enough shift registers to control the 16 columns. With 2 8-bit shift registers,
we would have access to enough bits to control these columns.

6.7.1 LED Controller

The controller we decided upon for our design is the SN74HC595N. This 8-bit shift
register can both output current and take in current so if the need arises, we can
use these shift registers for a common anode RGB LED matrix. These shift
registers can also be daisy-chained to other shift registers to create a larger shift
register. By daisy-chaining we can use multiple shift registers with the same
number of pins it would take to control a single shift register. Since we only need
to control two different colors, each shift register will be responsible for a specific
color: red or blue. These shift registers will be responsible for providing a positive
voltage source to the column of the LED we want to turn on. The figure below
shows the two shift registers along with the connections. The first shift register will
control all of the columns that are connected to the anodes of the red diode. The
second shift register will be responsible for controlling all of the columns that are
connected to the anodes of the blue diodes. Daisy-chaining can also be seen with
the connection from pin 9 of the first shift register to the input at pin 14 of the
second shift register.
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FIGURE 26 SHIFT REGISTERS

5.2.2 LED Source

In order to turn on a select LED color, the anode of the LED must be connected to
a “high” voltage source while the cathode is connected to a voltage source that is
less in value or simply to a ground. Since the shift register or the microcontroller
cannot take in the current of all the LEDs in a single row, we will instead use a
controller to turn on transistors. These transistors will be connected to a ground so
we can use them as a switch for each row. We will be using NPN transistors since
the emitter needs to be connected to a ground. To turn on these transistors, the
controller has to send a high signal to the base to turn the switch on. Once on, the
connected row
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FIGURE 27 NPN TRANSISTORS CONNECTED TO EACH Row
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6.8 Microcontroller Pin Layout

Below shows the schematic for the Teensy 4.1. Part of the schematic shows the
intended purpose of the used pins. The pins labeled in this schematic will be
included when designing the PCB for our project. We do have a LCD screen that
will be a part of the project but due to the location of where the LCD screen will be,
we will be using wires to connect the microcontroller and the LCD. Pins that have
the “SR” in front of the term are for the shift registers while terms with just a “D” in
front of it will be for the display. Labels AO through A7 are for the ADC converter
that is built into the microcontroller. Labels ROW1 through ROWS8 are for
controlling the transistors that will connect a ground to the designated row when
activated. Pin 55 on this schematic is the Vin pin for this microcontroller. This pin
will be directly connected to the voltage regulator that will be responsible for
powering the entire project. We were unable to find an exact schematic but we at
least wanted to label and cover this information.
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FIGURE 30 TEENSY 4.1 PIN LAYOUT SCHEMATIC
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6.9 Overall Schematic of Subsystems

Below shows all of the schematics for all of our subsystems. The subsystems have
been outlined below with their corresponding name. Due to the size of the
schematic, we split the image into two parts for it to be visible in the report.

FIGURE 31 OVERALL PCB LAYoUT (1/2)
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Photodiode Amplification Array
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FIGURE 32 OVERALL PCB LAYOUT (2/2)
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7 Software Design
7.1 Hardware Integration

With the large variety of hardware being used from the project, every driver that
could help make this project easier on the software side will be used. However,
since each system is quite different in the way they communicate/send information,
realistically the only device that could need a driver would be the Display. The LED
array will take advantage of shift registers and can be implemented with a few
simple lines of code for communication. The Photo Diodes will be set in a system
of activation and reading an analog signal, so using the ADC built into the
microcontroller will be done to process and store values from all the photo diodes
in real time. Buttons and potentially a touch screen implementation will allow for
the user to have easy interaction with the display. Lastly, the SD card slot provides
the ability for non-volatile memory and allow for additional functionalities.

7.1.1 Display Driver

To configure communication with the display, the best way to do so is through a
pre-existing library. The challenge with implementing such a library though is to
find one specifically that can be configured to work for both the Microcontroller and
the Display itself. Through tedious testing and configuring until its functionality was
achieved, the library that worked was the “TFT_eSPI” library.

To configure this library to work with the given display, all that had to be done was
to go into a file in the library called “User_Setup.h” and comment out the lines that
specifically correlated to the ST7796 Driver- which is the driver that was built into
the 4.0” display selected. Doing so already configures the library itself to work
specifically for that display.

The next, and more complicated part of the setup was to make this library work for
the Teensy 4.1. Because Teensy 4.1 is not a common microcontroller, finding the
correct configuration took hours of searching through similar configurations and
data sheets. The configuration that worked was to set the CS, DC, and RST pins
to 10, 9, 8 respectively, and for the MOSI and SCLK pins to be set to 11 and 13
respectively. Selecting these pins correlate to the Teensy’s default SPI 1/O, so if
these pins end up needing to be used for another device, it can potentially be
reconfigured to fit on pins 26, 27, and 38, along with theoretically any pin for the
CS, DC, and RST pins.

The library itself allows for a large amount of standard screen drawing, including
different shapes, text, and even sprites. Each text can be further configured to even
select different fonts and allow for different languages to be displayed as well (one
of the demos provided by the library shows the Hiragana Japanese alphabet being
displayed). Sprites, depending on their size, can be displayed quickly. However, if
the size is too large it may show a flicker as it fills in the sprite line by line (only in
cases with screen-sized sprites though). This could affect the design if there was
wanting to be some sort of animation through many sprites, it may be limited to a
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low frame rate due to the slight delay in fully displaying the image. This effect also
occurs when using the “fillscreen” command to fill in the entire screen as on color.
Rather than it appearing as if the screen instantly fills with one color, it will instead
have a diagonal line that fills in behind it quickly drop through the screen- once
again mostly negligible but in cases where the background needs to quickly
alternate screen fills it may get distorted.

7.1.2 Utilizing the Shift Registers for LED Array

To communicate the LED Array, we will take advantage of shift registers to transmit
which color of each LED to turn on. It will be divided into a way where there are
certain shift registers for certain colors, as then it is easy to omit an entire color, as
mentioned previously for our design. Because we don’t want to interfere with the
green light used by the fiber optic to scan the bottom of the piece, the two colors
for the LED that will be used is blue and red. We can also turn both on
simultaneously to produce purple.

For setting up shift register, values will need to be set in the code for the Data Pin,
Latch Pin, and Clock Pin. These shift registers can all share the same clock pin
though since there is no reason not to have them use one clock and waste the
microcontrollers other clocks for the same functionality. There are also ways to
connect multiple shift registers together, but for the demo | only set up one shift
register. | set these pins to be 11, 12, and 13, respectively, but because of conflicts
with the display these pins will have to be changed, likely to 26, 27, and 38,
respectively.

For the program to be able to organize and know which squares are which color,
we will set up a two-dimensional array that is 8x8 and store the respective state
per each square. It will best be set up as a char array, so each value in the array
can then be set as: “X”, “R”, “B”, or “P” to abbreviate each led value as either not
lit (“X”), red (“R”), blue (“B”), or purple (“P”). This array can then be passed to a
specialized function that converts the array into data to the shift registers, and

hence turning on the specified LEDs.

One feature that will be needed to be implemented as well is the ability to have the
LEDs either be blinking — by oscillating between turning it on and off a color — or
just on. This can be done a few different ways and can be selected depending on
how the rest of the software is designed. One way is just to modify the previously
mentioned array to make lowercase values blink and uppercase value stay solid
for that LED. For example, if the square e3 was set to “b”, then the LEDs under
that board will blink blue until the array is changed. Another way of implementing
this is to have the array only display the LEDs at the exact moment, and just have
a function that would switch the blinking ones out with the “X” value and back to
the solid light after some time. This method would make it very easy to know the
LED board state at any given time but require some additional values to be set to
remember which ones need to return to a certain light. Ultimately, the first method
seems more straightforward to implement, but may depend on the rest of the
structure developed.
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7.1.3 ADC for Photo Diodes

To be able to process the amount of green light going into the photo diode, the
data will need to be communicated as an analog input. The selected
microcontroller, Teensy 4.1, has lots of support for this, by both allowing up to 18
pins being used for analog inputs, and having an ADC (Analog to Digital Converter)
built into the microcontroller already. Computers are not able to really use any
analog signal for any calculations or math, so that signal needs to be converted to
a digital signal for the computer to be able to do anything.

The way this ADC will be setup for the software is by taking advantage of the ADC
library created specifically for Teensy. This library technically might not be needed,
as Teensy only recommends using it for “More advanced use”, but that will be
determined once the prototype is developed, and the exact ADC commands are
determined. Based upon the current system designed, only 8 analog signals would
need to be monitored concurrently, and that can be processed by switching
through each one through the ADC to read certain values.

The default resolution that the ADC provides is 10 bits, allowing for the digital
output to range from 0 to 1023. It describes that the hardware does allow for a
larger range up to 12 bits of resolution, but by default it ignores those two bits
because they are not usually usable due to noise. When the piece identification
system is developed and tested, ranges within the range of 0 to 1023 will correlate
to each piece and be hard coded into an array that given an ADC value will tell the
piece that it is. This portion will compare by iterating through the array until it finds
the range that suits the given ADC input. When calculating this though, built-in
timers on the microcontroller may be used to ensure that the piece detection is
reading stable value. If a piece is being lifted off, theoretically it can hit multiple
other piece values before reaching the value range for no piece being there, so if
the machine just immediately calculates the respective digital value being in a new
range, the machine will think a piece was swapped out and given a misread. Using
built in clocks can avoid this feature and intentionally add a small delay (less than
1 second) after lifting.

7.1.4 Buttons and Touch Screen

For this project, all user input that isn’t scanned by the piece identification system
will be delivered through two buttons or through the touch screen. The buttons will
server a variety of purposes, both as the way to navigate the menus and user
interfaces, as well as the way to indicate the end of your turn in the game, with the
clock switching sides. For the menu navigation, one of the buttons will serve as the
‘menu” button, and the other will serve as the “select” button. They will be
programmed to either switch between menu options (menu button) or select the
option that is highlighted (select button). This style of buttons minimizes the
number of buttons needed total and follows a simple design that many arcade
cabinets / old game consoles would use. During the game itself, the buttons will
switch functionality to be the way to switch who'’s turn it is. Pressing the button
when it is your turn ends it if a valid move was made. This gives the user the ability
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to make sure the move they want to make is truly the move they wish to make.
Having it just respond after placing down a piece may lead to unintentional moves,
making a frustrating experience for the player.

The button will be able to simply communicate digitally to any of the
microcontroller’'s pins. When configuring the button, different options may be
selected like whether the button reads +Vcc when pushed, or GND when pushed,
and the opposite for when it's not. Any of these options only affect the way that it
will be coded, so it is easily modifiable.

Another way to communicate user input is through the touch screen feature built
on the display. Through some initial testing, the touch screen is responsive and
accurate, meaning it can carry some roles for selecting options. However, the
biggest issue with using the touch screen is that it would take away another SPI
port. The microcontroller does have enough ports to support this device, the visual
display portion of the display, and the shift registers, but with conflicts such as the
analog ports, it is unknown if these ports will be fully available to the use. Based
on that, all menu navigation and product usage can be completed with the buttons,
but if the configuration for the microcontroller is set up and the touch screen is
confirmed to be a part of the board, then certain features could be picked up by
the touch screen. For example, any menu input during a match would have to be
done by touch screen, since the buttons are being used to switch who’s turn it is.
This can be avoided by adding some additional functionality with the buttons like if
both are pressed simultaneously, but that may cause unwanted delays in response
and effect how interactive the chess board feels.

7.1.5 SD Card

Attached to one side of the microcontroller is an SD Card, which will allow for this
device to have non-volatile memory. Out of the list of current features intended to
being implemented to this project, all memory can be non-volatile, however if the
stretch goal of saving and loading a chess game ends up happening, this will be
the method to store and retrieve that data.

This SD card will allow also for large data storage and could even be permitted to
store a history of games played. Teensy recommends using the Arduino SD library
to gain access to the SD card. Access to this data will be slower than the other
memory there, but still accessible enough to store and retrieve any data that would
be needed to stay after turning the device off and back on. A very small SD card,
with only a few Megabytes per say, would be able to implement these additional
features for a low cost. The intent of showing this aspect of the software design is
to allow for easy addition to the project if that ends up becoming a main feature- it
does not require redesigning any existing components, or buying any new devices
besides a cheap SD Card.
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7.2 IDE for Teensy

Developing for the microcontroller selected, Teensy 4.1, required a selection if
which IDE (Integrated Development Environment) to use. With the provided
documentation for Teensy, there are 5 recommendations they provide for an IDE.

Visual Micro is one recommendation they provide, which works to combine with
Microsoft Visual Studio code to be able to program any Arduino compatible boards.
Arduino’s development environments are very similar to those for Teensy, so this
would work for this microcontroller as well. The biggest restriction for this IDE is
that it is not cross platform, and only is available on Windows. This will suffice for
most of the development being done, however some of the development would be
done easier if cross-compatibility was allowed.

Another recommendation provided by the Teensy 4.1 documentation is
PlatformlO. This IDE is a cross platform one, that supports Windows, Macintosh,
and even Linux. This will allow development to be done by many different devices,
making it simpler to work on this project. Something that makes this IDE unique is
that it hosts many features, making a versatile tool for microcontroller
development. However, with that in mind, the IDE is more challenging to use, and
has a large learning curve to it as it’s a bulkier program.

CircuitPython is one more option that is provided by the microcontroller. This
allows for python to be integrated into the development of the project. Python will
not work well with what the rest of the project has been setup around, so this option
simply doesn’t make sense. In addition, CircuitPython does not support all Teensy
4.1’s hardware, meaning they may be conflicts later that will not be resolvable on
this IDE.

One method for developing on the software is to just use a Makefile on CLI-
essentially making the IDE just whatever text editor you use to modify that file. This
option is the simplest to use by far, but has no additional features that IDEs would
provide, and would make adding libraries in particular a tedious process. Perhaps
if a user has high expertise on programming for microcontroller this option would
be easy to quickly start developing, but it may be restrictive to use for this large
project.

Lastly, the IDE which will end up being used for this project is the main
recommendation of programming environment for Teensy, which is the Arduino
IDE with Teensyduino. As mentioned before, programming for Arduino is like
Teensy, so just modifying Arduino’s native IDE makes for a great development
environment that is easy to use, well documented and maintained, and capable of
supporting this project. It also is cross-platform, for Windows, Mac, and Linux,
making development for this project very accessible. In addition, the Arduino library
manager is especially effective for managing all the libraries being used and
flashed for the project and given the complexity of the hardware stack those
libraries will be necessary. This is the IDE that will be used for development.
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7.3 Implementation of the Chess Engine
7.3.1 Importing TSCP

This project will take advantage of a chess engine to simplify the software portion
of this project. Rather than painstakingly programming all the rules and logic of
chess, using TSCP’s user friendly code will give a good framework for all the chess
code in this project. This strategy should greatly reduce the amount of code being
written by us and allow for more time to be spent on integrating the other hardware
and potentially achieving some of the software related stretch features.

When implementing this engine, there are two ways to go around with user input.
Currently, in its unmodified state, the code uses “scanf’ statements just to await
user input and process it, via command line. Since the user will be making actions
on the board that translate to these moves, there is no reason why the user should
have to type out their move every single time they want to make one. The first
solution to this is to manually go through the code and change out those “scanf”
statements to some other input function that takes in that processed input. This
method wouldn’t take too long to achieve but will result in heavily modifying the
source material. The other method could be to maintain the original code how it is
and use some sort of interface/multi-threading to communicate by those “scanf”
statements to the engine. The latter would be desired, as ultimately can result in
not modifying the original code at all in this case, but the difficulties with that would
be both that setting up the environment may be very challenging and may restrict
getting/modifying the data needed from the chess engine. Ultimately the first
method will likely be the one used, but research will continue to see if option two
is possible.

7.3.2 Communicating and Displaying from TSCP

Because TSCP is already interfaced to display text-based graphics for seeing the
board, converting that data to the LED array flashing is one of the greatest
challenges when implementing this engine. Fortunately, TSCP is well documented
and organized, so those modifications are mostly straightforward. One of the
included C files in the TSCP project is data.c source file. This contains all the
information on how each piece is stored for both color and type of piece. Reading
from those arrays will be critical to how the current board state is remembered by
the microcontroller.

In addition to the data.c source file, there is the provided board.c source file that
contains lots of helpful functions to help communicate from the rest of the engine.
One function detects if a square is being attacked by a piece. This can modify so
that it becomes the vision when a piece is lifted, and it shows the valid moves
available. Using some of the other functions available as well we can implement
detection if it's a capture (turning the square purple instead), and if moves are legal
(moving the board state into an illegal move recovery). Overall, with all these
specialized c files, all the functionality of the chess engine is neatly divided up and
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well documented, so accessing any specific display or general data will be
straightforward.

7.3.3 Best Move Calculation from TSCP

Chess engines are traditionally only used to find the best move, and to create
powerful computer opponents. However, this project is using a chess engine in a
more creative way to prioritize the speed and efficiency of implementing the rules
of chess by using a well-documented chess engine like TSCP. One of the first
extensions of this project that may be achieved after implementing the primary
features will be the best move calculation this engine provides.

Best move calculation has three main uses. First, it allows for the user to
understand and receive hints on which move is the best in each position. This
could help beginners greatly, as they may get in situations where they simply don’t
know what to do and could use an expert’s opinion. This will make the game very
forgiving for beginners, as it shows a potential way out of every bad position
(unless all hope is lost...). The second main use this provides is the ability to
evaluate the board, because best move calculation requires the board position to
be evaluated and to maximize score for the user with the next move. This
evaluation can allow for the game to have a running score between the players
and give them back feedback depending on the size of the errors. A small error
would only affect the evaluation minimally, while a massive blunder may result in
a greater shift. This feature can even be enabled on or off, to give users the option
to see who is really winning the game so far. The last of the three main uses is for
best move calculation to create powerful computer opponents. To allow for
beginners to go into a single player mode to simply be able to play the game more,
a match against a computer that always makes what it thinks is the best move can
be set up. A lot of additional coding would have to come along to make that feature
work, since there would have to be special messages on the display to guide the
user to pick up and move certain pieces- the machine can’t move it itself. This
feature has the greatest reward though, since it reduces the amount of people
required to play a game by half.

7.4 Menus on the Display

7.4.1 Menus and Their Navigation

Utilizing the display on the side of the board, there will be a series of menus
designed to assist the user in beginning a game, configuring options for that game,
and informing the player during the game. The menus will be navigated using the
two buttons, as specified earlier, and provide all the input for the graphical display.
Utilizing the touch screen may end up affecting the design to take advantage of
that feature, but currently this implementation works with only two buttons.

The first thing that will appear on the display when turning on the entire project will
be a title page. This title page will display the name of the project, as well as the
details about which senior design group this is and for which semesters. This will
stay on the screen for about 3 to 5 seconds, and then switch over to the main
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menu. The main menu will take advantage of the two-button input to navigate and
begin the game. Using the menu button, the little triangle cursor will switch
between the different options available per the screen. When the desired option is
being pointed at by the triangle, the select button will be used select that option.
Selecting the new game option will begin the game into the set-up board phase,
and selecting options will open an options menu.

The options menu will provide a few different options that affect the gameplay. The
timer option indicates how much time each player will have when they play the
game. In the rules of the game, if a player runs out of time on their clock, the other
player is deemed the winner of the match. The timer will have the option to select
time controls for each player from 1 min, 3 min, 5 min, 10 min, 15 min, 30 min, 60
min, and no time, which will turn off the clock and allow each player to play with
any duration of moves. The next option on the list is the tool-tips option, which
when enabled to be ON, allows for information to be displayed about each piece
when they are lifted. Because this board is designed to teach beginners, this option
will be selected ON by default and provide the beginner with helpful tips that will
ease them into the game better. The next option is an option that by default will
allow for time on the clock to still pass when an illegal move is made. Because this
board pops up another menu when an illegal move is made, the option is allowed
for users to have their game paused while the board state is being recovered. The
last option is to highlight moves when lifting a piece. This will be enabled by default,
as turning it off would make much less LEDs turn on, only turning on for illegal
move correction. This may be distracting for players, so this is an option that will
be implemented to accommodate. The last thing that can be selected is just the
“back” option, that will return you back to the main menu.

When beginning a game, the setup board screen will display, unless the board
happens to already be setup correctly. The way it will instruct the players how to
setup the board is by displaying an image of one of the pieces and then highlighting
all the squares those specific pieces go. When all those pieces are correctly setup
on the board, then it will switch to the next piece in the order and repeat the process
until every piece is set. The order this will follow is Pawns, Rooks, Knights,
Bishops, Queens, and then Kings. It is important that if one of the pieces that is
set ends up being taken off after the fact, it needs to detect that and go back in the
order to make sure the entire board is set up perfectly.

Once the board is fully set up, the display will begin displaying information for one
player at a time, or for both at the same time by displaying the graphics vertically
instead. The display will only display the time for each player (If there is any time),
an arrow indicating who'’s turn it is, and a pause button. When the game begins
(after the white player’s first move), then the time for the next player will begin
decreasing. Turns will switched by the respective player pressing their button
(formally used as the Menu and Select buttons). The arrow will also switch to
indicate who's turn it is. The text may also highlight to emphasize who needs to be
making a move. This process can be paused at any point though, by pressing both
buttons at the same time, pausing both timers. The game can be un-paused by the
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same mechanism. At any point, if an illegal move is made, the board will switch
the illegal move menu, with text being able to be read by the player who made the
illegal move. It will contain instructions on how to fix the illegal move, as well as
the LED array lighting up what square a piece needs to be. The timer may or may
not be paused, depending on the option selected in the options menu, while in this
menu. Once the board state is restored to a legal position, it will return to clock
screen.

Finally, when the game ends, a game over screen appears with the results
announced. It will either say “White Wins!”, “Black Wins!”, or “Stalemate!”. At this
point, the board will wait until the user presses any button to then go back to the
title screen, restarting the program. This minimal menu program will provide the
user with lots of control and interaction with the chess board.

MAIN MENU OPTIONS

Timer 15 min
Tool-tips OFF

INTERACTIVE

— BLAEEEN

Pause on lllegal Move OFF
Options

P Highlight Moves ON
Back

CHESS

esign Group 4 - Fall 23/5pr 24

SET UP BOARD

. Please place

the pawns on
the highlighted
squares.

ILLEGAL MOVE
GAME OVER [

WHITE
WINSI!

FIGURE 33 FIGMA MODEL OF ALL MENU SCREENS
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7.4.2 Displaying Graphics for the Menu

Based on the Figma model of the menu screens provided above, there are only a
handful of different elements that make those screens. Using the TFT_eSPI library
for graphics allows to use specific commands to draw those to the screen.

Text is the most repeated element across all menus. In the Figma model, | used
fonts “Awesome 5 Brands”, “Actor’, “DM Sans”, and “Hammersmith One” at
various sizes to display the information a varied and aesthetically pleasing way.
Most of these fonts are exclusive to the Figma website, but finding downloads of
these fonts would allow me to upload them into the TFT_eSPI library and use them
on the project. Either that will be done to achieve this look, or similar fonts will be
selected based on what is already available on that library. The display supports
the feature of being able to display any color, so perhaps this draft of the menus
could be altered to take more advantage of that and have more colorful text. The
only non-white text that will need to be programmed is the red text associated with
an illegal move, and the gold test for when game over screen is displayed. In
addition to this, the text will have to face different ways at different times. For the
menus at the start before the game begins and after the game is over, all text will
be horizontal with the display. However, when the game begins with the clock
screen and illegal move screen, that text will be aligning vertically instead. This
can be achieved with the command “setRotation”, which will just change the
orientation of how things are drawn to screen.

Besides text, a few shapes exist that can be drawn on by the display library. The
first instance of this is the selection icon on both the main menu and the options
menu. This is simply just a triangle, with one point pointing towards the text. This
can easily be done be commands set for drawing triangles. The next shape would
be the illegal move X'. This shape can just be drawn in as well by taking two lines
and having them intercept. This shape would also be red, so the color attribute of
these shapes would have to be modified depending on the circumstance.

Lastly, the remaining graphics on the screen will be sprites. As seen in both the
setup board and illegal move screens, a picture of a specific chess piece will need
to be loaded. The graphics driver supports loading sprites, but sprites do take up
a large amount of space in memory so they will need to be minimized in usage.
Each of the 6 chess pieces will need an image like that in the Figma, so be able to
describe information for each of those pieces. The other sprites that will be
included is the pause sign and turn-indicating arrow on the clock screen. Both
could be drawn in as a collection of shapes by the graphics library, but it would be
much more extensive than a simple triangle or ‘X’ symbol, so it is far simpler just
to save those sprites. This project doesn’t have many sprites for the display to have
in the first place, so adding a few more sprites to simplify the code will not much
cause harm to the amount of storage available.
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8 System Fabrication/ Prototype Construction

This section will cover the physical design of our system. These parts do not
necessarily fall into the other categories. This chapter will cover the PCB design,
and the dimensions of the overall project once assembled.

8.1 PCB Design

Below is the entire PCB for this project. Currently, all components are placed on
this singular PCB, but we have plans to break it down into smaller PCBs. One will
hold the microcontroller, shift registers, and multiplexers. The microcontroller PCB
will be placed directly under the LCD screen that will sit on top of our project. The
second PCB will contain the entire LED and the array of photodiodes. This PCB
will be the biggest out of the three due to the requirement of placing an LED and
photodiode under each square on the chess board. The final PCB will contain the
source LEDs that will be used for the fiber optic cables. These are seen to the left
of the figure below. We do not want the fiber optic system to move once all
components are placed.

FIGURE 34 PROJECT PCB

8.2 Chesshoard Box Schematic

The project’s housing is a very important piece of the design. It is responsible for
containing and protecting each of our components as well as giving it an actual
shape and allow for it to be aesthetically pleasing and user-friendly experience.
The main body of the outside of the box will be made from wood, it provides decent
hardness and resilience to the casing and is easy to work with, all the while giving
the product an elegant and professional look.

The overall measurements for the exterior hull of the project are listed in the table
below, we are expecting to be able to fit all the components into a relatively small
frame when compared to what we had initially envisioned, which is great for
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transportation and use convenience. We are also hoping that the reduced size will
help us not only achieve, but outdo the weight limits we had first set when we first
imagined the project.

TABLE 20 OVERALL DIMENSIONS

Measurements

Total Dimensions 200Lx16"W x1.5" H

Chessboard Playable Area | 14" L x 14" W

Chessboard Tile Area 1.75"Lx1.75" W

The following schematic further details the dimensions of the box’s exterior and
helps illustrate and visualize the look of the finished product.

Intercictive LED
Chessboard
Technical Drawing

FIGURE 35 BOX EXTERIOR
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We wanted to have a streamlined design aiming to facilitate both assembly and
usage of the product. The top of the chessboard will be able to be flipped open
and removed from the way to allow for easy maintenance and troubleshooting of
the systems within. The top is comprised of a single piece of wood, which will be
affixed to the remainder of the box through screws, and it contains holes for the
buttons and LCD screen, as well as the space we will be utilizing as our actual
chessboard. Additionally, the board will also contain one other opening on its side
for a charging port to allow for an easier way to recharge our battery.

The playable section of this chessboard will be comprised of 64 smaller squares
made from epoxy resin with small wooden separators in between them that will
prevent the light from each square to bleed into the adjacent squares. This grid will
be then laminated with a thin sheet of clear resin to be made into one solid square
piece that we will be able to slot into place and affix to the top surface of our box.

Wishing to maintain a close resemblance to traditional chessboards, we will use
different pigments when creating our epoxy mix to represent both colors of the
board. This is so that, even when not illuminated, the light and dark squares will
be clearly distinguishable to the players, providing a better playing experience.

8.2.1 — Chess Board Internal Housing

7in.

16 in.

| 20in. |

FIGURE 36 SCHEMATIC OF THE PCB LAYER IN OUR PROJECT

For Figure 35 as shown above, right underneath the honeycomb structure will be
the PCBs used in this project. Our project requires the use of multiple PCBs that
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each have their own specific purpose and function. We plan on building a PCB
layer that will sit right under our chessboard that connects all the LEDs used to
light up the squares on the board and also connect the photodiodes so they can
communicate with our microcontroller to properly and accurately determine and
identify each piece on the board. Since our chessboard will be 14 inches long by
14 inches wide, we need to combine multiple PCBs together to become one giant
PCB. We couldn’t just make one giant PCB as that would have been very
expensive to buy along with providing less room for mistakes or changes we may
need to make later on. To accomplish the look of one giant PCB, we will split the
chessboard into four quadrants and have four PCBs put together. The two PCBs
on the left half of the chessboard will be slightly different in dimension than the
right side of the chessboard as we need to make them bigger to account for the
green LEDs that will provide the light going into the fiber optic cables. The PCBs
on the left side will be 7.75 inches wide by 7 inches long. The two PCBs that make
up the right half of the chessboard will be 7 inches wide by 7 inches long. We will
then combine all four PCBs together to create one giant PCB layer that will be lined
up and positioned with our chessboard. We will also need one small PCB on the
right side of our project to connect the microcontroller, voltage regulator, and
display. This PCB on the right side of our project will provide communication from
the main PCB layer underneath the chessboard to the microcontroller and act as
the central hub from which signals will go into and transmit from to operate the
chessboard. Our current estimations for the dimensions of this PCB are that it will
be 2 inches wide by 6 inches long. This is only a current estimation as we aren’t
guite sure yet how big of a PCB we need to make it. Once we start assembling our
project, then we will determine the exact dimensions.

3in.

FIGURE 37 SCHEMATIC REPRESENTING A SIDE VIEW OF A SQUARE IN THE CHESSBOARD
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A side view of our project can help visualize how exactly our project will work
underneath the chessboard. As shown in Figure 33 above, our design is the same
for each square on the board. The fiber optic cable (yellow) will come out from the
corner of the square and will be angled so that the end of the fiber will be positioned
directly underneath the opening in the square so that the light coming out of the
fiber will hit the bottom of the piece on the top of the square. The fiber optic cable
will be attached to the top layer of the board that can detach from our entire box.
The fiber optic cable will run along the top of the honeycomb in rows and will be
positioned into each square from the corner. Once the light coming out of the fiber
hits off the bottom of the piece, it will reflect down onto the photodiode that is below
the opening of the square. Right next to the photodiode, will be the LED that
illuminates the square to show the players where a piece can move to.

Currently, our plan is to have the entire project be 3 inches tall. Our top layer of the
project will be 0.25 inches thick. For each square, we plan on making them out of
resin using a homemade mold. We plan on changing the color of the resin squares
slightly to signify white and black squares normally on a chessboard. Right now,
the max amount of space underneath the top layer to the PCB will be 1.25 inches.
We don’t quite know yet how much space we will need to fit everything into each
square. There will be a very small amount of space from the top of the honeycomb
structure to the top layer. We preferably don’t want the top layer of the project to
be resting upon the honeycomb structure. We need a very small amount of space
to allow for the fiber optic cables to come into each square from the corner. The
max height of the photodiodes and LEDs in each square will be 1 inch. This height
for these components varies depending on the soldering to the PCB. We will keep
the height of each component the same for each square, but we just don’t know
yet how tall they will actually be. The photodiode will be slightly taller than the LED
as we don’t want a large distance for the light to travel from the bottom of the piece
to the top of the photodiode. We want to minimize the distance the light has to
travel once it reflects off the bottom of the piece as the greater the distance, the
intensity of the light will decrease. That could cause errors in piece detection and
identification. The thickness of the PCB will be very minimal and is practically
negligible. We are currently leaving 1.5 inches of space underneath the PCB layer
to give us space to adjust things and position any other components or wires or
anything else not in the honeycomb structure.
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9 System Testing

This section is going to deal with the overall integration of our individual work into
one unique product. Here we focus on the planning and design of the finished
chessboard, everything from its internal systems to its external appearance is
outlined here. Measurements and data in this section are prone to changing as
further testing is realized, however, we consider that it is important to establish a
baseline to work towards during Senior Design Il to create a good starting point. It
allows us to be able to refer back to the information in this section when there are
any doubts on the next steps to take.

9.1 Hardware and Software testing

In this chapter, we describe the results of our preliminary testing. The theoretical
foundation laid out in the chapters before this one is put to practice so we can learn
and improve upon previously determined concepts. Prototyping serves as a
dynamic tool, creating a tangible representation of the envisioned system, and
providing valuable insights into functionality, usability, and performance. These
insights will be listed in the section that follows.

9.1.1 - Fiber Attenuation Testing

We tested the total attenuation in the fibers. We accomplished this by using a
power meter to measure input power and output power. The power meter was set
on a stand and was vertical, not looking up. This was done to minimize the amount
of ambient light that was measured. Before taking any power reading, we
measured the ambient light in the room to be 14 pw. This ambient light was due to
the overhead light as the room was not completely dark. For this testing we used
the flashlight from the phone, a regular flashlight, and the green LED that we will
use as our illumination LED as our power sources for this experiment. Three light
sources were used since all three sources should give us a range of similar total
attenuation of the fibers even though they had different wavelengths and light
intensity.

Firstly, to test the input power from the light sources we would then take our light
sources and hold them approximately an inch away from the power meter. We
chose one inch away from the power meter as it gave us room to position the light
sources in front of the power meter without being too far away to where the input
power is very small. Another reason to choose one inch away is since the Light
from the Illlumination LED in our project will not be further than one inch away,
meaning in our project, we will expect higher input power. We also attempted to
center the light source to the center of the power meter to get our peak input power
to the best of our ability. This might make our power reading not as accurate, even
with our best attempt of measuring one inch on a ruler, our hands are shacky which
might move the light source closer or farther or out of line with the power meter.
These movements can greatly affect the power measured on the power meter. We
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couldn’t mount the light sources as the green LED was on a breadboard, so it had
to be held. We also couldn’t find ways to mount and clamp down the light sources
to keep it in place in the lab that we tested in. As mentioned before the green LED
was on a breadboard so we had to hold the breadboard vertically so that the
direction of the light coming from the LED would go into the power meter. This
made the green LED hard to align with the power meter since the breadboard was
so big and weighed a bit. The phone flashlight was less hard to align with the power
meter since it was smaller and lighter, but it was awkward to position since it was
a rectangle, and we measured the light with the phone being sideways or with the
long side of the rectangle being horizontal. The regular flashlight was easier to
align since it was a small lightweight cylinder. One every light source was an inch
away, centered, and positioned as best as we could we took the average of the
range of values we got from the power meter.

We then moved on to taking the output power from the fiber using the power meter
again. We did this by holding the light sources an inch away from one end of the
fiber and the power meter around 0.25 inches away from the other end of fiber.
We put the light sources 1 inch away from the fiber since that is what we did to
measure the input power. Ideally, we would want the power coming into the fiber
to be same or as close to as the input power. However, there could be problems
with this since we held the fiber and the positioning of the fiber to the light source
could have changed since our hands are shacky. Again, we didn’t mount the fiber
since we couldn’t find all the proper pieces for a mount and clamps to keep it stable.
The light sources were laid on the table with the fiber directly over so that the light
could be coupled into the fiber easier. We put the other end of the fiber 0.25 inches
from the power meter since we wanted it as close to the power meter as possible
to get the max output power while still being able to position the fiber easily. Again,
we held the fiber so how close we held it to the power meter could have changed
or have been off centered.

The first time we tested this we got light output lower than the ambient light which
didn’t make sense. This is because we were using a bundle of 100 fibers, which
were 6.5 feet long, at the input and only measuring the light coming out of one
fiber. That lowered our output power since the input light is coupled into 100 fibers
so the other 99 fibers would take away light that would have been measured. Also
having the fiber be 6.5 feet long would take away some light but not much. Once
we realized this, we took one fiber out of the bundle to use for our test. We took
this fiber and cut it to about 10 inches with a boxcutter. This isn’t the right way to
cleave a fiber since it leads to a cut that is not flat at the end of the fiber
perpendicular to the longitude of the fiber. This was done because there was no
fiber cleaver available which resulted in the cut having an angle at the cut end.
Once we cut the fiber the power went up more since the light was only being
coupled into one fiber. The resulting output power can be seen in the table below.
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TABLE 21 TOTAL ATTENUATION THROUGH OUR FIBER

Light source Input power (Pi) Output power (Po) | Total attenuation
(dB)

Phone flashlight 2.3 mw 15 pw 21.85

Regular flashlight | 3.8 mw 18 pw 23.25

Green LED 1 mw 14.4 pw 18.4

From the table above we can see the input power, output power, and total
attenuation in a fiber in dB for all 3 light sources. The regular flashlight had the
highest input power out of all the light sources at 3.8 mw. The second biggest input
power is the phone flashlight at 2.3 mw and then the green LED at 1mw. The
biggest output power is from the regular flashlight at 18 pw followed by the phone
flashlight at 15 pw and then by Green LED. This makes sense as the light source
with the highest input power has the highest output power and the light source with
the lowest input lower has the lowest output power. We take the input power and
output power and plug into the equation for overall signal attenuation in decibels
through the fiber. From these calculations we get the total attenuation through the
fiber in dB. Our total attenuation is in dB since we converted the input power and
output power to watts. We can see from the calculations that the regular flashlight
has the highest total attenuation at 23.25 dB. The phone flashlight had the second
highest total attenuation at 21.85 dB followed by the green LED with the lowest
attenuation at 18.4 dB. This again follows the pattern where the phone flashlight
has the highest input power, also the highest output power and now the highest
attenuation. Similarly, the green LED had the lowest input power and output power
also has the lowest total attenuation. This makes sense as decibels (dB) is a ratio
of power.

The three total attenuations from each light source are similar which makes sense

as the only thing that is changing is the light source and not the fiber. The average
of these three total attenuations is 21.17 dB. We can take this 21.17 dB and
analyze what his actually means. Having a power loss of 20 dB means that 1
percent of the input power is left. This means that 21.17 dB will have less than 1
percent of the input power left. Using the green LED as our illumination source in
our project we will expect an 18.4 dB loss which is a little over 1 percent of the
input power that is left after the light is output. This isn’'t great since most of the
light is lost in the fiber and not emitted out the other end. This could be due to all
of the misalignments in our measurements, the cleaving of the fiber, or just the
fiber itself. We could look to get better fiber to minimize the total attenuation loss.
We could probably expect a lower total attenuation with glass fiber instead of
plastic fiber.
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The advantageous quality of the green LED having the lowest attenuation among
the light sources is a positive aspect for our project, especially considering that it
serves as the primary illumination source. This characteristic implies that the green
LED experiences the least amount of light loss compared to other light sources,
contributing to the overall efficiency of the system. However, it's noteworthy that
the green LED exhibits the lowest input power among the three light sources,
which introduces an interesting consideration.

In an ideal scenario, we aim for both high input power and high output power. While
the green LED's low attenuation is beneficial for minimizing light loss, the lower
input power creates a potential challenge. To address this, one strategy could
involve increasing the input power by incorporating additional illumination LEDs.
This approach not only has the potential to boost input power but also serves the
dual purpose of further mitigating ambient light interference.

By increasing the number of illumination LEDs, we effectively increase the total
input power, creating a stronger and more intense light source for the optical
system. Simultaneously, this aligns with our goal of minimizing reliance on ambient
light, thereby increasing the precision and reliability of the system. The
comprehensive approach involves optimizing both input and output power, striking
a balance that maximizes the illumination efficiency of the green LED while
maintaining its advantage of low attenuation.

Moreover, the consideration of input power becomes crucial in scenarios where
the system demands heightened brightness levels or greater light intensity. In
essence, the quest for an optimal balance between attenuation, input power, and
output power exemplifies the meticulous approach taken to ensure that the green
LED serves as an efficient and reliable illumination source for our project.
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9.1.2 — Photodiode Testing

TABLE 22 RESISTOR TESTING FOR THE TRANSIMPEDANCE AMPLIFIER CIRCUIT USED WITH
THE PHOTODIODE

Resistor Value Type of Measurement Measured Value
3MQ Covered =20mV
Ambient Light =300mV
Light from fiber Upto 1.7V
‘ 6.2MQ Covered =60mV
Ambient Light =0.66V
Light from fiber 1.5V -3V
‘ 6.8MQ Covered =60mV
Ambient Light =0.73V
Light from fiber 1.6V -3V
‘ 7.5MQ Covered =60mV
Ambient Light =0.82V
Light from fiber 2V - 6V
‘ 10MQ Covered =60mV
Ambient Light =1.06V
Light from fiber 1.75V - 4.5V

Once we determined that we needed to use a transimpedance amplifier circuit with
our photodiode, we then had to figure out the value of the resistor. To do this, we
had to test different resistor values under certain conditions so we could get a good
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idea of how that specific resistor value affected the output voltages that we would
be using as the values to differentiate the chess piece types.

We conducted our testing in the senior design lab in the engineering building as
they had the best assortment of resistor values to test with. The ambient light in
the senior design lab is normal for any room, and we wouldn’t consider it as too
dark or too bright to where it would have negatively affected our results. When first
constructing the transimpedance amplifier circuit, we were only using resistors
such as 1kQ and 10kQ. After doing some research, we realized that we would
need to increase the value of the resistor greatly so that our voltage outputs
wouldn’t be so low in the millivolt range.

As shown in table 22, we tested many different resistors in the mega ohm range.
We determined that the mega ohm range was what provided us with the best
results. We tested different resistors in this range while the photodiode was under
various conditions. We tested when the photodiode was covered so that we could
see what a “base” value would be. We tested when the photodiode was only
receiving ambient light as our photodiodes in our chessboard would be sensing
that whenever a piece wasn’t on top of a square. We then tested how much voltage
was produced from the circuit when the fiber would guide the green LED light
towards the photodiode. We did not account for the light reflecting off the bottom
of a piece as we wanted to get a good understanding of the amount of light that
would be coming out of the fiber. We needed to know this to better determine
during what “stage” of the process do we lose the most amount of light and why
our final output values would be the way they are. Not worrying about the light
reflecting off the bottom of a piece eliminates a lot of variables we will eventually
have to be concerned about such as proper placement and alignment of all parts.

As shown in table 22, we determined through testing that the 7.5MQ resistor would
be the best fit for our circuit. The 7.5MQ resistor provides us with the greatest
range of output voltage values while also not having too large of an ambient light
value. Something we noticed during our testing was that there was a certain “sweet
spot” for the resistor values that would increase and “maximize” our voltage range
values while keeping the ambient light measurement low enough to provide us with
the best possible difference between the two values. The sweet spot for the
resistor values could be compared to a bell curve, where the peak of the bell curve
would represent the best resistor value that would maximize our output voltages
while every other value decreases in “efficiency” and will not be able to provide the
largest range of values between ambient light and the measured intensity of light
from the fiber. 7.5MQ resistor value was the closest to that “sweet spot” that we
noticed as once we went up to 10MQ, then the ambient light measurement
significantly increased when compared to the range of voltage outputs that we
received. By increasing the ambient light measurement, it would decrease the
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difference in output when there is light provided to the photodiode to when there is
just ambient light. Decreasing the difference between the two measurements
would not be good for our project as it lessens the amount of wiggle room that the
values differentiating each piece would need. This wiggle room would account for
variability that could occur from square to square. Once there is overlap with the
values that differentiate every piece, then our entire project doesn’t work properly,
and our piece identification accuracy would be nearly zero.

Once we determined the right resistor value for our circuit, we then did some
calculations to determine what kind of photocurrent was being produced by the
photodiode under those certain conditions. As shown below, we used Ohm’s law
to determine the photocurrent value. The photocurrent we calculated that was
being produced ranged from 8nA to sub microamps. These photocurrents are
expected and make sense for the photodiode we chose to use.

Calculations to find photocurrent produced in the circuit:

(Covered)
60mV = 7.5M0O * I,

I =8%10 A4 = 8nd

(Ambient Light)
0.82V = 7.5MQ * I

I = 10931074 = .1093 A

(Light from Fiber Output)
3V =75M0 * T

I = 4*10 A = .4pA

FIGURE 38 CALCULATIONS USING OHM’S LAW TO FIND THE PHOTOCURRENT PRODUCED
BY THE PHOTODIODE.

The calculations done for the photocurrent also help validate calculations done to
show that the photodiode we used has an accurate responsivity. As shown in figure
33 below, we used a simple ratio to prove that the responsivity of the photodiode
is accurate and will lead to similar photocurrents we got when testing based on the
intensity of light that we measured earlier. The responsivity of the photodiode we
chose for this project is stated as 0.034 A/W or 34 mA/W. This responsivity is not
the best available for photodiodes, but we believe it will be enough for this specific
project and its goals. When using the power measured of the green LED before

141



the light goes into the fiber optic cable, we calculate that the photocurrent produced
by the photodiode would be 34 microamps. When recalculating the photocurrent
using the power of the light coming out of the fiber, we get 0.4896 microamps. This
photocurrent calculated is similar to the photocurrent calculated when the voltage
produced by the circuit is 3V.

Calculations to prove accurate responsivity value of photodiode:

Responsivity of photodiode = 0.034 AW = 34 mAW

(Using power from green LED): 2222 = X _  x = 34pu4

1MW 1 mi

2nd = X x = 489 * 100 A = .4896 pd

(Using power from fiber output):

FIGURE 39 CALCULATIONS TO PROVE OUR PHOTODIODES HAVE AN ACCURATE
RESPONSIVITY

These calculations justify that our measurement of the intensity of light before and
after the fiber optic cable is approximately correct and similar to the actual intensity
of light that will be used in our project.

9.1.3 LCD Display Testing

The display we will be using has an 1LI9481 driver chip, a 4” screen and a
resolution of 480x320 pixels. It is a versatile and compact display and, most
importantly, one of the factors that most contributed to the choice of this
component, it is built on Thin-Film Transistor (TFT) technology, which should
ensure swift response times during screen transitions, which is very important
since it will be the only graphical interface the user can interactive with, and the
easiest way for us to convey detailed information to the user that would otherwise
not be possible considering the other forms of user-product interaction, which are
very limited on that regard.

Another notable feature of this display is its integrated touch screen functionality,
which initially gave us the impression that it would add to and further improve the
interactive elements of the project, enabling users to input data or interact directly
with the display without the need for additional mechanisms like buttons and
switches. This idea had us excited at the thought of enhancing the overall user
experience to even greater heights, however, after getting our hands in one such
display, we decided against the use of the touchscreen and decided to fall back to
the original idea of utilizing buttons to operate the system. The small size of the
display and the cheap nature of the tech was enough to convince us that the
touchscreen might not be as reliable as we would need it to be to have it as the
only method of navigating through all the menus and scenes without turning the
experience frustrating to the user.
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The process of wiring our display is relatively simple. It has a total of 14 pins, only
9 of which we are interested in since we are not using the display’s touchscreen
capabilities. Although simple, it is still important to take note of the documentation
to be capable of properly wiring the module to our microcontroller, which will be
commanding display operations. The pins and their descriptions can be found on
the table below, we will then touch briefly on the most important pins and their
functions within our design.

TABLE 23 LCD MODULE PIN INFORMATION

Number | Module Pin | Description

1 MISO SPI bus read data pin

2 LED Backlight control pin

3 SCK LCD SPI bus clock pin

4 MOSI LCD SPI bus data pin

5 DC/RS LCD data / command selection control pin
6 Reset LCD reset control pin

7 CS Chip select control pin

8 GND Power ground pin

9 VCC Power positive pin

As evident from the table, we can easily wire the display thanks to its use of SPI
communication, which means we will only need four wires to send the data to be
displayed. Pins 1, 3, 4, and 7 together make the 4-wire SPI configuration and even
then, we can afford to maintain pin 1 as a non-connection pin since the MISO
(Master In Slave Out) line is not strictly necessary for SPI communication, which
primarily involves the MOSI (Master Out Slave In), SCK (Serial Clock), and CS
(Chip Select) lines. The MISO line is primarily used for full-duplex communication,
allowing the slave to send data back to the master, which is not the case for this
application. The remaining pins are relatively straight forward and serve more
basic functions, such as providing power to the module or determining the display’s
brightness level.
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The ILI9xxx controllers are a widely recognized controller line for driving TFT LCD
displays, these drivers enhance the module's performance and compatibility with
different microcontrollers. With support for RGB-565 color, this controller can
display a range of 65 thousand different colors, ensuring that the module can
render vibrant and colorful images, contributing to the display’s (and by extend the
project’s) overall visual appeal. The display does suffer slightly from its size and
resolution however, and we expect that positioning it flush with the board might
cause some Vvisibility problems from the perspective of the players. To deal with
this issue, we want to implement, if possible, a mechanism that will allow users to
adjust the angle of the display so that it can face the players instead of remaining
on a horizontal position on the top of the board. Please refer to the section on
stretch goals for further detail on the topic of display visibility.

The last characteristic important to mention as we finalize this first round of tests
on the display, the sheer number of online resources regarding this and similar
models of TFT displays. As mentioned above, this controller series boasts a large
popularity and consequently benefits from an active online community that
provides access to valuable support for troubleshooting, allowing us to feel free to
explore innovative solutions to any design problems that may surface. Not only
that, but the manufacture’s website contains libraries and many different example
codes for the module, making it friendly towards us, developers, as we are able to
easily find official reference material to base our work on. For our testing, we
utilized the TFT_eSPI library, which is available online on github.

9.1.4 Voltage Regulation Testing

The buck converters we will be using in this project are found readily available in
the market in the form of small self-contained and ready-to-use modules. They
utilize LM2596 series chips, a collection of integrated circuits that provide all the
active functions necessary for a step-down switching regulator. These chips can
drive a 3 Amp load, which should be well over our load requirements for this
chessboard.

These regulators are easy to use, requiring only a minimum number of external
components and are available in both fixed and adjustable output version. We will
be using the latter for this product even though our design runs exclusively on 5V,
we’d like the flexibility to add components that utilize different voltage levels in the
future should the need arise.

The main concern over the use of this buck converter was that it would need a
higher voltage battery to be able to properly stabilize the voltage because, when
completely discharged, our battery will have approximately 5.8V which makes the
difference between output and input voltages in the buck converter relatively small.
However, during testing, the voltage was properly regulated even with voltage
differentials between input and output were as low as 0.7V, which means we are
safe to use a 2S battery pack that will fluctuate between 5.8V and 8.4V when fully
discharged and fully charged respectively.
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9.3 - Plan for Senior Design 2

Going into senior design 2 next semester, we feel pretty good with the progress
we have made so far. We have figured out most of the important dimensions and
positioning of the components under each square and we have managed to order
and receive most of the parts already before winter break.

Our main objective to start on in senior design 2 is to build a prototype of our board
so that we can test the chess piece identification system and associated
subsystems. We need to build a prototype to test the entire process of our project
from beginning to end. We need to test that enough light can go into the fiber optic
cables from the green LED and travel to each square and provide enough light
intensity to reflect off the bottom of a piece that would be on top of the square so
that the photodiode can receive a signal and produce a voltage output that would
be transmitted to the microcontroller so it can detect and identify that particular
piece. To do this we need to build a 3x3 grid representing our chessboard as
shown in figure XXX and also a couple of different pieces to test with.

FIGURE 40 DIAGRAM OF A 3X3 SECTION OF OUR CHESSBOARD

The reason why we need a 3x3 grid of our chessboard to test with is because that
is the optimal size that would enable us to be able to test various chess piece types
and certain chess gameplay situations/interactions while also not being too big to
build and sink a lot of time and resources in as it is just a partial prototype of the
entire chessboard. A 3x3 prototype of our chessboard would enable us to test
scenarios with certain pieces such as pawn movement and capturing, en passant,
a knight moving past pieces in front of it, etc. Through testing on the prototype
chessboard, it should help us figure out any issues and complications with our
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parts/components and any design flaws that would negatively affect the entire
project.

9.4 Project Stretch Goals & Secondary Design

In this subsection, we will discuss additional features that we would like to have
added to the design. These mostly consist of low-priority features that are not
essential but would make for great additions to the project. Unfortunately, due to
time and design constraints, there are features that may not be implemented into
the final design. We believe these features are still worth noting, as they give some
further objectives to work towards in the future.

9.4.1 Display Visibility Improvements

For us, user experience and accessibility were top concerns when visualizing our
design and the features we wished to include. During one of our meetings, a
concern was raised over the visibility of the display included in one of the edges of
the board. Visibility significantly impacts the functionality of the display and
effectiveness of the information displayed. Whether the LCD screen conveys
important data, such as our menus and tooltips, or real-time updates displaying or
clock timers, ensuring that users can easily read and comprehend the information
is pivotal to us.

The problem in question was of concern due to the small size of the display and
the position it would be installed in, and its likelihood to cause the image to not
appear to the players as clear as we would like it to be during the use of the device
and therefore, spoil the overall experience and possibly render the display
pointless to some degree.

After ordering our parts and getting our hands on the display, this issue resurfaced,
and we decided to make one of our stretch goals to develop a mechanism that will
allow us to support the display, so it stands at an angle above the chessboard top
to increase screen visibility during use. This idea came to be because we wanted
to keep the board flush for storage and transport purposes while also having the
increased display capabilities that a protruding would make possible. We did,
however, push it to a stretch goal since it isn’t a requirement for the proper
functionality of the board but would add a nice touch to the design if implemented.

Still, the implementation of an adjustable mechanism for the LCD display requires
careful consideration of design elements, there are certain stipulations and design
restraints that we will need to abide by if we wish to properly implement this feature
in the future. First, the mechanism should be seamless in operation, sturdy in
construction, and should not compromise the overall aesthetics of the project,
otherwise, the implementation of this piece would be detrimental to the overall
project instead of helpful in any manner. Additionally, the success of the adjustable
LCD display also hinges on its user-friendliness. The adjustment mechanism
should be intuitive, requiring minimal effort from the user and providing a range of
angles to accommodate diverse user preferences.
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Lastly, and probably most importantly, while designing the adjustable mechanism,
it's crucial to account for the power supply and connectivity of the LCD display.
Afterall, we won'’t be able to keep the moveable screen soldered to a PCB, which
means we would need to route cables to connect the display module to the
remainder of the circuit, all the while ensuring that these additional elements can
be seamlessly integrated with the display mount, avoiding any disruption when
changing the screen angle. This integration should not only be functional but also
maintain a tidy and organized appearance, preferably contained within the inside
of the box away from the user’s view.

Much is still to be discussed regarding this issue, but some initial ideas can start
to be explored when it comes to the implementation of this device. The simplest
approach to which involves incorporating a kickstand-like mechanism, much like
one would use on a bicycle to keep it from falling over. This mechanism would run
over a rail containing multiple notches that would prevent the stand from easily
falling and allowing users to prop the display up at their preferred angle. This idea
was inspired by simplistic tablet and display stand designs that can be found in the
market. The figure below helps to illustrate the concept, however, note that, as a
low-priority feature, the schematic below is but a crude sketch and hardly
represents the finished product, as the design will have to go through extensive
testing to discern the best method for its implementation.

2 1

2 1

FIGURE 41 ROUGH SKETCH ILLUSTRATING A POSSIBILITY FOR THE DISPLAY MOUNT
MECHANISM

9.4.2 Sound System

Incorporating a sound system into our chessboard design could significantly
enhance the overall user experience and engagement. It not only serves as a
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practical tool for conveying information but also contributes to the overall
enjoyment and immersion of the gaming experience.

Integrating sound effects would provide us with yet another route of interaction with
the player during gameplay. For instance, a distinctive sound could play when a
player makes a move, captures an opponent's piece, or successfully executes a
checkmate. This auditory feedback adds a dynamic and immersive layer to the
chess-playing experience, making each move more satisfying and memorable. Not
only that, but there is often information that is easier to communicate in audio form
rather than through visual means.

For example, it would be possible to utilize the sound system for alerts and
notifications such as a gentle tune to remind a player of their turn when they start
taking long to make a move, or a louder alert sound for when a player realizes an
illegal move or to otherwise indicate danger when they have their king in check.
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10 Administrative Content

10.1 Budget Estimates

TABLE 24 BUDGET ESTIMATES

Parts Price per Quantity Cost ()
part ($)
1 LED’s S0.07-3 65 $4.55-195
2 Sensors S0.10-3 64 $6.4-192
3 Power supply $30-110 1 $30-110
4 PCB S40-120 2 $80-240
5 Microcontroller $20-40 1 $20-40
6 Chess board S7-25 1 S7-25
material
7 Chess pieces set $2.50-60 1 $2.50-60
8 Fiber optic cable S0.30-2 64 $19.2-128
9 Display screen S$10-$90 1 $10-90
10 Charging $20-80 1 $20-80
controller
Total $199.65-1160
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10.2 Milestones

TABLE 25 FALL 2023 SENIOR DESIGN 1 MILESTONES

Fall 2023
Description Time Dates
Project ideas 3 weeks August 21- September
8
Project Division 1 week September 9 —
September 15
Initial project September 15
documentation
Research on past 3 weeks September 16 —
projects October 7
Individual writing 4 weeks October 8 - November
2
60-page draft November 3
Design and 4 weeks November 4 -
Development November 26
prototyping
Documentation Review 1 week November 27-

and Purchasing December 4
Components
Final Documentation December 5
TABLE 26 SPRING 2024 SENIOR DESIGN 2 MILESTONES
Spring 2024
Description Time Dates
Testing of component 1 week January 8 - January 14
Building prototype 8 weeks January 15 - March 10
Testing prototype 3 weeks March 11 — March 31
Finalizing the project 2 weeks April 1 — April 14
Final Documentation 2 weeks April 15 — April 28

and Presentation
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10.3 Work Distribution Table

TABLE 27 FALL 2023 SENIOR DESIGN WORK DISTRIBUTION

Alec Alex Cassidy Nikolai Vinny
Piece Primary Secondary Secondary
Identification
Fiber Optic Secondary | Primary
System
Software Secondary | Primary Secondary
Microcontroller Secondary | Primary Secondary
Power Secondary | Secondary Primary
PCB Design Primary Secondary | Primary
LED Array Secondary | Secondary | Primary
System Primary Secondary | Secondary | Secondary | Secondary
Fabrication

When deciding on work distribution for our project, one of the main goals was to
aim for a majority of the group (minimum of 3 out of 5 people) to have a role in
each specific task so that there are at least 2 “backup” people to help the person
with the primary role in a specific task. We believe this is the best way to ensure
that every task in the project will be created in the best way possible through a
“majority rules” idea. Another point of clarification about our work distribution table
is that for system fabrication, everyone in the group will have either a primary or
secondary role for that task because everyone in the group will have input and
make decisions about how our project should be built, how the design/aesthetic of
the board will be and how putting together all the components inside the board will
occur. Everyone in the group will be responsible for getting their specific tasks
parts and components and we will come together as a group to discuss how to
best implement them and create a finished product.
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11 Conclusion

This paper described the extensive research and development journey that our
group undertook to conceptualize and refine our project. Delving into the intricacies
of our project’'s many systems, we have not only gained valuable insight into its
theoretical innerworkings but have also come across and were able to overcome
a handful of practical challenges that arose throughout our testing.

As we transition into the next semester of Senior Design I, this comprehensive
understanding serves as a solid foundation for the upcoming stages of prototyping
and building the final product. The knowledge acquired during this research phase
will undoubtedly guide us in making informed decisions during the prototyping
process. With the preliminary stages of testing out of the way, we are confident on
our ability to put together a working prototype for the next semester.

This paper will provide a clear roadmap for the future of this project and prove its
usefulness as a tool for aiding us on tackling the complexities that lie ahead. This
synthesis of theoretical knowledge and practical insights not only enhances the
robustness of our project but also prepares us for the challenges that characterize
the final stages of senior design.

The biggest challenge coming forward that will stand in our way during the
construction of our chessboard prototype will be its piece detection and
identification system. Our current approach utilizes delicate and precise optical
components, making our system’s readings susceptible to be easily disturbed
through many different factors in case we fail to approach the problem in the
correct way. The group has had many different ideas regarding this issue and have
thought of many ways to minimize this problem, some of which we have been
outlined in this paper. However, it is only through the extensive prototyping testing
during the upcoming semester that we will be able to discern the most beneficial
method of implementation.

The collaborative effort and dedication invested in this research paper set the
stage for a successful implementation phase. Each team member played a pivotal
role in contributing their skills, experiences, and perspectives to the project.
Through open communication and shared commitment, we forged a cohesive
team dynamic that fueled creativity and innovation. Regular collaborative sessions
facilitated the exchange of ideas, allowing us to navigate challenges collectively
and make informed decisions. This collaborative spirit not only enriched the quality
of our work, but also fostered a supportive environment where everyone's
contributions were valued and considered. As we transition into the next semester,
these bonds will certainly ensure a seamless and effective execution of the
implementation phase.

In essence, Senior Design | laid the groundwork for the future of our project in this
initial research and development stage. We are moving towards Senior Design Il
confident that our work through this past semester will aid us in the process of
integrating our different systems together and creating the initial version for our
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prototype, which will mark a critical milestone in the realization of our senior design
project. The careful orchestration of the plans set in this document, coupled with
the lessons learned from our research and development, positions us for success
as we move towards the final stages of bringing our vision to life. However, it is
important to note that we won'’t stop with what is laid out here, after all, we are
always looking to improve our work and elevate it to the highest degree. This paper
are guidelines for us to follow and we recognize that, should we develop a better
understanding of a superior solution or come to imagine a feature we would like to
add, we shouldn’t hold ourselves back from pursuing it, after careful consideration
of course.

All in all, this semester in Senior Design has been an incredibly positive and
transformative experience for our team. Working on our project provided us with
the opportunity to apply the theoretical knowledge gained throughout our academic
journey. As we conclude this first leg of Senior Design, the sense of
accomplishment is immeasurable as we witnessed our project taking shape
through this paper. The challenges we’ve navigated through and the skills we’ve
learned in this semester will serve us well through Senior Design II.
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Appendices

Copyright Permissions

Authorization to use Lichess: https://lichess.org/contact#help-authorize

Authorization to use ChatGPT: https://openai.com/policies/terms-of-use

Authorization to use Figma: https://help.figma.com/hc/en-
us/articles/360042296374-Figma-Community-copyright-and-licensing

Approval for usage of Tom Kerrigan’s Simple Chess Program (TSCP):

Tom Kerrigan <tom.kerrigan@gmail.com>
To: Nikolai Coletta

TK

Hi Nikolal,

Sounds interesting.

As long as you aren't taking credit for TSCP, profiting off of TSCP, or redistributing TSCP, then you have my permission.
Just make it clear in the documentation and presentations for the project that you didn't write TSCP.

I'd be interested to see the presentation for the project, if you end up making a slide deck. 1)

Good luck,
Tom

@ & & o

Tue 10/24/2023 12:03 PM
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