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[bookmark: _Toc7619788]1 Introduction
[bookmark: _Toc7619789]1.1 Description of the problem
The problem that this project seeks to solve is that a Rubik’s cube cannot be solved on its own, it needs something to solve it. For this reason, the project will be the creation of a robotic device that can solve the Rubik’s cube without additional programming by the user. This would mean that the device would have to find a solution to the following problems:
· Identification of the cube configuration
· Calculation of a solution to the solve the Rubik’s cube
· Physical manipulation of the cube to solve it
The first of the listed problems is the identification of the cube configuration; This part of the problem would require a sensor that could individually scan the coloured squares on the faces of the cube. This would also pose a mechanical problem to be solved, which is how to manipulate the cube so that every face could be scanned and how the sensor can be functional whilst also not interfering with the other operational parts of the robot require for solving the cube.
The second of the listed problems is the calculation of a solution to solve the Rubik’s cube; This part of the problem involves the creation of an algorithm that can take an input, the cube configuration, and then calculate the moves required to change the cube from its unsolved state to its solved state. This part of the problem also requires knowledge on how to solve a Rubik’s cube, including the mathematics behind solving the cube and the notation that denotes the possible moves that can be performed on the cube, this also eludes to the next problem listed in that the algorithm to solve the Rubik’s cube must also fall in line with the physical boundaries set by the robot and the Rubik’s cube.
The third of the listed problems is the physical manipulation that has to be performed on the cube in order to solve it; This part of the problem has two key facets, which are the physical limitations of both the robot & the cube itself, as well as the mechanics behind it that would require devices such as motors to rotate the cube. The physical limitations of the cube would refer to the possible ways of manipulating the object in order to solve it, such as the corner pieces that cannot rotate and the edge pieces that cannot be flipped. The physical limits of the robot would inherit from the limitations of the cube as the robot could not make a move that the cube could not make, moreover solving this part of the problem would have to account for the physical limitations set by the devices such as the motors and the LEGO MINDSTORMS bricks that come in standard sizes.


[bookmark: _Toc7619790]1.2 Aims and Objectives
[bookmark: _Toc7619791]1.2.1 Aim
The aim of the project was to produce a robot that could solve the 3x3 Rubik’s Cube without user input.

[bookmark: _Toc7619792]1.2.2 Objectives
· Perform a literature review to investigate the Rubik’s cube and how to solve it manually and with a robot
· Create a physical robot with the necessary components to solve the Rubik’s cube using LEGO MINDSTORMS
· Write code that uses sensor information to find the configuration of the Rubik’s cube
· Create an algorithm that can solve the Rubik’s Cube


[bookmark: _Toc7619793]2 Literature Review
[bookmark: _Toc7619794]2.1 Rubik’s Cube
[bookmark: _Toc7619795]2.1.1 History of the Rubik’s cube
The Rubik’s cube is the invention of a Hungarian designer and professor of architecture named Ernő Rubik, who created the final prototype for the cube in 1974 as a teaching tool for his students to demonstrate a three-dimensional object that had blocks that could be manipulated independently of each other without falling to pieces, however this iteration of the cube did not look like the cubes we see today. [1][2][3]  The cube was still 3x3, but it was larger than modern Rubik’s cubes and was made of wood, it also had the corners cut down because of the size of the cube. Despite being the creator of the Rubik’s cube, Mr. Rubik was unable to solve his own cube after he finished the final prototype and thus spent over a month figuring out just how he could solve it. [bookmark: _Toc7537234]Fig 1 The 'Magic cube' final prototype next to the modern Rubik's cube

The Rubik’s cube, which was named Buvos Kocka (Magic Cube) until 1980, was unlike other objects at the time because of its ability to twist and turn without breaking, and as a result Rubik patented his puzzle in 1975 despite being in a communist country at the time, however his patent only extended to Hungary. 
In 1977 the first Magic Cube’s were released in small batches, starting in small shops in Budapest, donning the iconic colour scheme we see today. The only problem Rubik faced was that being in a communist country imports in and exports out of the country was controlled quite rigidly meaning it would be hard for Rubik to scale up production. The solution to this problem appeared in the form of a deal signed in 1979 with the international toy company named ‘Ideal Toys’ which allowed for a subversion of the iron curtain, that made distribution difficult, so the Magic Cube could be taken global. This deal happened as a result of a businessman name Tibor Laczi who took the cube to the Nuremberg Toy Fair, where it caught the eye of toy specialist Tom Kremer who convinced the Ideal Toys company to distribute the Magic cube. 
[bookmark: _GoBack]In the early months of 1980, the Magic cube was rebranded as the Rubik’s cube, to credit the creator Ernő Rubik, and was showcased at toy fairs around the globe. The introduction to the world stage required the Rubik’s cube to undergo some slight changes in order to fit the safety and packaging regulations of the Western world. The year of 1980 also saw the first method published by a man called David Singmaster detailing how to solve the cube layer-by-layer, which is still used by ‘speed cubers’ in competitions to this date. The new international Rubik’s cubes also featured a lighter design, which made solving times much quicker, which laid down the foundations for cube solving competitions.
The Rubik’s cube was an instant success, winning Toy of the Year in 1980 and 1981, with a staggering 100 million units sold in just its first three years on international shelves. The cube continued its sales success by tripling that figure to become the current best-selling toy of all time. The success of the Rubik’s cube also spawned a myriad of different methods for solving the cube as a result of its sheer difficulty that left many of the cubes unsolved. The most popular of the methods for solving the cube was the book released in 1981 named “You can do the cube” which was written by a 13-year-old schoolboy called Patrick Bossert. This guidebook had tremendous success itself, selling over 1.5 million copies, allowing many people to finally solve the cube for themselves.
[bookmark: _Toc7619796]2.1.2 How to solve the Rubik’s cube
[bookmark: _Toc7619797]2.1.2.1 Parts of the cube
 The cube consists of six coloured faces which are made up of 9 different tiles which are all the same colour if the puzzle cube is in its solved state and jumbled in an incoherent order in its unsolved state. The tiles are the faces of the cube that are coloured and visible to the puzzle solver. [bookmark: _Toc7537235]Fig 2 Diagram showing what a tile is

The different parts of the Rubik’s cube all have separate classifications and definitions that are useful to know. The first of which is a ‘cubie,’ which is used to denote the 27 small cubes that make up the Rubik’s cube. A cubie is the base classification; however, there are three different sub-classes of cubies, which are: 
Center cubies – This refers to the static centre cube found in the middle of every Rubik’s Cube face that only has one of its tiles showing.
Corner cubies – This refers to the to the corner cubes that have three visible tiles showing.
Edge cubies – This refers to the cubes that appear on the edge of the Rubik’s Cube, which each show two tiles.
[bookmark: _Toc7619798]2.1.2.2 Notation
To solve a Rubik’s cube, a standard notation is used that refers to specific moves that can be made. A standard move is classified as a rotation of 9 cubies that is 90 or 180 degrees, either in a clockwise or anti-clockwise direction on either of the three axes. For this reason, there is a total of eighteen unique moves however 6 of these moves require the rotation of middle layers of the cube which can be easier achieved through the manipulation of two of the outer layers instead. The basic notation has a base set of 6 letters which can be suffixed with an apostrophe to indicate a rotation in the anti-clockwise direction, or with the digit ‘2’ which indicates a 180-degree rotation (two rotations).[4][5][6]
The base letter as previously mentioned are the following:
L – Clockwise turn of the face to the left
R – Clockwise turn of the face to the right
U – Clockwise turn of the face on the top
D – Clockwise turn of the face on the bottom
F – Clockwise turn of the face at the front
B – Clockwise turn of the face at the back
[bookmark: _Toc7537236]Fig 3 Back (B)
[bookmark: _Toc7537237]Fig 4 Top (U)
[bookmark: _Toc7537238]Fig 5 Right (R)
[bookmark: _Toc7537239]Fig 6 Left (L)
[bookmark: _Toc7537240]Fig 7 Bottom (D)
[bookmark: _Toc7537241]Fig 8 Front (F)


Although it is not deemed as essential to the solving of a puzzle cube, basic notation for rotations of the whole cube also exist as utility moves that are used to make the solving of the Rubik’s Cube more efficient. Much like with the standard basic moves the utility moves can also be suffixed with the digit ‘2’ or an apostrophe.
The notation for these basic utility moves is as follows:
X – Clockwise rotation of the whole cube on the x axis (Right Face)
Y – Clockwise rotation of the whole cube on the y axis (Top face)
Z - Clockwise rotation of the whole cube on the y axis (Front face)[bookmark: _Toc7537242]Fig 9 The X, Y and Z axis on a Rubik's cube

As a rule, when using the utility notation, the X rotation of the cube itself must always be in either an anti-clockwise or clockwise direction in relation to the right face of the cube. Following on from this any rotations on the Y-axis must be a rotation in an anti-clockwise or clockwise direction in relation to the top face of the cube. Finally, rotating on the Z-axis must always be anti-clockwise or clockwise in relation to the front face of the cube.[7][6]
[bookmark: _Toc7619799]2.1.2.3 Limitations on solving the cube
The Rubik’s cube has physical and mathematical boundaries which limit the ways it can be solved, with the physical boundaries being intrinsically linked to the mathematical ones. On a 3x3 cube, there is a total of 8 corner cubies which could be arranged in 8 different ways; each of which could be arranged in 3 different orientations, this means there are 38 possibilities for the orientation of the corner pieces. There are also 12 of the edge cubies, which could be arranged in 12 different ways, each of these could also be arranged in 2 different orientations, meaning side cubies can have 212 orientation arrangements. However, it is important to remember that puzzle cube has physical boundaries regarding how each cubie can be manipulated, for this reason, ⅔ of the possible arrangements for corner cubies are invalid and are not possible without deconstruction of the puzzle itself, which would, of course, be an illegal move when solving the puzzle. In addition to this, “only ½ of the permutations have the same edge-flipping orientation as the original cube, and only ½  of these have the correct cubie-rearrangement parity”[8][9][6]. For this reason, a puzzle cube is limited to 43,252,003,274,489,856,000 valid arrangements (see below).

[bookmark: _Toc7537243]Fig 10 Formula showing the number of valid Rubik's cube arrangement

[bookmark: _Toc7619800]2.1.2.4 Methods of solving the cube
There are several methods that can be employed when trying to solve the cube, which can come under two different classifications: Beginner methods and Advanced methods.
2.1.2.4.1 Beginner method
The most common beginner method is known as the CFOP, otherwise known as the layer by layer method. This method solves the cube from top to bottom starting with the white face first and finishing with the yellow face. The picture below demonstrates the stages of completion when using this method. Although this method is for beginners the last two stages of are quite difficult and do require the learning of a long algorithm, unlike the first two stages that can often be worked out through common sense and puzzle solving and the third stage which only requires the knowledge of two short algorithms.[10]
[image: ]
[bookmark: _Toc7537244]Fig 11 Stages of CFOP solving method
Stage 1 – Solving the white cross
This stage is the easiest as it just requires the puzzle solver to put the white tile of the edge cubies next to the white centre cubie, whilst also aligning the coloured tile of the edge cubies with the matching centre cubie of that same colour.

Stage 2 – Solving the white face
Much like the previous stage, this is also easy and only requires the puzzle solver to manipulate the cube so that the white corner cubies align correctly with the tiles adjacent. There are also short algorithms to solve this part of the cube, that depend on the position of the corner cubie that is being moved. The position and algorithms are as follows:
[image: ]
[bookmark: _Toc7537245]Fig 12 Way to solve the cube at stage 2 CFOP

Stage 3 – Solving the second layer
This stage is harder because there is no clear way to orient the edge cubies in their appropriate position just by examining the cube; instead, there are two algorithms that can be used depending on the position of the cubie. The position and algorithms are as follows:
[image: ]
[bookmark: _Toc7537246]Fig 13 Way to solve the cube at stage 3 CFOP
Stage 4 – Solving the yellow Cross
This stage requires the puzzle solver to create a yellow cross. How this is done is dependent on how the puzzle cube looks after the previous stage.
It can be in one of four states, these are: 
· The Dot, which is the centre yellow cubie on its own
· The L, which is the centre yellow cubie with two yellow side cubies adjacent making an L shape
· The Line, which is the centre yellow cubie with two yellow side cubies that are next to opposing sides of the centre cubie
· The Cross, which is the centre yellow cubie with a yellow side cubie next to each of its side
The puzzle solver can traverse each state using the algorithms below.

[image: ]
[bookmark: _Toc7537247]Fig 14 Way to solve the cube at stage 4 CFOP
Stage 5 – Sune and Anti-Sune
This stage is only done if the previous stage does not result in all four yellow corner cubies facing up. Following from the last stage, there may be zero yellow corner cubies that are facing upwards, in which case an algorithm must be performed until there is a corner cubie in the desired position. The algorithm and desired position are as follows:
[image: ]
[bookmark: _Toc7537248]Fig 15 Way to solve the cube at stage 5 CFOP
Once the cube is orientated in the desired position, it can take one of two forms, these being Sune and Anti-Sune. The following positions and algorithms show how to manipulate the cube to advance to the final stage.
[image: ]
[bookmark: _Toc7537249]Fig 16 Way to solve the cube at stage 5 CFOP – Sune & Anti-Sune
Stage 6 – Finishing the puzzle
At this stage, the cube has 21 different states it could be in, with all but two being a cube with ‘headlights,’ which is when there are two corner cubies of the same colour on one side. The two other states are: The completed cube or one of the sides has a full bar of the top layer completed. The latter requires The U Permutation to be completed, which can be found below. If the cube is in any of the other 19 states, then the following algorithm should be performed with the ‘headlights’ facing away from the solver.
[image: ]
[bookmark: _Toc7537250]Fig 17 Way to solve the cube at stage 6 CFOP - Headlights
At this point the cube can be in five possible states, one of these is the solved state, and the other states have all the corner cubies in the correct position. Of the four unsolved states, two will have a full bar of the top layer completed, which means it requires the following algorithm to be performed while the full bar is at the back of the cube. Similarly, if the cube in one of the other two states then The U Permutation algorithm can also be used to get a full bar.[10] 
[image: ]
[bookmark: _Toc7537251]Fig 18 Way to solve the cube at stage 6 CFOP – The U Permutation
2.1.2.4.2 Advanced Method
The Advanced method is derived from the beginner method, as it is an advanced version of the CFOP method created by Jessica Fridrich. [11] This method is different to the beginner method as it requires the memorisation of a vast number of algorithms that are specific to each generalised state a Rubik’s cube can be in. The Advanced CFOP method is commonly used by ‘speedcubers’ and can allow for the cube to be solved in under 6 seconds; however, such speeds also require precise finger movements.
This method also only follows four steps, which are: 
· White Cross – This step creates the white cross like the beginner method, but it requires the foresight to see 7 moves ahead
· First two layers (F2L) - This step uses a technique that pairs the white corner cubies and second layer edge cubies, which optimises the beginner solution that usually requires 4x7 steps to complete
· Orient last layer (OLL) - This step solves the top yellow layer without matching the side colours, and requires the puzzle solver to memorize 57 algorithms 
· Permute last layer (PLL) - This last step matches the side colours and requires that a total of 21 algorithms are memorized
The picture below illustrates the four steps of solving the Rubik’s Cube using this method.
[image: ]
[bookmark: _Toc7537252]Fig 19 Stages of Advanced CFOP Method
 This method is not common among most people who try to solve the cube as it is less like a step-by-step way to solve the Rubik’s Cube and more like a bunch of memorised algorithms that are used by the solver to cycle through the different states of the cube. This has the advantage of taking shortcuts when solving the cube which is why it is so popular among ‘speedcubers’ when they are taking part in competitions.

[bookmark: _Toc7619801]2.1.3 Competitions
[bookmark: _Toc7619802]2.1.3.1 Human Competitions
As the Rubik’s cube spread, it was exposed to the competitive element of society that lead people to start solving the cube as fast as possible, something now known as ‘speed cubing.’ For this reason, just two years after its initial release (1982), there was the first Rubik’s Cube World Championship in the city of Budapest. The competition had 20 of the fastest speedcubers from 20 different countries coming together to compete in a Rubik’s cube solving race, with an American named Minh Thai completing the cube in a time of 22.95 seconds.[12]
After this competition, the popularity of the Rubik’s cube started to decline, and there was not the demand for competitions for two decades; however, in 2003, The World Cube Association (WCA) was formed, holding a competition in Canada that same year. This competition incurred the breaking of the world record twice, with a time of 16.71 seconds by Dan Knights, and a time of 16.53 seconds by Jess Bonde. Following this the competitions grew larger and larger and, in the year of 2004, the world record was dropped to 12.11 seconds by Shotaro Makisumi over the course of two separate competitions in which he beat the record a total of 4 times.[13] 
The next big event to happen in the world of speedcubing competitions was the historic breaking of the 10 second barrier in 2007, by Erik Akkersdijk with a time of 9.77, which was subsequently beaten by Ron Van Bruchem, who was one of the two founders of the WCA, with a time of 9.55 seconds.
The speedcuber Erik Akkersdijk shaved more time off the record by almost breaking the 7 second barrier with a time of 7.08 seconds, a record held for 854 days; which became the longest standing record only second to the record set by Minh Thai in 1982.
Rubik’s cube competitions hit their next big milestone on the 21st of November 2015, when the 5 second barrier was broken. A speedcuber, named Keaton Ellis, grazed the barrier with a time of 5.09 seconds, beating the newly set record by the American speedcuber, Collin Burns, who had just beat his previous record set in April that year with a time of 5.21 seconds. At the same competition as Keaton Ellis, the World Record was broken again, but this time the 5 second barrier was broken by Lucas Etter with a time of 4.90 seconds, which is the only official record under 5 seconds.
Since then, the world record has been broken further with the current reining speedcubing champion, Feliks Zemdegs, donning a time of 4.22 seconds.
[bookmark: _Toc7619803]2.1.3.2 Rules and Regulations
The WCA has a strict set of rules and guidelines dictating how competitions should be held, with their Regulation book spanning 20 articles. The most important of these is that the Rubik’s cube must be scrambled into an unsolved state using a computer-generated random scramble that ensures the cube is in a configuration that puts all competitors on a level playing field; once scrambled, the cube is not available for inspection, to ensure it is not filtered by the WCA delegates that organise the competition

[bookmark: _Toc7619804]2.1.4 Existing Robotic Systems
[bookmark: _Toc7619805]2.1.4.1 Non-LEGO Systems
The existing robotic systems for solving the Rubik’s Cube are more advanced than even the most talented speedcubers, with the record for the fastest solve being 0.38 seconds, a record set by Ben Katz, a mechanical engineering graduate student, and Jared Di Carlo, a third-year electrical engineering and computer science major at Massachusetts Institute of Technology (MIT).[14] The record was mainly a result of high quality motors and mechanical parts; however, it did use webcams to identify the different colours on the Rubik’s cube’s tiles. The webcams that were used were the PlayStation Eye cameras; however, these cameras had trouble when trying to distinguish between Red and Orange faces which prompted the inventors to change the orange face of the cube to a black colour.[15] The software involved in actually solving the Rubik’s cube is the min2phase algorithm, which as the name would suggest is a two phase algorithm that is an optimized version of Kociemba’s algorithm. The algorithm benchmarks at a speed of 0.633 milliseconds on the Intel Core i7-6700HQ CPU.[16] 
[image: ]
[bookmark: _Toc7537253]Fig 20 MIT Rubik's Cube solving robot
In addition to the robot created by the MIT students, there are other non-Lego robots that can solve the cube. One such robot is the Sub1 Reloaded, which was developed by Infineon, a German tech company. This robot uses one of the world’s fastest microcontrollers and only took 0.637 seconds to analyse the configuration of the cube, and subsequently solve the puzzle in just 21 moves.[17][18] Although it is not clear exactly what algorithm was used for this robot, what is certain is that the constructor, Albert Beer, designed an algorithm with speed in mind rather than one that would complete the cube in the fewest moves, which is a maximum of 20. This particular robot can be broken down into three key parts of the machine: The senses, which is the sensor camera that detects the colour of each tile; The brain, which is the AURIX™ microcontroller that calculates the fastest solution, transmitting the commands to the power semiconductors; and the muscles, which are the six motors on each side of the cube that are used to manipulate it.
[image: The machine, known as 'Sub1 Reloaded' and developed by German tech company Infineon, was aided by one of the world's most powerful microcomputersÂ ]
[bookmark: _Toc7537254]Fig 21 Sub1 Reloaded Robot
One of the most interesting non-LEGO Rubik’s cube solver concepts is the 3D-Printed Rubik’s Cube Robot (RCR3D), which as the name would suggest, is a robot with parts that are completely 3D printed aside from the required electronics.[18] The printing time for this robot is a staggering 70 hours, and it requires a whole spool of filament to print it in its entirety. This Robot uses the Raspberry Pi, which is a tiny portable computer, to calculate the method of solving the cube. The robot uses a bespoke Universal Windows Platform (UWP) application that is named ‘RubiksCubeRobot’, which controls the servos, the webcam, and the moving mechanical parts.
[image: http://www.rcr3d.com/images/rcr_front_back.jpg]
[bookmark: _Toc7537255]Fig 22 The 3D-Printed Rubik's Cube Robot

[bookmark: _Toc7619806]2.1.4.2 LEGO Systems
Lego Rubik’s Cube solving robots have existed as early as 2007, with the first NXT LEGO Rubik’s cube solver being made across the months of February, March, and April that year following the release of the Next generation (NXT) LEGO set in 2006.[19][20] This first iteration of a LEGO Rubik’s cube solver could solve the cube automatically, within a minute, using an IDA heuristic search algorithm, meaning it was a form of artificial intelligence. Much like Non-Lego systems the robot used a webcam to identify the colours of each tile of the cube as the LEGO Ev3 colour sensor had not yet been released with the 2013 Evolution 3 (Ev3) Lego set.
[image: https://robotics.benedettelli.com/wp-content/uploads/2013/09/lego-rubik-solver-new.png]
[bookmark: _Toc7537256]Fig 23 First LEGO Rubik's Cube solving robot
Another LEGO Rubik’s Cube solving robot that made big news, was the CubeStormer II, which was created in 2011, by Mike Dobson and David Gilday. The robot not only became the fastest Rubik’s Cube solving robot, but also the fastest Rubik’s Cube solver; all together with a solving time of 5.27 seconds, setting a Guinness World Record.[21][22] The staggering part of this feat is that, unlike human solvers, the robot’s solve time included the moments it needed to look over the cube and analyse the configuration of the cube.
One of the different variations of the Rubik’s cube solving robot is the BricKuber, which incorporates Lego parts and a Raspberry Pi parts. This solver was created as a DIY open source solver that people could replicate and program themselves; It is programmed using the Python programming language and uses a variant of the Kociemba algorithm to solve the Cube.[23] The solver is made up of three major parts: The cradle, to hold the Rubik’s cube; the shuffler, which is the arm used to turn the cube over; and the Camera arm, which holds the sensor used to identify the configuration of the cube. This Cube solver was inspired by the MindCub3r design for the EV3, which is an independent design that is also supposed to be a DIY kit. 
[image: https://32414320wji53mwwch1u68ce-wpengine.netdna-ssl.com/wp-content/uploads/2017/11/BricKuber-2-300x232.jpg]
[bookmark: _Toc7537257]Fig 24 The BricKuber



[bookmark: _Toc7619807]2.2 LEGO Mindstorms
[bookmark: _Toc7619808]2.2.1 Hardware
The most modern and up-to-date LEGO Mindstorms set is the Ev3 kit. This kit includes the Ev3 Intelligent Brick, which is the ‘brain’ of the robotic systems; Inside it has an ARM 9 processor that uses a Linux-based operating system.[24] The Brick has 16MB of flash memory to store programs, with an additional Mini SDHC card reader that can accept up to 32GB of memory. The brick also has four Input ports, for incoming information from sensors, and four output ports, for devices such as motors and displays.
[bookmark: _Toc7619809]2.2.1.1 Sensors
The LEGO Ev3 set comes with a colour sensor that can detect and identify eight different colours, including the detection of an absence of colour, such as black and white. In addition, the sensor can measure ambient light and reflected red light[25]. The sensor is suitable for identifying the different tiles of a Rubik’s cube because of its ability to differentiate between colours.
[bookmark: _Toc7619810]2.2.1.2 Motors
The motors that are included in the Ev3 Lego set come in two separate types, the first is the Ev3 Medium Servo Motor which is quite small and compact in design, with a fast rotation per minute speed of 240-250 RPM, which is significantly more than the other motor type[26][27]. The Ev3 Large Servo Motor is far bulkier and cumbersome compared with the other motor, however it has more than double the running torque and more than triple the stall torque of the other motor.
	EV3 Medium Servo Motor
	EV3 Large Servo Motor

	240-250 RPM
	160-170 RPM

	Running torque of 8 N/cm
	Running torque of 20 N/cm

	Stall torque of 12 N/cm
	Stall torque of 40 N/cm
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[bookmark: _Toc7619811]2.2.2 Software
[bookmark: _Toc7619812]2.2.2.1 Programming Languages & Operating Systems
EV3-G
This programming language is the default for programming the LEGO Mindstorms Ev3 Intelligent Brick, however, it is not like conventional line-based programming languages, it uses block-based programming much like the programming language Scratch.[28] This type of language is primarily aimed at children and young people who are coding basic programs, and therefore, the language is not particularly powerful and complex algorithms would be very difficult to program.
Intelligent Brick Operating systems
In order to use alternate programming languages to the default EV3-G language the Intelligent Brick needs to use a different operating system that can execute programs written with advanced programming languages. 
One such operating system is the ev3dev, which can run code written in many of the most popular scripting languages such as C, C++, Python and Java to name a few[29]; this means that much more powerful and complex programs can be written that contain complicated algorithms, such as the algorithms used to solve a Rubik’s cube. This Operating system is also Debian Linux-based, which means the extensive number of free Linux software packages would be available to use, moreover, the Operating system boots directly from the microSD card, which means that it doesn’t tamper with the already pre-installed firmware.
The other most popular operating system that is available is the MonoBrick operating system, which was created so that languages such as C# could be used to write executable code of the Ev3 Intelligent Brick.[30] This is possible because the MonoBrick Firmware uses an open source .Net framework that is called Mono. Much like the other operating system, MonoBrick also can boot directly from a microSD card, meaning that if a user wanted to switch back to the original firmware, they would only have to shut down the Intelligent Brick and remove the microSD card containing the MonoBrick Firmware. In addition to this Mono framework programs can be programmed using popular IDE’s such as Xamarin Studio or Microsoft Visual Studio
C
This language is one of the most common and widely used languages available, however it is limited in the fact that it has no support for object-oriented programming and instead supports procedural programming for code development.[31][32] For this reason, functions and data are treated as separate entities. This also means that polymorphism and inheritance are not features that are available when programming in this language, moreover there is also no encapsulation to ensure operators and data structures are used as intended. C is useful because it is a low-level language and thus can interact more intimately with a computer’s hardware, moreover, because of its ardent and widespread use among the programming community, it has a plethora of support and information about the language and how it’s syntax is most effectively used.
C++
This language is the improved version of C that has more features that aid in programming, the most important of which is object-oriented programming that allows data and functions to be encapsulated together in a single object, which means features like inheritance can be used.[33] With this said, C++ still supports procedural programming and as such is referred to as a hybrid language. C++ is special because it is still highly performant while also having the features expected in modern programming languages, which is why it is often referred to as an intermediate-level language, and it is because of this that it is used most commonly used for applications that need a fast execution time.
C#
This language is relatively new and was released in the year 2000 after development by Microsoft.[34] ] It is a modern object-oriented language that has a simple syntax that is easy to learn, it is also a high-level language and as such does not have the tools to interact closely with hardware, unlike C and C++.[35] C# is derived from the C programming language; however, it has many features that set it apart and make it an easier language to use, one such feature is ‘garbage collection’ which is automatic memory management that reclaims any memory that is being used by objects that have no further function in the program.[36][37] This language is also strongly typed, which means that the rules for typing up code are much stricter, this has an advantage in the fact that the results will be much more predictable and is far more likely to run as intended, avoiding programming errors that are common in weakly typed languages. Unlike with languages like C and C++, C# does not have global functions or variables; instead, everything is wrapped in classes, including simple types that inherit from System. Object class such as strings or integers. This language most closely resembles Java, borrowing many of its key concepts.
Java
Much like C#, Java is a class-based, object-oriented language, however, it is intended to be a multi-purpose language that follows the mantra of “Write once, run anywhere”, which means that Java applications that have been compiled can be run on any platform that supports Java without the need to recompile the code. [38][39] As mentioned previously, ‘garbage collection’ is a feature of Java as well, running the process on a low priority thread in order to maximise the performance by

offering memory that available on demand, unlike C and C++ that require explicit deallocation of memory which can cause safety problems if not done thoroughly throughout the program.[40][41] Java is most commonly used for client-server web applications and has a user base of an estimated 9 million, with 89% of desktops and 3 billion phones running the platform.[42] The language is typed statically and strongly, which has the benefits mentioned previously. Java is powerful because of its support for multithreading at a language level, this is so because of the Thread Class that is available in its language library which provides monitor and condition lock primitives.
Python
Python is a unique and modern language that is considered the starting point for beginners, it is used to write a myriad of programs from simple text processing, to interactive games.[43] It is an interesting language in that it does not need to be compiled before executing; instead, the interpreter processes the code at runtime; which also means that python can be interactive, meaning a user can interact with the interpreter to write programs using the Python prompt. Python uses a simple and easy to understand syntax that uses only a few keywords so that the language can be learned quicker; moreover, the source code for python is very clearly defined which makes it easy on the eyes.[44] Much like other languages, Python offers Object-oriented programming which means the availability of objects and classes. Within the python language, the data types are strongly and dynamically typed, which means that errors are easier to catch because exceptions are raised when, for example, incompatible types are mixed, such as attempting to add a boolean and a number.[45]

[bookmark: _Toc7619813]3 Research Methodology
[bookmark: _Toc7619814]3.1 Philosophy
The Philosophy that is being used for this project is positivism. This philosophy supports the perspective that observational knowledge acquired through the senses that is factual and includes measurement is the only knowledge that is trustworthy.[46] This philosophy would be appropriate because the project does not intend to investigate the interests of the researcher, rather it will be purely objective, meaning that the same project could be performed by a different researcher. This means that the project will work from previously known theories by collating facts and figures associated with the project and subject matter. For this reason, once complete, it will act itself as a theory from which knowledge, facts and figures can be extracted.[47]
[bookmark: _Toc7619815]3.1.1 Approach
The Approach being used for this project is the Deductive Approach. This approach is most suited for quantitative research – research that will produce empirical and unchanging data.[48] This approach would involve measuring the state and then acting upon that in accordance with what that state is. This approach would be suitable for this project as it has a foundation in the collection of research about the Rubik’s Cube, which will then be applied to create the Rubik’s Cube solving robot.
[bookmark: _Toc7619816]3.1.2 Strategies
The project will employ a myriad of different strategies to accomplish the targets and goals of the project. These are as follows:
· Software development – This strategy is the programming and production of an algorithm to solve the Rubik’s Cube
· Case Study – This strategy is the examination of the existent research relative to Rubik’s Cube solvers; it will be used to tease out the details of previous projects whilst also examining the data currently available
· Document Review – This strategy will build upon the data and information gathered by the Case study. It will examine the data, refine it and organise it, so that it is meaningful and applicable to the project 
[bookmark: _Toc7619817]3.1.3 Generalisability
Generalisability refers to how generalisable the final product will be – Whether it can be used to solve different problems. The final product will not be very generalisable as it is being created for a specific purpose – the solving of a Rubik’s Cube. However, the robot could be used to scramble a Rubik’s cube for solving, which is essentially just an inverse of its desired function.
[bookmark: _Toc7619818]3.1.4 Validity
The validity of the project refers to whether it is a good way to build a robot that solves a Rubik’s Cube. The subjective nature of what it means for a Rubik’s Cube solving robot to be ‘good’ means that the validity is vaguely defined and thus the only possible answer must be: maybe; this means that it has medium validity. 
[bookmark: _Toc7619819]3.1.5 Reliability
The reliability refers to whether the same results would be achieved if another researcher were to build a Rubik’s solving robot. It would be sensible to assume so because the philosophy and approach that would be used by the researcher would employ the same empirical data gathered from previous projects and theories. For this reason, the project would have good reliability.
[bookmark: _Toc7619820]3.1.6 What are your deliverables?
The deliverables for the project are the tangible objects that are produced through the project. They would be as follows:
· A working physical robot – A machine built out of Lego Mindstorms pieces and components that can physically manipulate a Rubik’s Cube
· An algorithm to solve the Rubik’s Cube – A programmed piece of code that can be executed that can calculate the moves require to convert a Rubik’s Cube into a solved state from its unsolved state 
[bookmark: _Toc7619821]3.1.7 Resources
The resources are things that need to be available to complete the project. The resources for the project are as follows:
· Lego Mindstorms EV3 set – These are the parts and components needed to build the robot
· Appropriate IDE – This the virtual environment needed to code the solving algorithm
· Research time – This is timeframe within which the project must be completed
· Access to supervisor for meetings – This is used to measure the progress on the project and acquire advice about the project
· A Rubik cube for testing – This is the object that is used to test the robot
· Access to research – This is the research available to the researcher, such as Journals, Books, Online sources, ect. 
[bookmark: _Toc7619822]3.1.8 Success criteria
The success criteria are how the success of the project will be measured. These Criteria will be derived from the MoSCoW Requirement. With the minimum viable solution being a Robot with the ability to solve the top layer of the Rubik’s Cu

will be a Robot that can solve both the Top and the Middle layer of the Rubik’s Cube. And the complete solution will be a robot with the ability to solve the Rubik’s Cube in its entirety, solving the Top layer, the Middle layer and the Bottom layer.
[bookmark: _Toc7619823]3.1.9 Risks
The project has risks associated with it. The first of which could be Resource-Based, more specifically the time available to complete the project. A lack of time to complete the project could mean that the project only achieves the intermediate, or even minimum viable, solution. This risk can be reduced, or even negated, using a project plan that outlines the stages of the project by which certain objectives must be achieved; this will mean the researcher will know whether they are on schedule for completing the project.
Another risk could be that the programming language being used, C#, is a language that is less familiar to the programmer and thus the programming stage of the development could take longer than the researcher anticipates. However, the programming language is specifically chosen because it is a high-level language which is arguably easier to program with.
The other risk worth mentioning is the physical parts – Is there enough Lego available to create the robot? This risk brings associated costs because if there is not sufficient Lego to build the robot then more Lego will have to be purchased to complete it; however, this risk is not disastrous as Lego parts are easily obtainable from online marketplaces and physical shops.
[bookmark: _Toc7619824]3.1.10 Plan of Action
The plan of action for the project is as follows:
1. Literature Review – A review of the literature relevant to Rubik’s Cube solving robots
2. System Requirements – The definition of requirements for both the hardware and software aspects of the project
3. Research Methodology – The establishment of the methodology that will be used to complete the project
4. Prototyping – The prototyping of a physical robot that can manipulate the Rubik’s Cube
5. Proof of Concept presentation – The presentation of the project to the supervisor for the project and an external verifier
6. Feature driven development – The modular programming of the robot’s features and refining of the physical robot
7. Testing – The testing of the physical robot and the functions of the robot’s algorithm 
8. Evaluation & Conclusion – The evaluation of the features of the Rubik’s Cube solving robot, including the conclusion written about the project
[bookmark: _Toc7619825]3.1.10.1 Testing
· Testing the colour recognition with the sensor and converting it to data about the cube
· Testing the algorithm that solves the cube
· Testing the functions that manipulate the cube

[bookmark: _Toc7619826]3.1.11 Project plan
[bookmark: _Toc7619827]3.1.11.1 Gantt chart
[bookmark: _Toc7430376][bookmark: _Toc7430816][bookmark: _Toc7440958][bookmark: _Toc7450853][image: ]
[bookmark: _Toc7537258]Fig 25 Gannt Chart


[bookmark: _Toc7619828]4 Development Methodology
The development methodology that has been chosen for this project is Feature Driven Development, which is a form of Agile development. Because of the cohesive nature of the physical robot and the software running on it, feature driven development will be used for both.
This methodology would be the most effective to use because it would allow for the project to be built up, rather than assembled, which means that the project can be done in a modular fashion thus breaking up the tasks into more achievable chunks. Moreover, this means that there will always be a functional part of the project that is deliverable, which could be compared to the requirements of the project. This method also protects against stagnation in the development process that would hinder future progress; instead, a separate feature could be developed in the meantime if a certain feature was proving difficult to develop. This also means that the project could be executed in a methodical way; firstly the ‘Must have’ requirements would be developed, and then following that the next most important requirements would be developed, which is something known as MoSCoW.
The consequence of this would be a functioning deliverable at any stage of the project, meaning that it would be far easier to pivot the scope of the project to be more coherent with the state of the project, rather than reaching a dead end and having no way to start over.

[bookmark: _Toc7619829]4.1 MoSCoW Requirements
[bookmark: _Toc7619830]4.1.1 Hardware – Physical Robot
[bookmark: _Toc7619831]4.1.1.1 Must
· Must be able to manipulate the active face of the cube 
· Must have a colour sensor, to identify the colours of the cube
[bookmark: _Toc7619832]4.1.1.2 Should
· Should be able to rotate the cube to select the active face
[bookmark: _Toc7619833]4.1.1.3 Could
· Could play music/sound once the cube has been solved
[bookmark: _Toc7619834]4.1.1.4 Won’t
· Won’t solve at high speed 
· Won’t Manipulate individual cubies
· Won’t manipulate more than one layer at a time

[bookmark: _Toc7619835]4.1.2 Software - Algorithm
[bookmark: _Toc7619836]4.1.2.1 Must
· Must identify and store the configuration of the cube from the input device
· Must solve the white cross
· Must solve the white face (first layer)
· Must solve the second layer
· Must solve the yellow cross
· Must provide appropriate commands to hardware to rotate face
· Must identify colours of tiles based on sensor signals
[bookmark: _Toc7619837]4.1.2.2 Should
· Solve the Sune/Anti-Sune state
· Solve the yellow face (last layer)
[bookmark: _Toc7619838]4.1.2.3 Could
· Could produce verbal output explaining the current state of the solving process
[bookmark: _Toc7619839]4.1.2.4 Won’t
· Solve the cube in the maximum 20 moves

[bookmark: _Toc7619840]5 Design & Implementation Timeboxes
[bookmark: _Toc7619841]5.1 Time box 1
Date – 31st January 2019
Duration – 8 Days
Completion Date – 8th February
[bookmark: _Toc7619842]5.1.1 Features
· Built Rubik’s Cube Cradle
· Tested Rubik’s Cube Cradle
· Built a mock up part of the Rubik’s Cube Shuffler
[bookmark: _Toc7619843]5.1.2 Design and Implementation
Final Cradle design in motion – https://www.youtube.com/watch?v=YxYXX2LehS8
Final Cradle design (gears) - https://www.youtube.com/watch?v=RQ9bjEmptkw
The design for the cradle had a width and length of ten studs by ten studs, and a height of four studs. This meant that the space that held the cube was eight studs by eight studs, and the barrier surrounding the cube was three studs in height. This design choice was made as it allowed the cube room to move about in the Cradle enough for it to be flipped over whilst also being tight enough that the bottom two layers of the cube could be rotated when its top section was held in place. The bottom of the Cradle also had a large cog attached to the bottom, this was because smaller cogs could be used in conjunction with the large one to allow for a slow rotation speed that would allow for a more precise and controlled rotation of the cube in the Cradle.
[image: ]
[bookmark: _Toc7537259]Fig 26 First Cradle design (gears)

[image: ]
[bookmark: _Toc7537260]Fig 27 Second cradle

[image: ]
[bookmark: _Toc7537261]Fig 28 Final Cradle design

[bookmark: _Toc7619844]5.1.3 Evaluation
The first iteration of the cradle module sufficiently held the Rubik’s cube using a ten by ten stud design that was three studs in height. This design allowed limited movement within the cradle which would be required when using the shuffler arm to flip the Rubik’s cube. The problem with this first iteration was that the speed at which the cradle rotated was quite quick, which made it difficult to control and orientate the cube in the right place. For this reason the second iteration used a two gear system that would make the rotation slower, which it did, however, the speed was still too quick and volatile which prompted the use of a third gear to slow the rotation to a reasonable, more controllable, speed. 
The mock up part of the shuffler was also created to test the rotation and found that the cube sometimes got stuck on the centre part of the cradle when the cube was flipped using mock up part of the shuffler, however these tests were done whilst holding the mock up part of the shuffler and thus the results may be different from a test using just Lego and motors.
[bookmark: _Toc7619845]5.1.4 Features Completed
· Built Rubik’s Cube Cradle
· Tested Rubik’s Cube Cradle
· Built a mock up part of the Rubik’s Cube Shuffler

[bookmark: _Toc7619846]5.2 Time box 2
Date – 8th February 2019
Duration – 6 Days
Completion Date – 14th February
[bookmark: _Toc7619847]5.2.1 Features
· Built Rubik’s Cube Shuffler
· Tested Rubik’s Cube Shuffler
· Tested functions of Rubik’s Cube Shuffler and Cradle Together
[bookmark: _Toc7619848]5.2.2 Design and Implementation
Shuffler malfunction - https://www.youtube.com/watch?v=5cDo6C9EfbE
The design for the shuffler used a very similar design to the LEGO Mindcubr design; this is because that design worked very effectively at both flipping the cube and holding the cube in place so it could be rotated. In addition, the design allowed for the Shuffler to be in a position where it was pointed upward and out of the way of the cube, thus allowing space for the Eye component to scan the top face of the cube.
[bookmark: _Toc7619849]5.1.3 Evaluation
This part of the design process was tricky because the motion needed to use the Shuffler to flip the cube was difficult to perfect. The first iterations of the design were constructed from scratch and had a motion that was far too violent as to precisely flip the cube, even ripping itself apart in the process in the initial testing. Moreover, these tested showed a weakness in the Cradle – that the heavy movement of a Rubik’s Cube to one of its sides would compromise the structural integrity.
Conceding that ‘from scratch’ designs were fruitless, the design for the Mindcubr, The official LEGO Rubik’s Cube solving robot, was analysed. This design used a similar structure for the front of the shuffler, the part holding and touching the Rubik’s cube; however, it has a different design when it came to the back end, the part connected to the motor. Using the already established front end, the back end was incorporated into the design and attached the Robot’s Chassis.
[bookmark: _Toc7619850]5.1.4 Features Completed
· Built Rubik’s Cube Shuffler
· Tested Rubik’s Cube Shuffler
· Tested functions of Rubik’s Cube Shuffler and Cradle Together
[bookmark: _Toc7619851]5.1.5 Features Incomplete
· Need to rework the Cradle so the Cube doesn’t Jam
· Need to rework the shuffler so that it doesn’t pull itself off of the chassis

[bookmark: _Toc7619852]5.3 Time box 3
Date – 14th February 2019
Duration – 7 Days
Completion Date – 21st February
[bookmark: _Toc7619853]5.3.1 Features
· Built Rubik’s Cube Eye
· Tested Rubik’s Cube Eye
· Reworked the design of the Rubik’s Cube Shuffler & Cradle
[bookmark: _Toc7619854]5.3.2 Design and Implementation
Shuffler Functional - https://www.youtube.com/watch?v=OJ2EPNSEXGY
Eye Mechanism - https://www.youtube.com/watch?v=XGseYHpUoJg
All Mechanisms functional - https://www.youtube.com/watch?v=ZWpXTJv76KQ
The Rubik’s Cube eye makes use of a medium servo motor. This type of motor was used because it is more compact compared with the large servo motor. The eye works by activating the medium motor. When it is rotated the Lego technic piece moves up or down; this up or down movement then pulls the scaffold that holds the colour sensor backwards or pushes the scaffold forwards. This allows the eye to be repositioned to read the tiles of the Rubik’s cube.
[image: ]
[bookmark: _Toc7537262]Fig 29 Rubik’s Cube Solver Eye
[bookmark: _Toc7619855]5.3.3 Evaluation
This design is effective as it can be easily positioned over each tile when it has had the appropriate manipulation performed by the cradle and the shuffler. The design does have a slight flaw; however, the flaw has proved to be somewhat useful. The

close to the cube, which means it is hit by the shuffler when the cube is being flipped. This can be seen as a positive because it allows for the shuffler to be guided onto the top of the Rubik’s cube when it is performing the flipping motion. The design is a bit flimsy, but thus far when testing it, there have not been any problems with movement.
[bookmark: _Toc7619856]5.3.4 Features Completed
· Built Rubik’s Cube Eye
· Tested Rubik’s Cube Eye
· Reworked the design of the Rubik’s Cube Shuffler & Cradle
[bookmark: _Toc7619857]5.3.5 Features Incomplete
· Cube eye working but flimsy design – design could be improved.


[bookmark: _Toc7619858]5.4 Time box 4
Date – 21st February 2019
Duration – 7 Days
Completion Date – 28th February
[bookmark: _Toc7619859]5.4.1 Features
· Finding appropriate firmware for the cube
[bookmark: _Toc7619860]5.4.2 Design and Implementation
The firmware that was chosen to replace the standard EV3 firmware is a firmware called MonoBrick, which was mentioned in the literature review. This firmware was suitable as it allows the use of an object-oriented language that the developer was familiar with – C#. This means that the programming should be relatively easy because of the extensive previous knowledge of the syntax. 
[bookmark: _Toc7619861]5.4.3 Evaluation
The firmware was successfully installed onto the brick using a microSD card and booted on the brick without any problems. A suitable IDE, Visual Studio 2017, was also installed that synergized well with the firmware and language being used; this means that the programming side of the project can begin.
[bookmark: _Toc7619862]5.4.4 Features Completed
· Installed firmware and appropriate IDE
[bookmark: _Toc7619863]5.4.5 Features Incomplete
· Firmware installed


[bookmark: _Toc7619864]5.5 Time box 5
Date – 28th February 2019
Duration – 7 Days
Completion Date – 7th March
[bookmark: _Toc7619865]5.5.1 Features
· Attempt at programming the brick
[bookmark: _Toc7619866]5.5.2 Design and Implementation
At this stage in the development the programming on the brick started. The goal for this week was to get a feel for programming the hardware functions of the EV3, such as the colour sensor, the motors and the brick’s display. Using online resources to learn the Monobrick syntax attempts to print to the brick’s display were made, however there were problems with the firmware that did not allow for the program on the computer to transfer onto the brick.
[bookmark: _Toc7619867]5.5.3 Evaluation
The firmware seemed to be having compatibility issues with the software being used to program and transfer the program to the brick to execute; this also meant that the code could not be tested to see if it accurately used the Monobrick syntax, and thus could not be refined.
[bookmark: _Toc7619868]5.5.4 Features Completed
· None
[bookmark: _Toc7619869]5.5.5 Features Incomplete
· Firmware wouldn’t work as intended – fix needs to be found 

[bookmark: _Toc7619870]5.6 Time box 6
Date – 7th March 2019
Duration – 7 Days
Completion Date – 14th March
[bookmark: _Toc7619871]5.6.1 Features
· Fix problems with firmware
· Execute program on brick
[bookmark: _Toc7619872]5.6.2 Design and Implementation
The firmware was further researched to find fixes to the problem where a program cannot transfer to a brick. A software package, WinSCP, was downloaded that allowed for the movement of programs to the brick in a more unconventional way that did not involve the IDE. This would allow programs to be shifted from the computer to the brick; however, the glaring problem was the inability to debug the code without manually putting it on the brick.
[bookmark: _Toc7619873]5.6.3 Evaluation
Although the software package did work when transferring the program to the brick the programs themselves would not execute on the brick and produced a blank screen when executed. This meant there was a problem with the code or firmware that stopped the program from working as it should as the motors would not respond either.
[bookmark: _Toc7619874]5.6.4 Features Completed
· None
[bookmark: _Toc7619875]5.6.5 Features Incomplete
· Programs will not execute on the brick – shows a blank screen, new firmware needs to be found


[bookmark: _Toc7619876]5.7 Time box 7
Date – 14th March 2019
Duration – 7 Days
Completion Date – 21st March
[bookmark: _Toc7619877]5.7.1 Features
· Research new firmware
· Install new firmware
· Install new IDE
[bookmark: _Toc7619878]5.7.2 Design and Implementation
After finding that the Monobrick firmware was not working properly other options were explored. In the literature review, a separate firmware was identified as something that could be used, this was called Ev3Dev. This firmware seemed like a logical choice as it allowed programming in a variety of different languages and had a lot of online support, more so than Monobrick. The problem is that it does not support the C# programming language and thus another programming language must be used. This means there will be a pivot in plans and the Python language will be used. This language seems like the most logical choice because it has a very simple syntax and thus it should be easy to learn from scratch; moreover, the IDE support is much more substantial than the support for C# and Monobrick. It works in tandem with a programming IDE called Visual Studio Code, which is great for writing Python scripts and has a user interface that is easy to navigate and use. A template for the code was found from an online source provided on the Ev3Dev website that allowed for an easy setup for the Python script.
[bookmark: _Toc7619879]5.7.3 Evaluation
The firmware was installed in the same fashion as the previous firmware, using a microSD. The firmware booted properly and was connected to the PC through a connection plugin that was installed to the Visual Studio Code IDE. The code template that had been downloaded was used to set up the Python script so it could be used with the Ev3 hardware. The phrase ‘Hello, World!’ was coded so it would print on screen and at runtime was displayed on the screen of the Ev3 brick.
[bookmark: _Toc7619880]5.7.4 Features Completed
· Installed new firmware
· Installed new IDE
· ‘Hello, World!’ successfully displayed on the brick’s screen
[bookmark: _Toc7619881]5.7.5 Features Incomplete
· None


[bookmark: _Toc7619882]5.8 Time box 8
Date – 21st March 2019
Duration – 7 Days
Completion Date – 28th March
[bookmark: _Toc7619883]5.8.1 Features
· Create a function that will identify the colour of a Rubik’s Cube tile
[bookmark: _Toc7619884]5.8.2 Design and Implementation
The first part of the code is the functions associated with identifying the colour of the individual tiles of the cube. To do this there are several classes that can be used. The simplest of these are the classes ‘color’ and ‘color_name’. Using the ‘color’ class returns an integer value that represents the colour, such as 2 for Blue and 6 for White. The ‘colour_name’ class returns a string that represents the colour – namely the name of the colour. The color_name class will be chosen to be used in the code because if it is stored as a string the Ev3 sound function can be used to read out the name of the colour when it has been identified by the sensor. The colour sensor is imported from the ev3Dev library using the following lines of code:
from ev3dev2.sensor import INPUT_3
from ev3dev2.sensor.lego import ColorSensor

The colour is read as follows:
# reads colour
    colour = eyeSensor.color_name
[bookmark: _Toc7619885]5.8.3 Evaluation
The classes that were implemented did not work as intended. There was an error that occurred where blue would be identified as green, yellow as brown, orange as red, and white as yellow. For this reason, the sensor readings were inaccurate and couldn’t be used in a program attempting to solve the cube. The conclusion that was drawn was firstly, a new Rubik’s cube needed to be purchased that showed the colours clearly, and secondly; the colours that would not read correctly must be identified through some other means – the use of the classes that detect RGB values.

[bookmark: _Toc7619886]5.8.3.1 Testing
	Function of code 
	Test Performed
	Expected Result
	Actual Result

	Read tile colour
	Display the colour read on screen
	Correct colour is displayed
	Incorrect colour was displayed



[bookmark: _Toc7619887]5.8.4 Features Completed
· None
[bookmark: _Toc7619888]5.8.5 Features Incomplete
· The function designed to identify colours would not work

[bookmark: _Toc7619889]5.9 Time box 9
Date – 28th March 2019
Duration – 7 Days
Completion Date – 4th April
[bookmark: _Toc7619890]5.9.1 Features
· Create a function to read the colour tiles of a Rubik’s cube face
[bookmark: _Toc7619891]5.9.2 Design and Implementation
Eye reading colour configuration - https://www.youtube.com/watch?v=H-3BM1uLr8w
Following the failure of the colour detection from the previous week a different approach will be employed. The classes ‘red’, ’green’ and ‘blue’ can be used to find the specific RGB values for the colours that couldn’t be identified by the ‘color_name’ class. This will be done by checking if firstly the value using the color_name class which only has a problem differentiating colours high in RED on the new cube. These colours are Red, Orange and Yellow. If the colour is identified as Red or Brown, then a separate function will be called to check the colour. This function will call 3 separate functions one to check if it’s red, one to check if it’s orange, and one to check if the colour is yellow. These functions will work by comparing the RGB values to a range of RGB values coherent with the colour.
This comparison is performed as follows, where ‘red’ is the Red RGB value from the sensor:
#Checks R channel is in the correct range for the colour red
    if 90 <= red <= 250:

The Red RGB value is read as follows:
red = eyeSensor.red  # reads red value

In addition to this, the class for the cradle and the eye motor will be used so as to rotate the Rubik’s cube after a tile has been read and adjust the position of the sensor to read all of the tiles. The center tile will be read first, then the sensor will pull back and read the edge tile, then the cradle will rotate 45 degrees, the sensor pull back slightly to read the corner tile, followed by the cradle rotating 45 degrees again. This is repeated another 3 times each time adding the result to the array.
The movement of the sensor (eye) and cradle are as follows:
#Positions sensor to adequately scan a corner tile
def positionCorner(eyeMotor, cradle):
    # Half rotation of the cube
    cradle.on_for_rotations(SpeedPercent(30), 0.625)
    # Reposition eye sensor to read corner tile
    eyeMotor.on_for_degrees(SpeedPercent(5), 10)

#Positions sensor to adequately scan an edge tile
def positionEdge(eyeMotor, cradle):
    # Half rotation of the cube
    cradle.on_for_rotations(SpeedPercent(30), 0.625)
    # Reposition eye sensor to read edge tile
    eyeMotor.on_for_degrees(SpeedPercent(5), -10)

The primary function will pass in the array coordinates needed for each tile position as follows:
# Center
    tileX = 1
    tileY = 1
    readTileColour(eyeSensor, eyeMotor, face, tileX, tileY)

The colour identified would then be added to the array as follows:
array[face][tileX][tileY] = colour

The data structure for the array is as follows:	Array [COLOUR] [x] [y]
[image: ]
[bookmark: _Toc7537263]Fig 30 Array Structure

The array will be declared as a global variable so that it can be accessed and changed from any part of the program.
[bookmark: _Toc7619892]5.9.3 Evaluation
This code worked effectively; however, there were some problems relating to lighting. The varying light conditions had a knock-on effect on the RGB values of the tiles, which then had an effect on the accuracy of the RGB ranges used. The code was tested by identifying the colour and then using the screen to display the colour that had just been read. 
[bookmark: _Toc7619893]5.9.3.1 Testing
	Function of code 
	Test Performed
	Expected Result
	Actual Result

	Rotate cradle
	Called function to rotate 90 degrees
	Cradle rotates 90 degrees
	Cradle rotated 90 degrees

	Move eye
	Called function to rotate 30 degrees
	Eye moves from centre position to edge position
	Eye moved from centre position to edge position

	Read tile colour
	Display the colour read on screen
	Correct colour is displayed
	Correct colour was displayed



[bookmark: _Toc7619894]5.9.4 Features Completed
· Created a function to read the colour tiles of a Rubik’s cube face
[bookmark: _Toc7619895]5.9.5 Features Incomplete
· Function does not read all of the faces – Function involving the shuffler needed

[bookmark: _Toc7619896]5.10 Time box 10
Date – 4th April 2019
Duration – 7 Days
Completion Date – 11th April
[bookmark: _Toc7619897]5.10.1 Features
· Function that reads the colours of every face on the cube
[bookmark: _Toc7619898]5.10.2 Design and Implementation
A function essential to the reading of all faces on the cube is the functionality of the shuffler and its ability to flip the cube. The function for the flipping of the cube will consist of two other functions and will use a variable that represents the number of flips so the two functions can be called in a loop so as to flip the cube a number of times. The first function will rotate the motor at an appropriate speed so as to lock the shuffler arm over the Rubik’s cube. The second function will then rotate the motor again which will pull the Rubik’s cube backwards, this rotation will complete the full rotation so that the shuffler arm is, once again, in the default position. These actions can be performed using the following code:
shuffler.on_for_rotations(SpeedPercent(30), 0.35)

The loop for the primary function would appear as follows:
while numFlips > 0:

        shufflerLock(shuffler)
        time.sleep(1)
        shufflerPull(shuffler)
        time.sleep(1)

        numFlips = numFlips - 1

Global variables will be used for colours so that the number that represents the colour in an array can be accessed at any time by just writing the name of the colour.
WHITE = 0
YELLOW = 1
ORANGE = 2
RED = 3
GREEN = 4
BLUE = 5

To read the face of each cube the function created in the previous week would be called for each side in a format as follows:
#Reads First Face
    positionCenter(eyeMotor)
    face = WHITE
    readFace(eyeSensor, eyeMotor, cradle, face)
    positionDefault(eyeMotor)
    flipCube(shuffler, 1)

Following the net for the cube the white face would be read first, followed by the orange face, then the yellow, then the red. After this, the cube would be rotated 90 degrees and flipped to read the green face, followed by two flips of the cube and then the blue face would be read. After this, the appropriate operations would be performed on the cube so as to return it to the position with white at the top and orange at the front.
In addition to this, a function was created to convert the colour name to a single character ID so that after a face is read the colour of the tile can be printed on screen to ensure the right colours have been read and added to the array.
This would appear as follows:
if colour == 'Red':
        colour = 'R'

The printing of the array would appear as follows:
print(array[face][0][0], array[face][0][1], array[face][0][2])
print(array[face][1][0], array[face][1][1], array[face][1][2])
print(array[face][2][0], array[face][2][1], array[face][2][2])


[image: ]
[bookmark: _Toc7537264]Fig 31 – Shuffler in locked position

[bookmark: _Toc7619899]5.10.3 Evaluation
The code worked as intended and allowed for every face of the cube to be read, given there was a ‘perfect’ run. It was not without problems, however, as the flip function was temperamental and prone to failure because the motor started pulling the shuffler off of the main chassis of the robot. For this reason, the shuffler needs to be more securely attached to the chassis of the robot. In addition to this, on occasion, the cube would be misaligned in reference to the sensor and thus the colour could not be read correctly; this is down to the lack of precision that can be achieved with the LEGO technic pieces because each stud is a set distance apart from its adjacent studs. With this said, adjustments can be made to the code so as to minimise these errors, such as slight adjustments to the position of the eye.
[bookmark: _Toc7619900]5.10.3.1 Testing
	Function of code 
	Test Performed
	Expected Result
	Actual Result

	Flip cube x number of times
	Called flip cube function where x = 1
	Cube will flip once
	Cube flipped once (Majority of the time when test was performed)

	Reads the face of a cube
	Called ReadFace function 
	Cube configuration will print on screen
	Cube configuration was printed on screen



[bookmark: _Toc7619901]5.10.4 Features Completed
· Created a function that reads the colours of every face of the cube.
[bookmark: _Toc7619902]5.10.5 Features Incomplete
· Flip function is temperamental – physical component needs to be held together more firmly
· Colour detection sometimes incorrect – adjustments to the colour reading functions need to be made to minimise this error



[bookmark: _Toc7619903]5.11 Time box 11
Date – 11th April 2019
Duration – 7 Days
Completion Date – 18th April
[bookmark: _Toc7619904]5.11.1 Features
· Function that solves the white cross of the cube
· Fix flip function so it is consistent
· Minimise errors with colour detection
[bookmark: _Toc7619905]5.11.2 Design and Implementation
White cross being solved (manual input) - https://www.youtube.com/watch?v=DbVnbcFnd0Q
The first feature that needs to be addressed is the flip function. The stability of the shuffler can be improved through the use of electrical tape to hold down the part that keeps pulling loose.
The other problem to address is the errors that can occur with colour detection. A way to minimise the errors could be by adjusting the eye by moving it slightly forwards so it can definitively read the tile it is supposed to be reading; this would be done by creating a function that executes IF the colour that is read is ‘Black’ or ‘NoColor’.
This would be done as follows:
elif colour == 'Black' or 'No Color':
        print('error reading colour')
        eyeMotor.on_for_degrees(SpeedPercent(5), 2)
        colour = eyeSensor.color_name
        eyeMotor.on_for_degrees(SpeedPercent(5), -2)

The final feature that must be addressed is the function that is used to solve the white cross of the cube. For each position of a white edge piece, there must be a corresponding algorithm; this means that in order to optimise the function, it should be generalisable for each of the side faces (Not white or yellow). For this reason, the data structure should be slightly changed so that the Red face is read in the same orientation as the other faces. This means the data structure would be as follows:
[image: ]
[bookmark: _Toc7537265]Fig 32 Array structure (after redesign)
The ReadFace function would also be slightly adjusted, so the red face is rotated 180 degrees before scanning, and then rotated 180 degrees after scanning so the function can continue the same as it did previously.
To solve the white cross there must be a function that allows the shuffler arm to revert to an unlocked position without flipping the cube; this would be done by inverting the lock function as follows:
shuffler.on_for_rotations(SpeedPercent(30), -0.35)

The primary function for solving the white cross would call the secondary function once for each different face (Orange, Green, Red & Blue), passing the colour face. This would be done in a loop until it is verified that the white cross has been solved.
Each colour that is passed through would have a different colour face to the left and right of it, and a different X and Y for the connecting the White and Yellow edges respectively. For this reason, IF statements would be required to set these as variables so they can be used. This would appear as follows:
if faceColour == RED:
        right = 5
        left = 4

        whiteX = 1
        whiteY = 0
        yellowX = 1
        yellowY = 2

In addition to this, if the algorithms are to be generalisable then the front face should always be the colour that is passed, therefore, there should be an IF statement that is used to call the rotation function the appropriate number of times so that the colour that is passed appears at the front. An example of this in code would be: 
if faceColour == GREEN:
        rotateCradle(cradle)

When solving the white cross there are 4 possible places the white edge can occur where the white edge is next to the front centre tile. These positions are at the top centre, centre left, centre right and the bottom centre. The simplest algorithm is when it is placed at the top centre. This has the Notation U’, R’, U, F’. For this reason, it will be the base algorithm, and thus the base function. Other functions will just rotate the front face so that the white is in the top centre position and then the base function is called. This will make up algorithm set 1.
The algorithm will be designed in this way:
· Cube is flipped twice, so the white face is on the bottom
· U Notation
· Shuffler arm is locked
· Cradle rotates 90 degrees Clockwise - rotates the white face 90 degrees anti-clockwise
· Shuffler arm is unlocked
· Cradle rotates 90 degrees, so the right face is at the back
· Cube is flipped, so the right face is on the bottom
· R’ Notation
· Shuffler arm is locked
· Cradle rotates 90 degrees Clockwise - rotates the right face 90 degrees anti-clockwise
· Shuffler arm is unlocked
· Cube is flipped thrice so the white face is on the bottom
· U Notation
· Shuffler arm is locked
· Cradle rotates 90 degrees Anti-Clockwise - rotates the white face 90 degrees clockwise
· Shuffler arm is unlocked
· Cradle rotates 90 degrees, so the front face is at the back
· Cube is flipped once, so the front face is on the bottom
· F’ Notation
· Shuffler arm is locked
· Cradle rotates 90 degrees Clockwise - rotates the front face 90 degrees anti-clockwise
· Shuffler arm is unlocked
· Cube is flipped once, so the white face is at the top
The IF statements for when the white edge is the same side as front centre tile and connected to the front edge will be structured as follows:
if array[faceColour][1][0] == WHITE and array[WHITE][whiteX][whiteY] == faceColour:

Algorithm set 2 is for instances where the white edge is a different side to front centre tile, but it is connected to a front edge that is adjacent to the front centre tile. In this situation, one of the four positions it can be in is the solved state for the white edge, therefore, an algorithm is not required.
Each algorithm in this set requires the cube to be flipped so the front face is at the bottom, followed by a locking of the shuffler arm. The appropriate number of rotations performed to place the white edge on the white face, followed by an unlock of the shuffler arm, and finally, a single flip of the cube so white is back at the top and the front face is facing the front.
For this algorithm set the structure is as follows:
elif array[faceColour][1][2] == faceColour and array[YELLOW][yellowX][yellowY] == WHITE: 

The second array can also be left or right instead of YELLOW.
Algorithm set 3 is for configurations where the white edge is the same side as the front centre tile, but the edge it is connected to is different to the front centre tile. This algorithm is different from the others as it is passed the colour of the edge that is different to the centre tile.
Much like with Algorithm set 1 there will be a base algorithm. Firstly, the function would rotate the front so that the edge was at the bottom of cube – coloured edge adjacent to the yellow centre tile. An IF statement would then be used to determine whether the different colour edge is the same as the right, left, or back centre tile. Based upon this a different operation would be performed so as to put the white edge in a position where it can be operated on by Algorithm Set 1.

Algorithm set 4 is the same as Algorithm set 3 in terms of the moves that would be performed on the cube. The only difference is it would be called when different conditions were met and passed different values, namely where a coloured edge is the same side as the front centre tile of a different colour, but the edge it is connected to is a white edge. This algorithm is used to place the white face in the correct position to be operated on my Algorithm set 2.
After the algorithms were performed, an IF statement would then be used to revert the front face to orange.
After this an IF statement would be used to check if the white tile for the front face has been solved, returning a 1 if so, and a 0 if not.
This will correspond with the loop in the primary function which will not exit until a 1 has been returned for every face – when the white cross has been solved.
[bookmark: _Toc7619906]5.11.3 Evaluation
The secondary function allows for the configuration of a face to be checked, with a tertiary function being called to execute an algorithm based upon the result. The primary function allows for the White cross to be solved by sequentially passing each face colour to the secondary function. Based upon the return from that function it can be determined whether the white cross has been solved or not. The problem with this is that there are not any functions to perform the manipulation of the values in the arrays and thus the functions cannot be performed outside of the test harness, using the values read in by the eye.
[bookmark: _Toc7619907]5.11.3.1 Testing
	Function of code 
	Test Performed
	Expected Result
	Actual Result

	Perform White cross algorithm (set 1 – front right white position)
	Called algorithm to move white edge from position on front to solved position in the main (like a test harness)
	White edge will be moved to the solved position 
	White edge was moved to the solved position

	Perform White cross algorithm (set 2 – front right connected to white position)
	Called algorithm to move white edge from position on side to solved position in the main (like a test harness)
	White edge will be moved to the solved position
	White edge was moved to the solved position

	Perform White cross algorithm (set 3 – front right white position)
	Called algorithm to move white edge from position on side to solved position in the main (like a test harness)
	White edge will be moved to a position that can be solved by algorithm 1
	White edge was moved to a position that can be solved by algorithm 1

	Perform White cross algorithm (set 4 – front right connected to white position)
	Called algorithm to move white edge from position on side to solved position in the main (like a test harness)
	White edge will be moved to a position that can be solved by algorithm 2
	White edge was moved to a position that can be solved by algorithm 2



[bookmark: _Toc7619908]5.11.4 Features Completed
· Functions that check the configuration of face based upon the values stored in the array, and then perform the appropriate algorithm to solve the white face or make progress with solving the white cross
[bookmark: _Toc7619909]5.11.5 Features Incomplete
· The function that solves the white cross cannot work effectively because the values in the array are not being moved when rotations are being performed on the Rubik’s cube


[bookmark: _Toc7619910]5.12 Time box 12
Date – 18th April 2019
Duration – 7 Days
Completion Date – 25th April
[bookmark: _Toc7619911]5.12.1 Features
· Function that updates the array after cube manipulation
[bookmark: _Toc7619912]5.12.2 Design and Implementation
There are three main types of moves that can be performed on the cube, these are: Rotation of the white (top) face, rotation of the yellow (bottom) face, and rotation of a side face. Each of these main types of moves has a clockwise and anticlockwise variant. For this reason, it would be logical to create a function for all six of the legal moves.
Firstly, the array that represents the face must be manipulated, this is true for either of the three main types. In addition to this, any anti-clockwise permutations of the array can be achieved by calling the clockwise function 3 times.
To Manipulate a single face in the array all of the values must first be stored, apart from the value in position array [colour][1][1]. This is because that value represents the center tile which will never move from that position. The values of the array would be stored as follows:
numStore00 = array[WHITE][0][0]

This kind of variable name would be used so that it easy to know what it represents, which will make things easier when swapping the values back into the array. This swapping would be done as follows:
array[WHITE][0][0] = numStore20

These are what each array value on the main face becomes after a clockwise rotation:
Array[colour][0][0] → Array[colour][0][2]
Array[colour][1][0] → Array[colour][0][1]
Array[colour][2][0] → Array[colour][0][0]
Array[colour][0][1] → Array[colour][1][2]
Array[colour][2][1] → Array[colour][1][0]
Array[colour][0][2] → Array[colour][2][2]
Array[colour][1][2] → Array[colour][2][1]
Array[colour][2][2] → Array[colour][2][0]

An anti-clockwise rotation appears as follows:
Array[colour][0][0] → Array[colour][2][0]
Array[colour][1][0] → Array[colour][2][1]
Array[colour][2][0] → Array[colour][2][2]
Array[colour][0][1] → Array[colour][1][0]
Array[colour][2][1] → Array[colour][1][2]
Array[colour][0][2] → Array[colour][0][0]
Array[colour][1][2] → Array[colour][0][1]
Array[colour][2][2] → Array[colour][0][2]
This is generalisable for each of the three main moves, and therefore it will be contained in it’s own function for updating the face.
If a rotation has been performed on the white face, in a clockwise manner, then the 3 tiles from each face that will be moved are array[colour][0][0], array[colour][1][0] and array[colour][2][0]. These can be store in a similar fashion to the ones that appeared on the rotation face.
This would appear as follows:
numStoreOrange00 = array[ORANGE][0][0]
numStoreOrange10 = array[ORANGE][1][0]
numStoreOrange20 = array[ORANGE][2][0]


This would be done for each of the side faces. Following this the array values would be switched. This would be as follows:
Array[GREEN][x][0] → Array[ORANGE][x][0]
Array[RED][x][0] → Array[GREEN][x][0]
Array[BLUE][x][0] → Array[RED][x][0]
Array[ORANGE][x][0] → Array[BLUE][x][0]

Rotations for yellow would be quite similar to the white algorithm. The different being that the 3 tiles that would be moved on every face are array[colour][0][2], array[colour][1][2] and array[colour][2][2]. The other key difference is that the array values that switch are as follows:
Array[GREEN][x][2] → Array[RED][x][2]
Array[RED][x][0] → Array[BLUE][x][0]
Array[BLUE][x][0] → Array[ORANGE][x][0]
Array[ORANGE][x][0] → Array[GREEN][x][0]

The updating of the array configuration is different when it comes to the side face rotation as each side has its own bespoke result that would be easier to hardcode. With this said the function created to update just the face can be used.
This function will be different because it will be passed the colour of the face being rotated. An IF statement will be used so that the correct array values are stored and manipulated for that specific face colour.
The following net was created as a tool to show which tiles move to which position when the orange face of the cube is rotated clockwise.
[image: ]
[bookmark: _Toc7537266]Fig 33 Notes for side layer array transformation
The code for assigning the stored value of the first tile of the white face to the position of the first tile of the green face would appear as follows:
array[GREEN][0][0] = numStoreWhite02

Using nets, like the one shown above, means the updates to the array for each colour face can be calculated and translated into code.
[bookmark: _Toc7619913]5.12.3 Evaluation
The code works seemingly as intended. This was tested by manually assigning values to the array, then calling the function, then printing the result. 
[bookmark: _Toc7619914]5.12.3.1 Testing
	Function of code 
	Test Performed
	Expected Result
	Actual Result

	Move values in array to reflect rotation of a face
	Called function for updating the face in the array after the rotation of the orange face 
	Input of:    Output of:
1 1 1            321
2 O 2           3O1
3 3 3            321
	Input of:    Output of:
1 1 1            321
2 O 2           3O1
3 3 3            321

	Move values in array to reflect rotation of a face
	Called function for updating the side parts in the array after the rotation of the orange face 
	Input of:    Output of:
123             123
123             123
123             123
123             123
	Input of:    Output of:
123             123
123             123
123             123
123             123

	Move values in array to reflect rotation of a face
	Called the functions from the previous tests together
	Both results from the previous test
	Both results from the previous test



[bookmark: _Toc7619915]5.12.4 Features Completed
· Function that updates the configuration of the array when a face is rotated
[bookmark: _Toc7619916]5.12.5 Features Incomplete
· None


[bookmark: _Toc7619917]6 Results and Discussion
[bookmark: _Toc7619918]6.1 Results
Although the robot could not solve the cube completely, it was able to solve the initial white cross problem. This was possible if values were passed to it manually rather than using the temperamental colour reading function to populate the configuration array. This is a success as a ‘proof of concept’ even if the whole solution was not completed, which means if there had been a greater amount of time to complete the project, and there had not been the unforeseen delays, the algorithms to solve the entire cube could have been created.

[image: ]
[bookmark: _Toc7537267]Fig 34 Final Robot
Each function represents a different starting configuration. There are 16 possible positions for a white side in reference to a side face, one of which being the solved position. This means there are 4 different sets of algorithms that all deal with a specific configuration set.

Algorithm Set 1 represents the algorithms that would be used if the white edge was both adjacent to a side face centre cubie while also being attached to an edge of the same colour as the centre cubie. This algorithm set deals with 4 possible configurations.

Algorithm Set 2 represents the algorithms that would be used if a coloured edge was both adjacent to a side face centre cubie of the same colour while also being attached to a white edge. This algorithm set deals with 3 possible configurations, this is because one of the possible configurations is in fact the solved state for that part of the white cross and thus does not need an algorithm to be performed on it.

Algorithm Set 3 represents the algorithms that would be used if the white edge was both adjacent to a side face centre cubie whilst also being attached to an edge of a different colour to the centre cubie. This algorithm set deals with 4 possible configurations.

Algorithm Set 4 represents the algorithms that would be used if a coloured edge was both adjacent to a side face centre cubie of a different colour while also being attached to a white edge. This algorithm set deals with 4 possible configurations

The time it takes for the robot to complete the white cross is thoroughly eclipsed by the timings for speedcubers and the robots that were examined in the literature review, both LEGO and Non-LEGO.

The top speed for each solver for the entire cube that was found during the literature review was as follows:
Speedcuber – 4.22 seconds
LEGO Robot – 5.27 seconds
Non-LEGO Robot – 0.38 seconds

From the timings recorded the fastest solve of the white cross, without any pre-solved faces, would be 120 seconds, this is if all faces only needed to be performed on by algorithms in Algorithm Set 2.

The slowest solve of the white cross would be if all faces started in positions where they needed to be performed on by algorithms in Algorithm Set 4, which would also mean that they would then need to be performed on by algorithms in Algorithm Set 1; this would incur a total of 320 seconds to solve the white cross.

	Function 
	Time it takes to complete

	Read colours of a single face – without corner scanning
	11 seconds

	Read colours of entire cube – without corner scanning
	80 seconds

	Algorithm Set 1 – Function 1
	30 seconds

	Algorithm Set 1 – Function 2
	40 seconds

	Algorithm Set 1 – Function 3
	40 seconds

	Algorithm Set 1 – Function 4
	40 seconds

	Algorithm Set 2 – Function 1
	10 seconds

	Algorithm Set 2 – Function 2
	10 seconds

	Algorithm Set 2 – Function 3
	10 seconds

	Algorithm Set 3 – Function 1
	10 seconds

	Algorithm Set 3 – Function 2
	20 seconds

	Algorithm Set 3 – Function 3
	20 seconds

	Algorithm Set 3 – Function 4
	20 seconds

	Algorithm Set 4 – Function 1
	10 seconds

	Algorithm Set 4 – Function 2
	20 seconds

	Algorithm Set 4 – Function 3
	20 seconds

	Algorithm Set 4 – Function 4
	20 seconds



The tests performed on the functions to test if they would work were done ‘on the job’ after a new function had been written. This was done by manually passing values to the program to see if it behaved in the way that was expected for those values. 
[bookmark: _Toc7619919]6.2 Discussion
The program could be extended so as to complete the full Rubik’s cube. This is possible because the function to read the configuration of the cube and the function to change the values in the array after a rotation are already in place. This means that to extend the program all that would be needed is the creation of algorithms that use CFOP method to solve the Rubik’s cube. The next functions that could have been created are those that solve the first two layers, the ‘F’ stage in the CFOP acronym; this involves creating an algorithm to first solve the white corners of the white face, and then an algorithm to solve the edges for the second layer. This would be done in the same way as the white cross was done, firstly identifying the position of the cubie that needs to be moved using the array containing the configuration of the cube, then the appropriate steps to move that cubie to the correct position would be identified and the notation would be converted into an algorithm.
During the development there was one major problem that had to be overcome, this was the firmware that would not properly install on the EV3 Brick. The firmware in question was Monobrick, which was discovered during the literature review. A new firmware needed to be found to continue with the project, so two routes were taken to try to solve this crucial problem. The first of these was enquiring with other students that had used LEGO MINDSTORMS for a Major Project to see what firmware and IDE they had used. One of the recommendations was to use the firmware Lejos, which was for programming with Java, and also required the use of the Eclipse IDE that has a plugin for connecting to the EV3 Brick. This was ultimately not the Firmware and IDE that was used because it required programming in Java, a language that the developer had never used before, and required the use of an IDE that the developer did not like and was not all that familiar with. 
For this reason, the other route for finding new Firmware was taken, this involved investigating the other Firmware mentioned in the IDE, EV3DEV, which allowed programming in far more languages. In addition to this, EV3DEV had a vast amount of support as it is a firmware used by many LEGO MINDSTORMS programmers, which meant that the setup would be far smoother than the farce that occurred with the Monobrick firmware. The EV3DEV was the base firmware and did not need a specific IDE to go along with it; instead, it allowed for IDE’s specific to the language being used. The language that seemed to have the most support of compatible software was Python, the simplicity of the IDE best for Python, Visual Studio Code, meant that once the EV3 plugins were installed it was essentially ‘Plug and Play’. 

[bookmark: _Toc7619920]7 Conclusions and Recommendations

[bookmark: _Toc7619921]7.1 What conclusions can be drawn from your data & did your data back up the research in your literature review or disagree with it?
From the data gathered in the development of the Rubik’s cube solving robot, the conclusion can be drawn that it is certainly possible to produce a robot that can solve the Rubik’s cube using the LEGO MINDSTORMS set. This can be asserted because the developer constructed a unique working robot capable of performing the functions needed to solve a Rubik’s cube, albeit a robot with temperamentality issues. The robot was able to be constructed using the EV3 core set and the EV3 expansion set, however, some of the design could be considered makeshift as the parts used were the scrap parts when the piece availability dwindled.
The research in the literature review suggested that robots could be created that solved the Rubik’s cube, using both LEGO and Non-LEGO, which was backed up by the robot the developer produced. In addition to this, the finding in the literature review about methods for solving the Rubik’s cube proved to be coherent, as the CFOP method was employed when creating the algorithm for solving the white cross. 
[bookmark: _Toc7619922]7.2 Did you meet your objectives? If not, why not?
The objectives of the project were the following:
· Create a physical robot with the necessary components to solve the Rubik’s cube using LEGO MINDSTORMS
· Write code that uses sensor information to find the configuration of the Rubik’s cube
· Create an algorithm that can solve the Rubik’s Cube
· Perform a literature review to investigate the Rubik’s cube and how to solve it manually and with a robot

The first of these objectives was to create the robot. This objective was certainly met because the final product was a robot created with LEGO MINDSTORMS components and parts that had the required mechanisms to solve the cube. These were: the Eye, the mechanism used to identify the configuration of the cube by reading the colours of each individual tile. The Cradle, the mechanism used to rotate the cube so it could be reoriented and manipulated and the Shuffler the mechanism used to flip the cube over and to hold the top two layers of the cube in position whilst the bottom layer was manipulated.
With this said, the Eye did have functionality problems. This is because the cradle for the Rubik’s cube was 10x10 studs wide, and therefore there was not a centre stud that the sensor could be aligned with. For this reason, the sensor had to have a position biased towards the right or left side of the cradle. This meant that if the cube was more to one side of the other, because of the loose fit required for flipping, the colour was difficult to read. In addition to this, the sensor itself was inaccurate when reading colours regardless, which meant that perfect lighting conditions were required for the colour of a tile to be consistently read correctly.
The second of these objectives was to write the code that uses the input of the sensor to find the configuration of the cube. This objective, from the software side of things, was achieved to some extent; the software code could take the RGB values that were read by the colour sensor and identify the colour that was being scanned. However, this function did not always work as intended because of the physical limitations of the robot, meaning that scanned. However, this function did not always work as intended because of the physical limitations of the robot and lighting conditions, meaning that sometimes the colour would be misidentified. This was a common occurrence with the Red, Orange and Yellow colours, where the function would conflate the colours, sometimes reading Orange as Red, Yellow as Orange and Orange as Yellow. For this reason, when the array was being populated with values to find the configuration it was inconsistent and would fill the array with inaccurate values which did not reflect the configuration of the physical cube, thus compromising the array and preventing it from being used in tangent with the cube solving algorithms.
The third objective of the project was to create an algorithm to solve the cube. In practice, this meant creating several smaller algorithms that could be employed for each stage of the CFOP solving method, in addition to this it meant that an algorithm to move the values within the populated array to reflect the change in the cube’s configuration after each move performed by the robot. This objective of the project was not completed, however, an algorithm that could be used to solve the white cross, the first stage in the CFOP solving method, was successfully created and could manipulate the cube so the white cross could be solved if the correct values were manually entered into the configuration array.
The algorithm that rearranges the values in the array to reflect the rotation of the array worked as intended and allowed for the values in the array to be changed into a different configuration when a rotation was performed on one of the Rubik’s cube’s faces; this means that, in theory, the robot could solve the white cross of the Rubik’s cube if there was a perfect run where the lighting conditions were optimal and there were not any mechanical failures.
The fourth of these objectives was to perform a literature review to investigate the Rubik’s cube and how to solve it manually and with a robot. This particular objective was thoroughly completed, with a large amount of critical information being drawn from the review of the existing literature. Such information like the CFOP method for solving the Rubik’s cube and the standard notation used to show the potential moves proved invaluable as it was this key information that was employed when constructing the algorithm to solve the white cross. Moreover, there was useful information that was uncovered about the EV3 components that were included in the LEGO MINDSTORMS set. This information was used in order to create an idea of what components could be used for each of the mechanism required by the robot to solve the cube. These mechanisms were identified in the literature review when looking at the robot designs that others had created. The three mechanisms seemed to be: an eye, to identify the configuration of the cube; a cradle, to hold the cube, perform the moves on it and orientate it; and a shuffler, to flip the cube and hold it in place when moves were being performed on it. 
[bookmark: _Toc7619923]7.3 Did you meet your aim? If not, why not?
The aim of the project was to produce a robot that could solve the 3x3 Rubik’s Cube without user input. This aim was not met because the robot could not solve the cube as a whole. With this said, the robot was able to solve the white cross if the value of the array were entered manually.
The failure to meet the aim can be partly attributed to three separate incidents that caused major delays. The first of these is the building of a unique robot design; this cost three weeks’ worth of time that could have been spent programming if a design that already existed was used instead. The second incident was the failure of the colour sensor to read colours because of the unconventional Rubik’s cube that was being used that had different colours to the standard cube, this caused a setback of one week. The final incident was due to the fact that appropriate firmware couldn’t be found that actually allowed the robot to be programmed, this setback meant that three weeks had to be dedicated to solving this issue, which also meant that a new programming language had to be used. The language was Python, which is a programming language that was unfamiliar to the developer and thus meant that the programming took longer than if the project had been done in the intended language, C#.
The setbacks, in total, cost seven weeks, this meant that programming of the project was delayed until the last five weeks, thus meaning much of the progress that could have been made was impossible. Had those seven weeks not been lost it is likely that, at the very least, the white face could have been solved without user input.
[bookmark: _Toc7619924]7.4 Overall, are the answers what you would expect? If not, then why not?
The expectation for the project was that a Robot could be produced that would have functions that could be used to solve a Rubik’s cube, this proved to be true; however, the extent to which the entire Rubik’s cube could be solved fell flat. It was expected that the robot would be able to solve the entire cube, but this was not the case as the robot was only able to solve the white cross after receiving manual user input. If the time that was taken up my setbacks had have been available the project would have likely been had the functions to solve the first two layers of the cube implemented, with the possibility of completing all of the functions to fully solve the whole cube had there been an extra month to work on the project.
[bookmark: _Toc7619925]7.5 If you were to do it again, what would you do differently?
If the project was to be done again using the LEGO MINDSTORMS kit the firmware that was going to be used would be installed and tested before the building of the robot itself. This would be made a priority because it is an essential part of the project that caused significant setbacks because an appropriate firmware took three weeks to be found an installed so the programming part of the project could be started.
In addition to this, the design for the robot may be inspired by already existing designs so that components like the colour sensor can work in a consistent manner using tried and tested designs for Rubik’s cube solvers. An alternative to this would be a level of collaboration with engineers who would be better at designing the physical robot because of their level of knowledge.
Despite the previous comments, if the project were to be done again it would be better to use precision components rather than the LEGO MINDSTORMS, this is because there would not be the same problems associated with inaccurate sensors, standardised sizing, and loose motors.
All in all, the project would have gone smoother if there had been more communication with other individuals who had knowledge related to the mathematics of solving the cube, the building of robots and the use of LEGO MINDSTORMS in a software engineering context.
Moreover, there would have been more examination of the algorithms that other people had created to solve the Rubik’s cube. This is because the knowledge used to solve the cube was an abstraction of the CFOP method mixed with the logical capacity of the developer, which meant that the developmental stage involved a high amount of trial and error to refine the program.



[bookmark: _Toc7619926]8 Reflection
The project was plagued with a large number of setbacks that meant that progress was often stumped. For this reason, the project helped me to refine my patience, something that I have previously had problems with. In addition to this, the setbacks meant that I had to improvise quite a bit, meaning I had to pivot to new avenues of approaching things, such as finding a new firmware to run on the EV3 brick so I could do the programming part of the project. This setback, in particular, meant that I had to choose a new programming language because C#, my preferred language of which I am most fluent, was not supported by the EV3DEV firmware; this meant I had a choice of using a familiar language such as C++, or I could try a new language that I had not used before – Python. I choose to go with Python because I thought it would be a great opportunity to learn a new language, which I presumed would not be too difficult because of my 3 years studying Software Engineering.
I found that Python was a language that was a lot more fun to write code with, compared with something such as C++. The fact that it is written as a script in a way that resembles written English was quite alluring, and I found that it was a lot easier to approach the mathematical problems associated with writing the algorithms to solve the cube. Using Python also meant that I had to use the IDE that is most suitable for writing python code for use on the EV3DEV software. This IDE was Visual Studio Code, which I found to have a great User Interface that was easy to use, but also numerous easy to install plugins and add-ons, much like another IDE I like to use called Atom. For future projects, I think I will continue using the Python programming language and Visual Studio Code IDE because of just how much they impressed me during my project.
This knowledge of the Python programming language is useful because, in the future, I plan to create a mobile/web application that rolls out on Android, IOS, and web browsers. I think Python would be suitable for this kind of project because of how easy it is to use. In addition to this, the relative success I have achieved by finishing this project will serve as motivation when attempting to complete my future projects rather than giving up, especially so because I will have an unlimited time limit for person projects that means all the objective I set out to meet can be achieved.
Something else associated with the project that changed me as a person was the fact that the Rubik’s cube can have 43,252,003,274,489,856,000 different valid combinations, but it takes a maximum of 20 moves to solve. I found this to be a rather apt analogy for problems in life, even though it may seem that there are too many problems for you to solve there is a solution that takes far fewer steps that the number of problems if you address the root cause and work through it methodically – taking the path of least resistance.  
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