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Abstract:
[bookmark: _GoBack]This is an implementation project where the aim is to make a 2D implementation of a rotational mechanic’s program that uses a lever as the test case, this is to solve the first fundamental requirement to build a 3D shuttlecock simulator. The implementation will be built using OpenGL and C++ as this is what we have been learning in class and is the most flexible in terms of development as it does not consist of a prebuilt engine, so there is much more control over what can be done and does not have the overheads and superfluous features that a prebuilt engine or physics middleware has.
The method for testing the data involved keeping all values constant, so the position of the fulcrum and the weight of the load, then the force was iterated from 1-19 which showed static equilibrium when the force was 10 and a linear descending line. Four random points were chosen to input into the implementation to see if they matched which they did. This proved the physics worked and that it was feasible to make purpose built physics from scratch even if it is quite complicated.
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Introduction 
This dissertation will explore one area of what is needed to model a shuttlecock, the implementation will be in 2D and lay the groundwork for the 3D shuttlecock problem. Rotational dynamics is the fundamental first step to completing this so that will be explored. Physics is a very important field in the games industry, with the games industry getting bigger year by year and games becoming more advanced at an increasingly rapid rate, physics is fast becoming one of the areas that can most be improved upon. 
Despite a good rate of advancement in recent years physics in games is an area that for decades has been overlooked or simply relegated down as graphics and other functionality has been considered more important and less computationally intensive. With computers becoming so much more powerful this paper aims to investigate the role of physics in the games industry and whether there is room for improvement. A simple lever system will be developed as a precursor to a more advanced system using classical mechanics for the underlying functionality. Initially, a dialogue on the history of physics in the games industry will be set down, then the state of physics in the games industry will be discussed along with some thoughts on whether games physics is in a good place. Next, there will be a discussion on classical mechanics, how Newtonian physics works and why it is what is used in the industry, 
followed by how it applies to rotational mechanics and how as a whole it can be made into a working rotational dynamics engine.The implementation section that follows will talk about the process of implementing the lever system, what tools were used, how it fits together and whether it can achieve what was set out. The final section will be evaluation, results and analysis. The evaluation will involve setting out the methods used for analysis, what data needs to be extracted from the implementation and what constitutes failure or success, the results will simply provide the data that was produced by the implementation, the analysis section will analyse the results of the visual test then the results of the numerical test, followed by a discussion on how well it performed both visually and numerically. This will hopefully give an idea of the level of complexity involved in custom physics engines and see whether doing a scratch built 3D shuttlecock simulator is feasible.

[bookmark: _Toc481670335]Aims & Objectives 

The aim of this project is to create a 2D rotational mechanics engine consisting of a lever movable weights and movable fulcrum. The implementation will output the information needed to prove the physics works and lay the groundwork for a 3D engine designed to make a shuttlecock.
Objectives are as follows:
· Create a 2D graphics context.
· Add the basic shapes that consist of the fulcrum, weights and lever.
· Add rotational mechanics physics.
· View data to verify the implementation’s physics against independently calculated results.
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[bookmark: _Toc481670337]Game Physics Investigation and Overview
“Modern video games have near-photorealistic graphics, cinematic-quality surround-sound and AI that beats world-champions at their own games. There are few areas left to seriously improve upon aside from the gameplay of course. A game can have stunning graphics and amazing sound, but when the game world just doesn’t behave in a way that makes sense to you, the immersion is broken [1] .”
This is truer now than it was in 2008, graphics, sound and AI continue to improve in leaps and bounds beyond expectations every year. Physics however, seems to develop at a much slower pace. This is partially down to the requirements of physics in games. Calculations have to be fast, which comes at the cost of accuracy [2]. Due to its demanding nature until recently physics have been mostly used in first person shooters, now they are used in a much wider variety of games, roleplay games, real time strategies, space simulators, and now largely because of the mobile games market there are a lot of physics based puzzle games. Now that 64bit is basically standard on gaming computers, there is a lot more potential CPU and RAM that can be used to make the physics more realistic, since it is now used in such a wide variety of games.
In 2006, it was identified by an industry professional that gaming was an alternative reality for many users. The rise of reality, in relation to the environment, emotions, figure and objects was ever increasing and due to this, gamers felt they could control their own version of reality. This could be due to feeling in-control in an environment. However, the boundaries between reality and gaming were becoming blurred. We can make the assumption that those boundaries are ever more so blurred now, due to the rise of technology within gaming. In contrast, users are expected to immerse themselves in a reality where the movement of objects and items is not anywhere near reality. Therefore, not making the experience as enjoyable as it could be for the user[3]. 


[bookmark: _Toc481670338]History of Game Graphics & Physics 
From the days of Pong which is one of the first computer games, certainly the first computer game to be commercially available and start driving what is now the computer games industry [4]. Physics has always been very computationally demanding in games, until recently computers did not have the necessary power to make all the calculations needed [5]. Developers would have to find the best middle ground between realism and computational load, often they would choose the safer option and go for less realism in favour of efficiency [6]. In fact until the 1990’s physics was really at the background of games development, while graphics and gameplay mechanics were improving exponentially “modelling physics became a silent and often minor play component”, often being ignored entirely along with AI in favour of getting the best graphics possible out of the hardware at the time [7]. In place of physics scripted animations would be used, death animations or breaking animations or texture swapping so that rather than the computationally demanding physics, if a character was killed the game would play out an animation or if a box got destroyed it would play out the box destroyed animation. This made games seem scripted and repetitive even if the rest of the game was not.


[bookmark: _Toc481670339]Current Game Graphics & Physics 
Presently, there are quite a lot of commercially available physics engines, they are middleware that you can plug into any game and use to model the physics you need without the huge developmental overhead of writing a physics engine from scratch. A few of the popular ones are PhysX, Bullet, ODE, Box2D, Havok. There are many more though both open and closed source. The commercial engines are often free to hobbyists for none commercial use but can carry a hefty price tag for commercial projects. On top of the cost, premade physics engines can be quite limiting if the developer wants to do something that is not within the scope of the engine. Another problem is that for collisions a complex 3D model is normally covered with a much simpler shape, so a character might be just a cylinder, or a spaceship might be a box or a cone overlaid onto the model and all physics calculations are done with these over simplified shapes, spoiling immersion.
Ragdoll physics comes with its own significant set of problems, glitches can be the norm even for AAA titles, twitching bodies, heads or limbs stuck in walls, corpses flying through the air for miles, flailing limbs, or combinations thereof can really spoil gameplay [8].
Bullets and other projectiles are very realistic, bullets in games often have believable drop and spread, balls in sports games are now able to be made to follow Newtonian physics, for a long time they were not able to model the physics realistically [9]. The problem arises with objects that have odd centres of mass like chairs or a thrown melee weapon, or something that is made up of multiple materials that have vastly different physical characteristics like a shuttlecock. 
 




[bookmark: _Toc481670340]The Future of Game Graphics & Physics 
Now that multi core processors are so powerful, with four cores being common and the fact lots of computations can also be offloaded onto the graphics cards using CUDA or Shaders with GLSL, even the average home computer is a powerhouse of calculation potential [10]. With all this processing power available the subject of trying to revisit the problem of physics in games can be approached, rather than just making iterative improvements on currently existing models the effort can be made to develop new techniques, the hardware on computers might not be quite able to compute it on a large scale in complex games yet but with the rate that hardware is improving. Looking at projection modelling, the current rate of improvement stands at computers doubling their capacities every twelve to eighteen months. In 40 years it is projected that computers will be 1 trillion times faster than computers today [11], with this staggering exponential growth in computer components it will not be long before computers are able to make all the calculations needed for this kind of realistic physics modelling on a huge scale in a 3D game and then some, so the work should be done now in preparation for it. 

The proposal for this study is to see if it is possible to realistically model a shuttlecock in a 3D environment, the program will load a 3D model of a shuttlecock and pinpoint the centre of mass, then a force vector will be applied to the front with the intention of making it fly realistically. To do this there will need to be a difference in the physical characteristics of the different materials that make up the shuttlecock i.e. the rubber ball must be significantly heavier and denser than the feathers. Rather than using an established commercial physics engine an attempt will be made to design the physics from scratch to see if it is viable for one person to make a workable project that can easily be added into the developmental process for a game. A badminton shuttlecock is quite unique in projectile based sports in that when it is hit with the racket it changes orientation in mid-air, from facing the player then after it is struck it follows the centre of mass so the rubber ball is facing towards the next player ready to be hit again. The parallels that can be seen between the objects previously mentioned such as, chairs or weapons used as projectiles makes the shuttlecock an ideal model scenario, its complexity and predictability works as a test case that can be applied to potentially less predictable objects.  


[bookmark: _Toc481670341]Game Graphics & Physics Expectation
Often, popular games created by large organisations have excellent physics. As with Grand Theft Auto 4?, the physics is tailor made for the game. Many organisations do not have the skills, resources or capitol in order to create this level of physics within their games. However, once code is created and the physics are within the market, many developers find a way of replicating the new high set standards. This can either be done through modifying open source code or creating code from scratch. However, many developers choose to not bother with the costly time hungry process. It could be argued that this is due to the return on investment. Developers can spend days, weeks and moths developing something which will not alter the immediate visual improvement. Additionally, publishers and producers are not in favour of costly time consuming elements of development. 

Denholm Believes the next step for physics engines is to make his current engine, used for GTA4, an off the shelf cost effective solution for developers. These solutions may not be tailor made for specific games and scenarios, however, they will be much better than existing code which is being used. Therefore, making a high standard of physics more available [12].

[bookmark: _Toc481670342]Summary 

This project will make a 2D rotational dynamics engine using a lever as the initial case. It will be 2D as initially a lever is a 2D problem, once that problem is solved it will be able to be developed into a 3D shuttlecock simulator though this is out of scope for this assignment.

[bookmark: _Toc481670343]Definition of Mathematics

We have looked at the state of physics in the games industry, now we will look at the mathematics required for a fundamental understanding of physics and how points are manipulated by a computer.
[bookmark: _Toc481670344]Vector mathematics

Vector mathematics is the field of mathematics focused on vectors and points. A point is a position in 2D or 3D space, a vector encompasses any kind of movement between two points in a virtual space[13]. A vector has both a magnitude and a direction, a lot of the mathematical operations needed for games development are either based on vectors or have the result being abstracted to simply modifying a vector [14]. 

For example, a calculation to apply a force to an object will result in a vector calculation to move a point frame by frame from the start to the destination. A calculation to make a particle bounce off another particle will do point to point distance calculations to see whether there should be a collision and if there is the particle will bounce off the other particle based off a simplified version of the laws of physics[6], some of the momentum will be transferred to the other particle and vice versa and both particles will act in a way that two marbles colliding might. Points are also used to construct 3D or 2D objects, all the points will be connected by lines and if the object is moved then all points will move in such a way that their cohesion is retained, assuming it is a solid object[15]. 

Vectors have specific mathematical operations that can be performed on them, some operations result in a new vector, other operations result in a scalar which is a single number. Vectors can be added and subtracted, there are a couple of ways a vector can be multiplied. Such as, a scalar multiplication is the simplest, which results in a scalar then more complicated operations are taking the cross product or the dot product of two vectors. This is the point that vector mathematics starts to become vector calculus[16].











[bookmark: _Toc481670345]Calculus 
Calculus is used to prove a lot of the claims made by physicists, it is a way of breaking a problem down into a series of calculations with the result, hopefully being the proof of a hypothesis[14], calculus in its purest sense is not used in games development because it becomes quite computationally expensive so a popular solution is to approximate it using vectors, trigonometry or other mathematical systems[16]. Vector calculus is a blanket term for a lot of the more advanced vector operations, dot product, cross product, finding gradients, tangent vectors.
The dot product is a vector multiplication that results in a scalar value, it is commutative so A.B = B.A. The dot product is used to calculate the similarity between two vectors, this means it can find the length of a vector, by taking the dot product of itself, it is used to find the angle between two vectors, determining right angles as the cosine of 90 is always 0. 
The cross product is a very important operation, it is a vector multiplication that results in another vector that can calculate the moment of inertia that a force has applied to a lever, it is used for calculating a vector perpendicular to two vectors, which in turn can be used to calculate the normal. The cross product is non-commutative, in fact can be considered anti-commutative. AxB != BxA rather AxB = -BxA.
A common theme is for prediction, or using vectors to abstract physics and trigonometric problems into the simple modification of vectors and points[16]. Any form of abstraction or simplification is very important for games development and modelling physics in games, often thousands of calculations may need to be made per frame, maybe hundreds of thousands per second, which becomes intensive very quickly, so a lot of effort needs to be made to reduce the computational load[14], using particle physics as an example to calculate the amount of collision calculations per second for just 200 particles at 30fps with no optimizations it would be number of particles-1*number of particles-1* frames per second / 2 or 199*199*30/2 = 594015 collision calculations per second[6]. This shows the need for the abstracting of superfluous data or combining multiple calculations into a single calculation with larger numbers instead of lots of smaller numbers, sometimes data will be lost in the process but it is necessary to keeping computational load as low as possible[6].


















[bookmark: _Toc481670346]Definition of Physics Mechanics
Now that the mathematics have been defined and studied, we can talk about the physics, this paper will look entirely on Newtonian mechanics, which will first talk about linear mechanics then that will provide the required knowledge to understand rotational dynamics. This is the fundamental knowledge required for understanding and implementing physics.
[bookmark: _Toc481670347]Newtonian Mechanics

Newtons three laws of motion are the basis for Newtonian Mechanics, most computer games have no need for anything more complicated and as previously stated higher complexity equates to larger computational load lowering the number of calculations that can be done before the hardware reaches its threshold, so even these must be simplified or optimised as much as possible.

Newtons first law, also called the law of inertia states that “Every object persists in its state of rest or uniform motion in a straight line unless it is compelled to change that state by forces expressed on it.”
What the law of inertia tells us is that if an object has no net forces acting on it, it will continue indefinitely until another force counteracts that. So, an object that is not moving will continue to not move and an object that is moving along a trajectory will continue along that trajectory.
Newtons second law states “Force is equal to the change in momentum per change in time. For a constant mass, force equals mass times acceleration.”
The second law is considered a special case of the first law, in real terms this means that when an unbalanced force acts on an object, it will move in the direction of the force, with a change of momentum directly proportional to the force. This behaviour is described mathematically by the relationship F=ma.

Newtons third law states “For every action, there is an equal and opposite reaction.”
This means that, every time a force is applied to an object by another object, a force with equal magnitude is applied in the opposite direction. This could be written as Ma = -Mb but this makes assumptions based on the action and the reaction and whether the giving or receiving force is positive or negative, so a more accurate equation might be Ma + Mb = 0.

These three laws do an excellent job of explaining the relation between forces and until Einstein nothing better was proposed. The theory fails when looking at forces approaching the speed of light, in which case Einstein’s theory of relativity must be considered and used as Newtons classical mechanics are not accurate enough, they are an approximation that works well for more normal scenarios but not in all cases[17].









[bookmark: _Toc481670348]Rotational Mechanics

Up until now, the classical mechanics discussion has been assuming linear movement. It can also be used to model non-linear movement, this is where rotational mechanics comes in. Rotational mechanics brings its own terminology to the table, but the general principles are very similar.
A moment of inertia is the rotational equivalent of mass or rotational mass, a moment of force is as the name suggests the measurement for rotational force, otherwise known as torque. The way this relates to linear mechanics, or specifically Newtons second law, is able to be observed by looking at the equation F=ma which has been defined as Force = mass * acceleration, all that is needed to be done is to plug in the comparable values to the equation so F=ma becomes torque(t) = the moment of inertia (I) * the angular acceleration(a) or t=Ia. Using newtons second law and this new equation, the amount of rotation around a fixed point can be calculated, based on its rotational mass and the amount of rotational force applied. Rotational mechanics can be applied to any form of rotation and what are termed simple machines, these simple machines are wheels, levers or pulleys. Forces applied to them result in a rotational or twisting force around a fixed point. Moments of inertia are measure using the equation mass * distance squared(eg gm^2) this is what is used to measure the forces acting on a lever[18], if the net forces acting on a lever equal zero then we have static equilibrium. Torque is often associated with cars, it is the ability of a car to turn while under an acceleration or constant velocity, Static equilibrium occurs when all rotational forces acting on a lever result in no motion. When the net forces do not equal zero then torque, or moments of inertia occur moving the lever around the point of rotation, either clockwise or anti clockwise depending on if the value is positive or negative in the case of levers the point of rotation is a fulcrum[19].


[bookmark: _Toc481670349]Fulcrums
The fulcrum is the point around which a lever, or other simple machine will rotate, the position of the fulcrum in relation to the force and the load will tell you which class of lever it is and therefore how it can be expected to act when force is applied to the system[16].
[bookmark: _Toc481670350]Levers
“Give me a lever long enough, a fulcrum strong enough and I’ll move the world” –Archimedes
A lever allows loads to be lifted or moved by exerting less force than the weight would normally require, all levers require three things, a fulcrum which is the point of rotation of the lever, a force to move the lever, thus moving the load which is the third requirement for a lever[20]. Sometimes multiple levers need to be used to fulfil certain tasks, for example scissors are made up of two class one levers working in tandem to cut both blades evenly through paper.

There are three different classes of lever, first, second and third class levers. The difference between the different classes of lever, of which there are three, are defined by the position of the applied force in relation to the load and the fulcrum. A first class lever is a lever where the fulcrum is placed in between the point of force and the point of load
In a second class lever, however, the load is placed between the fulcrum and the force. Finally, a third class lever the lifting force is placed between the fulcrum and the load[21].
First and second class levers provide a mechanical advantage, whereas a third class does not. If a lever has a mechanical advantage it means that less force is required to lift a larger weight. The mechanical advantage can be calculated with the equation, mechanical advantage = input force/output force or MA = IF/OF[22].
The input force times the distance from the input force to the fulcrum is equal to the output force times the distance from the output force to the fulcrum, this means that assuming there are no other forces in play, like gravity, or friction the amount of force put into the system equals the force being output. The equation for this would be IF*D1 = OF*D2[18]. 

[bookmark: _Toc481670351]Development Methodology
Software development methodologies and planning are both very important for larger projects, they dictate the flow of work, give a more concrete idea of how complete a project is and help the development team keep track of what features have been implemented and which features require other features before they can be implemented.
One of the types of software development methodologies is agile development, this type of methodology involves developing a working prototype or tangible first step that can be built on bit by bit. The advantages to this method is that from almost straight away there is a program that works with the progress more immediately apparent and bugs can more easily be spotted as they appear, rather than planning everything perfectly in advance, constructing the program as a whole piece, then near the end of the development cycle finding a bug which requires days or weeks of work to be undone to fix. 



[bookmark: _Toc481670352]Implementation 
The program is written in C++ using the OpenGL API with glut. Glut is GL Utilities it adds the window context, some little functions for keyboard input and has some basic primitives that can be used, the only glut primitive used in this implementation is the glutSolidSphere.
Being a 2D problem, the orthographic camera has been used it is the simplest to use and obviously, 3D camera features are useless for a 2D environment. Even though the problem itself is 2D, it could be implemented in 3D settings and is intended as a basis for a 3D system.
The window context is trivial and once the dependencies are downloaded and linked the project it just requires another function to be written and some lines added to main.
The overall development plan is to create and display the fulcrum and the lever, using GL_LINE and glutSolidSphere then add the physics and the ability to move the loads and the fulcrum with the loads having a modifiable weight so that the point of balance can be found and realistically modelled.  
For creating and displaying the lever, a glutSolidSphere will be put at origin (0,0) which will be in the centre of the screen to simplify transformations and rotations, later the intention is for the lever to rotate using a movable fulcrum as the point of rotation, until then origin will be used as the pivot point so only a rotation must be done and not a transformation first to move it to origin then rotate every frame. The lever consists of a line with a circle underneath it, this is easy enough on its own but obviously, no movement.
Until now the workflow has been trivial, so the next stage is to attempt to add movement using physics, though a redesign may be required as currently the point and line is not stored in a data structure such as a STL vector or an array which has made attempting any real manipulation much more difficult.
The redesign will use the same graphics and window context, but the memory management will be updated. STL vector will be used, one for points and one for lines, STL vector is a type of homogenous automatically updating array, it is simple to use and has much more functionality than a basic array and does not go out of bounds or try to write to memory not allocated for it, it also can hold a larger range of datatypes including structures and classes without the need for complicated dynamic arrays and type casting. For now, two vectors will be made, which will be vectors of struct, one called Point, one called Line. These structs will store, X and Y coordinates, velocity values, colour values using RGB colours. Line will store the lever and Point will store the fulcrum and the weights, as the contents of a vector are easily accessed there should be no problem having the fulcrum and weights sharing a vector.
With the new STL container, the points and lines can be stored, independently manipulated and have more added easily, this should future proof the program and allow for multiple levers and points, also potentially for more complicated arrangements of lines and points to be made.
Each method to create and display the points and lines will be broken up into two functions, one for creation and storage then one for the actual display, this should make debugging easier and give every function an easily definable, sole purpose. 
For creating the lever, the first function will simply allocate memory and push the required number of lines into the vector container using the vector operation push_back. GL_LINE will be used in the draw function, this time instead of putting the coordinates directly into GL_LINE, the variables contained within the Line struct will be what is used, startX and startY for the beginning of the line then, endX and endY for the end of the line. To fill these variables with values they will be passed in via the function call, the draw line function will then assign these values to the variables already stored in the vector. The method for adding the point will be almost identical but will use glutSolidSphere instead and only have two coordinate values rather than four, the struct that is used will also be different, it will use struct Point instead.
The intention for the fulcrum control to move it along the line is to use a switch case statement that checks if ‘a’ or ‘d’ has been pressed, once it detects these buttons being pressed it will increment or decrement along the X axis moving the fulcrum. Currently undecided how to link this to the line, the options currently seem to involve either, increment and decrement between the start and end point of the line, or make the fulcrum a child of the line, so when it moves along the line it is using the local X axis of the line rather than the global X axis of the world.
The final piece of required functionality before adding physics will be adding weights to the end of each lever arm. This will allow for physics calculations to be made by using distance calculations to determine the degrees of rotation required for modelling the physics. Due to the redesign and vectors added this will require simply two more lines of code, one for each point. These lines will just be function calls to the draw function with the X and Y coordinates passed in, thanks to the vector container all the storage requirements will be handled by the code with no additional functionality needed. 
Before adding the weights, there are some problems that need fixing, initial attempts have not worked, this is due to incorrect variables being used in the draw function that do not match the ones created in the function that loads the points into the vector, so the memory is allocated but no drawing happens. Along with fixing this the plan is to add some more background functionality, making a new vector for the fulcrum then keeping the original circle vector for the points, both will still be vectors struct Point but the separation will help with keeping the code modular.
For the physics, a simple implementation will be attempted first, rotating the line about origin based on the distance of a point from the fulcrum. The first stage will be achieved by creating a distance function, this function will take four values, the x and y coordinates of one point then the x and y coordinates of the other point and will calculate the distance between them. This will use the equation (x1 - x2)*(x1 - x2) + (y1 - y2)*(y1 - y2) to calculate the distance  squared, then it also takes the square root of the distance squared, this is used for Pythagoras calculations as well.
Now that the distance function is done the physics design can begin in earnest, four new variables, force, torque, angularVel and angle will be created. Initially the physics function will get the distance from the fulcrum to each point then multiply the value by 0.00001, it will build the torque as the sum of the distance, add the torque to angularVel, which will model the angular velocity. Then the final variable will be added to angle, once all of this computation is completed angle will be passed to glRotated which will rotate the lever based on the values passed from angle, along the z axis. 
As expected, the lever spins at a very fast rpm this is down to nothing limiting the angle, it just increases moving the line in one direction. The next changes will not fully fix this but will make the lever spin constantly but accelerating in the direction of the balance, this change is to simply change the distance check to be fulcrum.x – point.x, so there is a negative force for the objects on the left. Next drag will need to be simulated, this will be achieved by adding a force that reduces angularVel and angle, this will have the added benefit of making the lever spring back to its neutral position. Next I will transform points by OpenGL rotation and use the transformed position so the points have less effect when they approach the fulcrums position and a negative effect when they cross it.

Movement of the fulcrum is not the only necessary control, to show that the physics works the weights will need movement as well. This will be achieved much the same as the movement of the fulcrum, a simple switch case with one weight being moved with the ‘q’ and ‘e’ keys and the other being moved with the ‘z’ and ‘c’ keys. This will happen with the physics updating in real time while the program is running, no new physics will be added for this as it already takes the distance between the point and fulcrum to make the physics calculations so when the controls are added it will add much more functionality to the physics rather than more functionality needing to be added to accommodate it. 
The final improvement to the physics will involve gluProject, this takes the world coordinates and converts them to screen coordinates, this is often done to convert 3D coordinates into 2D coordinates, in this case we will be using it to convert the distance calculations from world space into screen space as the screen has a much higher range of coordinates than the world does, this will make the movements much smoother as the world coordinates are only 100 units across whereas the screen space is approaching 1000, it will make things like scaling the drag smoother as well and allow for a more realistic implementation.
For the purposes of experimentation, a physics mode will be added, it will be off by default then when ‘s’ is pressed the switch case used for all the other controls will check if physics mode is false, then make it true and vice versa. The rest of the functionality will be in renderScene, if physics mode is false it will simply call the display functions drawFulcrum, drawLine and drawLoad, or reset the display functions if physics mode is already true. if physics mode is true it will call these then in addition it will call the forceRotate function and the physics will start. This will be a trivial addition but allow for moving of all the points without the physics changing the orientation of the line, if this is not required then the user will simply be able to activate physics mode at the start and simply ignore it.
Having the two loads as simply loads is ok for some scenarios, like trying to achieve static equilibrium on a class one lever, but for others the load on one side is better defined as a force, while a load can just be considered a force with magnitude that is the weight of the load a simple colour change will provide more information for the user, making them able to make better decisions about the placement of the loads. The colour coding will make the user able to see at a glance which weight is the “force” and which is the “load”. 
As development carries on, it has become apparent that a single step size is not convenient for moving the fulcrum and loads, too large and it becomes very inaccurate when trying to find the point at which a lever can lift a weight or for trying to find the point of static equilibrium, too small and it gains accuracy but then becomes cumbersome to use as substantial changes in the position of the weights and fulcrum take a prohibitively long time. The solution for this will be to add a toggle for the step size, a continuation of the switch case that provides all the controls, the key for it will be ‘x’ and it will simply check if a new bool rate, is true or false. It will be true by default meaning the initial movement will be quicker, then when it becomes false, it will divide the step variable by 10, then when pressed again will multiply the step variable by 10. The initial value for step will be 0.1 as this is fast enough to move the points relatively quickly so divided by 10 it will become 0.01 which should be accurate enough for most tasks. 
Given that both the forces push in the same direction, it has become apparent that only class one levers can be modelled, this is a problem as class two levers are very useful to model, class three levers less so as they have a mechanical disadvantage. To remedy this, the point already designated the force, which is currently just a visual cue by colour will need to be able to push upwards. This will be done by adding another bool forceLoadDirection, and a toggle using the controls switch case statement assigned to the key ‘w’, much like the other toggles it will check if forceLoadDirection is true then make it false when ‘w’ is pressed and vice versa. Mechanically, simply making the mass negative should perform the task satisfactorily as mass in computer terms is simply a force that moves in the direction of the ground. When this is completed class two levers will be able to be modelled, this will be done by moving the fulcrum to one side, the force on the other with the load direction toggle on and the weight in the middle


[bookmark: _Toc481670353]Evaluation 
Figure 1 is a reference, and will not be tested using the program as this is a superfluous operation, the data on the graph will be proven by later tests and is shown to observe the curve of the amount of force required to achieve static equilibrium given a constant weight on the other end as the fulcrum moves from one end of the lever to the other. 
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Component parts of the implementation are two weights, one representing the force acting on the lever and the other weight represents the load, they are connected by a lever with a fulcrum in the centre. Both weights and the fulcrum can be moved to alter the forces in the system, visually success of the implementation can be measured by altering the position of the weights and fulcrum to observe whether changes of the forces in the system give intended results. Correct behaviour would be a heavier weight added to a previously balanced system, making the lever fall in the direction of the new heavier load, a force that is lighter than the weight being able to lift the heavier weight when the fulcrum is moved closer to the heavier weight, or putting in values to create a balanced system and seeing no movement of the lever.

For numerical tests, the values for static equilibrium will be taken as a baseline, then ten tests will be done, scaling the force weight up in mass, smaller increments to begin with ever increasing increments, the calculations will then be made on paper using the equation (W*X) - (F*L).
W = Mass of the load
X = Distance from load to fulcrum
F = Amount of force
L = Distance from force to fulcrum
This will calculate the correct torque value, this gives values to test the implementation against by inputting the values into the program retrieving the values then creating a graph to compare values, success can be measured by the results being similar within a small margin of error or alternatively if the results differ a large amount however, a similar curve can be observed in the graph.  

[bookmark: _Toc481670355]Phase 2
Another phase of testing was required because there were errors in the output of the implementation all values in the implementation were multiplied by 0.00001 as this is what was required to make the physics act in a realistic manner given the small scale of the world space, the angular velocity was also multiplied by 0.95 which while useful for the implementation altered the values of the output, so the line responsible will be commented out purely for the tests. The tests have been altered to provide the optimal amount of data. This phase is purely numerical as visual tests have proved satisfactory and the numerical tests have a greater level of importance. 
During this phase, the parameters of the tests will be modified as follows, rather than using the value of static equilibrium as a baseline and incrementing the force exponentially for the torque calculations, then doing the projected torque and actual torque from all values, the fulcrum will remain in the centre of the lever, the load will remain constant in every step along with the fulcrum position. The force will then be incremented in whole numbers from 1-19 as static equilibrium will occur when the force is at 10 so there will be an equal number of tests on either side of that, the torque values for each step will be calculated on paper and multiplied by 0.0001 to ensure that the values in the implementation will match the values calculated, then four points will be picked with the values at that point in the table tested in the implementation, this will all then be put into a graph to see if there is any correlation. The graph’s X axis will be the iterated force values and the Y axis will be the amount of torque generated by the force given all other values are constant, the numbers tested at the four points in the table should now be the same or similar.

[bookmark: _Toc481670356]Phase 3
The third phase of testing will involve the same tests as phase 2 but with changes made to the implementation as some problems were fixed that mean more accurate output should be achieved. The projected calculations were using different units to the implementation, which instead of using the world space coordinates it was using screen space coordinates which means the integrity of the results was brought into question, the results will again consist of a table, showing the incremented force value from 1-19 with all other values remaining constant and the projected torque value for each iteration of force. These will be made into a graph that plots the amount of force against the torque produced and the same four points on the graph will be chosen to be tested by the implementation.
[bookmark: _Toc481670357]Results

Table 1: The amount of force required to achieve static equilibrium with the fulcrum at any given point on the lever.
	X(meters)
	L(meters)
	W(newtons)
	F(newtons)

	1
	39
	10
	0.256410256

	2
	38
	10
	0.526315789

	3
	37
	10
	0.810810811

	4
	36
	10
	1.111111111

	5
	35
	10
	1.428571429

	6
	34
	10
	1.764705882

	7
	33
	10
	2.121212121

	8
	32
	10
	2.5

	9
	31
	10
	2.903225806

	10
	30
	10
	3.333333333

	11
	29
	10
	3.793103448

	12
	28
	10
	4.285714286

	13
	27
	10
	4.814814815

	14
	26
	10
	5.384615385

	15
	25
	10
	6

	16
	24
	10
	6.666666667

	17
	23
	10
	7.391304348

	18
	22
	10
	8.181818182

	19
	21
	10
	9.047619048

	20
	20
	10
	10

	21
	19
	10
	11.05263158

	22
	18
	10
	12.22222222

	23
	17
	10
	13.52941176

	24
	16
	10
	15

	25
	15
	10
	16.66666667

	26
	14
	10
	18.57142857

	27
	13
	10
	20.76923077

	28
	12
	10
	23.33333333

	29
	11
	10
	26.36363636

	30
	10
	10
	30

	31
	9
	10
	34.44444444

	32
	8
	10
	40

	33
	7
	10
	47.14285714

	34
	6
	10
	56.66666667

	35
	5
	10
	70

	36
	4
	10
	90

	37
	3
	10
	123.3333333

	38
	2
	10
	190

	39
	1
	10
	390




 Figure 1: The amount of force required to achieve static equilibrium with the fulcrum at any given point on the lever.
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The results of the numerical tests can be seen in Table 2 and Figure 2, the data shows the incremented force iterations with the true calculated force against the torque values produced by the implementation. The yellow bar, which is the projected torque values show a positive linear relationship, the graph shows a curvilinear relationship because the scale on the X axis is exponential, the actual values provided by the implementation show a much more gradual curve with a negative slope. 

Table 2: The amount of torque generated by different amounts of force given all other values are constant.
	Force (newtons)
	Torque
(nm^2)
	Implementation Torque(nm^2)

	2.00012
	0.00000004
	3.60E-12

	2.00112
	0.03333296
	-3.00E-06

	2.01012
	0.33332996
	-3.00E-05

	2.1
	3.3293
	-3.00E-04

	2.5
	16.6625
	-0.0015

	3
	33.329
	-0.003

	5
	99.995
	-0.009

	10
	266.66
	-0.024

	20
	599.99
	-0.054

	50
	1599.98
	-0.144

	100
	3266.63
	-0.294



Figure 2: The amount of torque generated by different amounts of force given all other values are constant.
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Figure 3: Static Equilibrium (Weight 10, Force 2)
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Figure 4: Heavier weight (10) being lifted by smaller force (2)
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Table 3: The amount of torque generated by incremental amounts of force given all other values are constant.
	X(m)
	L(m)
	W(n)
	F(n)
	torque(nm^2)
	Random test selection of actual torque

	-20
	20
	10
	1
	0.0018
	

	-20
	20
	10
	2
	0.0016
	0.0144

	-20
	20
	10
	3
	0.0014
	

	-20
	20
	10
	4
	0.0012
	

	-20
	20
	10
	5
	0.001
	

	-20
	20
	10
	6
	0.0008
	0.0072

	-20
	20
	10
	7
	0.0006
	

	-20
	20
	10
	8
	0.0004
	

	-20
	20
	10
	9
	0.0002
	

	-20
	20
	10
	10
	0
	

	-20
	20
	10
	11
	-0.0002
	

	-20
	20
	10
	12
	-0.0004
	-0.0036

	-20
	20
	10
	13
	-0.0006
	

	-20
	20
	10
	14
	-0.0008
	

	-20
	20
	10
	15
	-0.001
	

	-20
	20
	10
	16
	-0.0012
	

	-20
	20
	10
	17
	-0.0014
	

	-20
	20
	10
	18
	-0.0016
	-0.0144

	-20
	20
	10
	19
	-0.0018
	



Figure 5: The amount of torque generated by incremental amounts of torque given all other values are constant.
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Table 4: The amount of torque generated by incremental amounts of force given all other values are constant.
	X(m)
	L(m)
	W(n)
	F(n)
	torque(nm^2)
	Random test selection of actual torque

	-20
	20
	10
	1
	0.0018
	

	-20
	20
	10
	2
	0.0016
	0.0016

	-20
	20
	10
	3
	0.0014
	

	-20
	20
	10
	4
	0.0012
	

	-20
	20
	10
	5
	0.001
	

	-20
	20
	10
	6
	0.0008
	0.0008

	-20
	20
	10
	7
	0.0006
	

	-20
	20
	10
	8
	0.0004
	

	-20
	20
	10
	9
	0.0002
	

	-20
	20
	10
	10
	0
	

	-20
	20
	10
	11
	-0.0002
	

	-20
	20
	10
	12
	-0.0004
	-0.0004

	-20
	20
	10
	13
	-0.0006
	

	-20
	20
	10
	14
	-0.0008
	

	-20
	20
	10
	15
	-0.001
	

	-20
	20
	10
	16
	-0.0012
	

	-20
	20
	10
	17
	-0.0014
	

	-20
	20
	10
	18
	-0.0016
	-0.0016

	-20
	20
	10
	19
	-0.0018
	



Figure 6: The amount of torque generated by incremental amounts of force given all other values are constant
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Analysis 

[bookmark: _Toc481670363]Visual test
The effectiveness of the solution was partially assessed through its visual characteristics.  The solution comprises a lever, two weights, the yellow one representing the force and the blue one representing the weight, with a white fulcrum that is initially placed in the middle of the lever with the two weights equidistant on each end of the lever. While the visual aspect is not something that is empirically provable using numbers to confirm a hypothesis, it is still important in the sense that the lever needs to move and react to input in a way that our visual faculties can confirm what we are seeing is correct, using a more abstract metaphor, it needs to “feel right” as in the games industry feel is as or more important than things being fully accurate. For it to “feel right” the system must act according to physics principles as we understand them. The lever must balance as we expect it to based on the placement of the fulcrum, the placement and mass of the forces, it needs to fall in the direction that has the most net forces, faster the larger the imbalance in forces. If these criteria are met then the visual test is a success, if however, the lever rotates in the wrong direction based on the distribution of forces, does not fall faster with a larger imbalance of forces, if the lever does not rotate using the fulcrum as the point of rotation or the weights do not follow the lever as it rotates then the visual test can be considered to have failed.
Visually the lever acts as expected, the values for static equilibrium can be input and the program will achieve static equilibrium, as seen in fig 1 the lever is a perfectly balanced system, this means that the torque equation (W*X) - (F*L) is equal to 0, or that there are no net forces acting on the system. If the fulcrum is moved left this makes the system unbalanced, an unbalanced system means that the torque equation is greater to, or less than 0, meaning that movement has taken place, a positive or negative number will dictate the direction of movement, in an unbalanced system mechanical advantage can be modelled, this means that a force acting on one side of a lever can lift much more than the force exerts as seen in fig 2, where a force of 2 is lifting five times its own weight, in this case the weight is 10. 



[bookmark: _Toc481670364]Numerical test
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In addition to the visual characteristics, the implementation was tested by using the values for static equilibrium as a baseline, then all the values were kept constant apart from the force weight which was increased ten times, starting with much smaller increments with the increments getting larger every step to view the results of extreme values being added to the system. The projected values were calculated on paper, then these were used as a comparison to put against the actual values output by the implementation. Finally, a table was made to list each change in force alongside the projected value and the actual value, then the table was made into a graph with the change in force along the X axis and the numerical result on the Y axis, with the projected results and actual results plotted against each other. Unlike the visual test, the numerical test is empirically provable using the output data, criteria for success requires that the projected and actual values are comparable and follow a similar curve, or alternatively just follow a similar curve with the values offset by a similar percentage throughout
The results of the numerical tests suggest that there is an issue with the program as the two lines in the graph should correlate with each other, following a similar curve either with values comparable within a reasonable margin or at the very least following a similar curve. However, the actual values differ greatly from the projected values with no discernible relationship, while the projected values show an exponential positive curve the actual values are much smaller than they should be and entirely negative which a much larger disparity with more extreme values. On that graph, the values appear like there is a relationship when the values are much smaller but this is due to the scale of the values on the extreme end of the spectrum masking the difference in values, if table 1 is viewed to see the specific values there is still no relationship. This could be down to code error, though the fact visually the implementation acts as expected so the disparity between the values is likely due to the projected values being calculated in the metric system, with the actual values not being standardised in any way so the only test that was numerically accurate is the static equilibrium test this is because in a  balanced system the torque equation (W*X) - (F*L) will always equal ~0 no matter the units used in the calculation, unbalanced systems however require the units involved to be standardised to a numerical system be it metric or imperial to be able to correlate with the projected values. 
There is no real way to know whether fixing the values so that they follow an established number system, either metric or imperial would alter the feel and visual element of the implementation in a positive or negative way, it has been observed in the games industry that when true physics have been modelled in some 3D games that it does not feel right, people fall from buildings at a different rate than expected so values get altered to improve the feel of the game, it is unclear whether it would have a similar result using this system. Potentially not as the change in values might not actually change the performance of physics just make the output values fit a number system which would make it a more useful system for modelling mechanical advantage and static equilibrium in a physics test environment, it could be useful in a games environment too if the number system was used to make distances and forces fit the games environment, it would be more important in a game that had physics as an important focus of the game, a focus beyond simply just modelling the bare minimum required to make the game work but if it had mechanics and puzzles based around manipulating an accurate physical environment, saying that as it stands with no modification to the output it would still be useful in a larger game environment and not detract from immersion provided it was well placed and integrated into the game engine. 
[bookmark: _Toc481670366]Phase 2
The tests in this phase show more of a correlation, due to the projected values being scaled in the same way as the actual values output by the implementation, meaning they were multiplied by 0.00001 and the damping value removed which dampened the velocity by * 0.95 in Figure 5 the start and end point are the inverse of each other with Point 10 being the centre point along both axes, the graph shows a linear relationship between the amount of force used and the amount of torque generated from that force. The sample points show a similar linear relationship but with the actual numbers not matching the projected calculations, being more extreme at both ends of the graph, this is an improvement over the previous phase of numerical testing which showed no real correlation.
[bookmark: _Toc481670367]Phase 3
The previous phases of testing have had inaccuracies in the output of the implementation, the third phase of testing has been made because these inaccuracies have been fixed and were due to the projected values being calculated in world space and the actual values being calculated in screen space this meant that while the values for static equilibrium were correct because (W*X) - (F*L) will always equal 0 in an environment that produces no torque, in other words a balanced system. None of the other calculations were correct however, since the distances used varied between the projected and actual values. 
The results of this phase of testing, using exactly the same parameters as the previous phase shows the same range for the projected values as expected since these are calculated independently, in Figure 6, the values for the actual torque however show an exact match to the projected values at all tested points along the line without even a variation due to floating point irregularities which was a possibility, if a higher number of decimal points were used then that may produce irregularities but for the purposes of this implementation it is an exact match. This also proves that this will be accurate at all stages along the line of Figure 1, which shows the values for the force required for static equilibrium with the fulcrum moving from the side with the weight to the side with the fulcrum, this was almost the case however with the previous tests but the result of the equation was not quite 0 but was such a small amount no movement was seen in the implementation and this discrepancy was assumed to have been down to inaccuracies in floating point numbers but has been proved not to be.














[bookmark: _Toc481670368]Conclusion 
In this paper, we looked at the steps needed to implement a 2D rotational dynamics lever system, to lay the groundwork for making a 3D shuttlecock game as this is the fundamental problem that needs to be solved. The paper itself looked at all the required information to be able to understand the necessary maths and physics to be able to implement the problem. There were problems with the calculations though these got solved, they were due to the implementation making the calculations in screen space while the projected calculations were made using world space coordinates which was throwing off the calculations even though each calculation was correct in the answer but not consistent so the graphs showed the wrong values, this was the reason behind the multiple phases of testing. The implementation was successful both visually and numerically though there are some problems, to make the implementation output the correct values the gluProject lines must be commented and the line that modifies the points directly must be uncommented, this stops the drag working though so the lever does an exponential spin. To see the lever working the changes are undone and the implementation will do things using gluProject but outputting the wrong values. The design of the physics was a higher level of complication than was first considered, a lot was learned and as a whole the experiment was successful, the calculated values were an exact match to the values output by the implementation and can definitely be used as a basis for a more complicated system. 




[bookmark: _Toc481670369]Further Work
The first thing that needs to be done is to fix the implementation so that it outputs the correct values without breaking the physics, there are a couple of ways of doing this either making a custom transform to do the transformations, or using a custom-built variation of the gluProject that does rotation but no transformations.
There are lots of uses for a lever system in games, either as individual mechanics or as a central game feature. As an individual mechanic it could be used as a way of doing lever based puzzles, modelling the carrying of loads using an aid such as a wheel barrow, it could be modified to work for projectiles like throwing axes, javelins, badminton shuttlecocks, or be developed into a leverage system to calculate something like a realistic sword fighting simulator as the actual mechanics of sword fighting and melee combat or combat against armour and shields have never really been properly explored to be implemented into a game, using an axe to lever a shield wall out of the way, hook someone’s shield or using a half sword technique to lever a sword into a weak point in armour and thrust to do meaningful, realistic anti-armour techniques beyond simple directional attacks which is how combat has always been modelled. As central game mechanics, it could be used for physics puzzle games where manipulating diverse types of levers is the main objective, with little modification it could be used to model pulleys and wheels as the rotational mechanics is already there and thus be able to make realistic siege engines such as the swing of a battering ram, or the counterweight system of a trebuchet and the wheel tension system of a catapult. 
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Actual torque against projected torque

Torque	2.0001199999999999	2.0011199999999998	2.0101200000000001	2.1	2.5	3	5	10	20	50	100	4.0000000000000001E-8	3.3332960000000002E-2	0.33332995999999998	3.3292999999999999	16.662500000000001	33.329000000000001	99.995000000000005	266.66000000000003	599.99	1599.98	3266.63	Implementation Torque	2.0001199999999999	2.0011199999999998	2.0101200000000001	2.1	2.5	3	5	10	20	50	100	3.6E-12	-2.9999700000000001E-6	-2.99997E-5	-2.99637E-4	-1.4996199999999999E-3	-2.9996100000000002E-3	-8.9995500000000003E-3	-2.3999400000000001E-2	-5.3999100000000001E-2	-0.14399799999999999	-0.29399700000000001	Force 	2.0001199999999999	2.0011199999999998	2.0101200000000001	2.1	2.5	3	5	10	20	50	100	2.0001199999999999	2.0011199999999998	2.0101200000000001	2.1	2.5	3	5	10	20	50	100	Amount of force


Amount of Torque




Torque generated by incremental force all other values constant

Projected torque	1.8000000000000002E-3	1.6000000000000001E-3	1.4000000000000002E-3	1.2000000000000001E-3	1E-3	8.0000000000000004E-4	6.0000000000000006E-4	4.0000000000000002E-4	2.0000000000000001E-4	0	-2.0000000000000001E-4	-4.0000000000000002E-4	-6.0000000000000006E-4	-8.0000000000000004E-4	-1E-3	-1.2000000000000001E-3	-1.4000000000000002E-3	-1.6000000000000001E-3	-1.8000000000000002E-3	Actual torque	1.44E-2	7.1999999999999998E-3	-3.5999999999999999E-3	-1.44E-2	Amount of force


Torque produced




Torque generated by incremental force all other values constant

Projected Torque	1.8000000000000002E-3	1.6000000000000001E-3	1.4000000000000002E-3	1.2000000000000001E-3	1E-3	8.0000000000000004E-4	6.0000000000000006E-4	4.0000000000000002E-4	2.0000000000000001E-4	0	-2.0000000000000001E-4	-4.0000000000000002E-4	-6.0000000000000006E-4	-8.0000000000000004E-4	-1E-3	-1.2000000000000001E-3	-1.4000000000000002E-3	-1.6000000000000001E-3	-1.8000000000000002E-3	Actual Torque	1.6000000000000001E-3	8.0000000000000004E-4	-4.0000000000000002E-4	-1.6000000000000001E-3	Amount of force


Torque produced




Static equilibrium

0.25641025641025639	0.52631578947368418	0.81081081081081086	1.1111111111111112	1.4285714285714286	1.7647058823529411	2.1212121212121211	2.5	2.903225806451613	3.3333333333333335	3.7931034482758621	4.2857142857142856	4.8148148148148149	5.384615384615385	6	6.666666666666667	7.3913043478260869	8.1818181818181817	9.0476190476190474	10	11.052631578947368	12.222222222222221	13.529411764705882	15	16.666666666666668	18.571428571428573	20.76923076923077	23.333333333333332	26.363636363636363	30	34.444444444444443	40	47.142857142857146	56.666666666666664	70	90	123.33333333333333	190	390	Distance of fulcrum to the load


Amount of force required
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