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[bookmark: _Toc7601709]Abstract

	This project focuses on implementing ambient occlusion within a static scene of multiple objects. Ambient Occlusion will be applied as part of the global illumination of the scene. Ambient occlusion is tackled in a manner that calculates other objects influence on the intensity of light that is accessible to an object’s vertex. Multiple rays are used in the intensity calculation and are cast from the current object vertex in the shape of a hemisphere, which is then oriented around the vertex normal. Bounding sphere volumes are used to ensure fast intersection checks are possible. OpenGL and C++ are the main languages utilised in the creation of this development project. A variant of Scrum aimed at a single member team is utilised. Multiple sprints are part of the process and detailed steps describes the process of design and implementation of each sprint. Vertex based ambient occlusion is used to ensure fast calculation of ambient occlusion intensities, which are then applied to the surface of an object using an OpenGL vertex and a fragment shader.
	The main deliverable of this project will be an OpenGL application that can load multiple objects using a custom obj file loader. Calculate ambient occlusion of a static scene using a surface normal oriented hemisphere of rays.
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1. [bookmark: _Toc7601711]Introduction

This project will be focussed on using OpenGL and C++ to create a scene containing multiple objects and calculating ambient occlusion values to be used and displayed as part of the global illumination of the scene. Implementation of a ray casting method will be utilised to create a hemisphere of rays that is then oriented around the normal at each vertex being processed. An intersection detection system will also be required to enable self-shadowing and multiple objects occlusion detection using rays and bounding sphere intersection checks. All resulting data from the above will be used as part of the global illumination of the scene, passed into a vertex shader and applied to the lighting as part of the fragment shader to enable use in the scene during real-time lighting calculations. This is expected to be a fast algorithm which can be calculated and stored before runtime of the program.

[bookmark: _Toc7601712]1.1 Objectives

The following list are the high-level final objectives:
· Multiple objects loader
· Ray casting across a hemisphere
· Orient hemisphere around surface normal at a vertex
· Implement ambient occlusion using ray intersection check
· Other objects in a static scene
· Current object self-occlusion
· Implement a noise algorithm to decrease amount of ray casting needed





2. [bookmark: _Toc7601713]Global Illumination

In computer games the goal is to be able to recreate a real-world / high quality environment that appears to be physically correct to the human eye [1] and add to the immersion of the game [2], [3]. Lighting calculations in simple real-time rendering systems commonly use just a local lighting model (direct lighting) that does not account for other objects occluding or reflected colour from an object on to the surface of the current object [4]. Introducing Global illumination algorithms can aid the user in determining more information about a scene using a world light model (indirect lighting) that allows light calculations to calculate surrounding light interactions with other objects also [3], [4], [5]. Global illumination algorithms can be a great contributing factor to achieving this realism by implementing a model that approximates how light photons react to different material surfaces in rendered scenes [4], [6]. Increasing realism in a scene can be achieved by using global illumination algorithms to calculate how light has bounced from a light source, to an object surface and reflected or refracted from the object to the next object (minus any absorption value dependant on the surface materials), or to the viewer [4]. These techniques can add much more realistic depth perception between objects for the user [4]. 
	Object colour reflection can be calculated as part of a global illumination model. This allows the colour of the light reflected from one object to be reflected onto any nearby objects (See Figure 1) [5], for example, a blue object reflecting onto a white surface would apply some colour reflection of blue which would be absorbed by the white surface, therefore altering the colour tone to an average of both colours, similar to a real world situation [4], [5].

[image: ]
[bookmark: _Toc7601797]Figure 1 [3]: Global illumination colour reflection effects simulating colour bleeding into surfaces and objects nearby.

These lighting and shadowing techniques are used to simulate the real world, even though implementation might not always be physically accurate to the real world [7]. Objects can have several properties that all blend together to make a more realistic representation of the scene. A blend of these properties is calculated during the rendering of the scene and can include, texturing, lighting, shadowing and image improvement techniques such as anti-aliasing, ambient occlusion [2].
There are many other forms of global illumination algorithms that can also be applied to a scene, some of which can be precomputed and stored into texture maps to allow a lookup of some of the lighting values used for global illumination or the texture can be applied to an object directly to increase the rendering speeds of a scene [3], [4], [8]. This is due to the huge calculations required to perform real-time effects such as shadowing [9], for Example, in 30 frames per second (33ms per frame), Crytek use approximately 5-7ms of this frame budget to calculate shadowing for their game Crysis [10].
Current game engines use a process called ‘Baking’ for global illumination, which pre-calculates the lighting for all static objects in a scene at compile time and uses these values to add to the lighting algorithms used during real-time rendering of a scene, which increases the speed at which calculations can be performed [5].
	There are limitations to precomputed global illumination effects due to calculations being expensive [3], [11]. Up until recently it has not been possible to precompute ambient occlusion light for dynamic objects in a scene, only static objects [5], [12]. There have been methods recently created that allow precomputation of ambient occlusion on dynamic objects [3]. Dynamic objects would not reflect colour on to other surfaces or receive colour reflections from precomputed illumination in some game engines such as Unity [5]. There are several techniques exist that can remedy part of this issue, one being using light probes that have precalculated lighting stored in them to allow colour reflections to be stored at the light probe location ready for lookup to appear as a reflected colour shown on a dynamic objects surface as it passes the probe in a scene (currently present in the Unity game engine [5] and also in the Unreal Engine known as the ‘indirect lighting cache’ [13]), however the dynamic object will not reflect any colour as it passes by other objects in the scene [5].
Global illumination in a real-time capacity has only recently been feasible [14], hardware improvements have allowed for frame rates to remain consistent with lighting calculations for interactive applications [3], [15].

In the following chapter ambient occlusion will be looked at, a technique that allows self-shadowing of objects depending on how much occlusion is calculated at a surface point of an object.

2.1 [bookmark: _Toc7601714]Ambient Occlusion

Ambient Occlusion is a global illumination technique used to calculate a pixel’s intensity value along the surface of a model [16]. This can produce great results and add increased realism to computer generated scenes such as games, even though it is an approximation of the amount of light that would be received at a surface point [3], [8], [17], [18]. Ambient Occlusion calculates the amount of ambient light that would illuminate an objects surface point allowing minor details in object geometry to be displayed correctly with just the ambient term [16]. Self-Shadowing of the objects surface is calculated correctly with just environment lighting and without the need of any light sources present in a scene [3], [16], [19]. This is performed by calculating how much the surface point is occluded by itself [8], [16], [18], [19]. Occlusion can be extended to allow other objects in a scene to also add to the occlusion value [14], [15], [16].
Ambient Occlusion determines how much of the surface point is occluded as a binary value, fragment is lit up vs fragment is not lit up [8], [20]. To enable approximation of ambient illumination values at the surface point a hemisphere is placed around the surface normal and multiple rays are fired from the point to the hemisphere above (see figure 2, left) [6], [8], [20]. A maximum length of ray can be used to only calculate objects that are close to the surface point [8], [20] or a collision check could be utilised to calculate self-shadowing by allowing checking if intersections are part of the same object as the surface point being calculated [16]. The number of rays that do not intersect with another object are then calculated to give the percentage of intensity to use for the ambient value at the surface point [8], [20]. The values are then stored in an ambient occlusion map that is later used in the lighting calculation at real-time [6], [16].
Ambient occlusion also needs to be aware of which direction the light will hit the surface point from, this is calculated by averaging all rays that did not get occluded and finding the difference between this new averaged direction vector and the original surface normal [6], [16], this is known as the ‘bent normal’ (see figure 2, right). The bent normal is then stored in the ambient occlusion map and used by the ambient lighting component to ensure environment light / texture will be applied from the correct direction in the scene [6], [16].
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[bookmark: _Toc7601798]Figure 2 [20]: Left - Occlusion value calculation using a hemisphere, lines ending with black dots are occluded, rays with more colour are closer to the surface normal. Right - Bent normal calculated using difference from averaged unoccluded rays and surface normal.

This is all performed in a pre-calculation pass as the resulting intensity value for a surface point is view independent [6], [15]. Being view independent allows occlusion calculations to be used in different lighting setups without having to perform the pre-calculation pass again [6]. However, for objects that animate internally this step could be set to run every frame, allowing dynamic objects to also show correct self-shadowing values [6].
Although this project will focus on hemisphere occlusion at each surface point, there have been different approaches of calculating ambient occlusion values [3], [16]. 
In Pharr’s algorithm [16] a highly tessellated model was used, allowing calculations for ambient occlusion to be performed on a per triangle basis, the average of the adjacent triangles are then stored into each vertex and passed into the vertex shader for interpolation at the fragment shader stage [16]. Pharr suggests a faster approach than software raytracing techniques by using GPU acceleration and shadow lighting saved to a shadow map to calculate shadowing at a point on an object [16]. Environment maps were also applied with the use of a bent normal to determine incidence of light direction (see figure 3) [16]. 

[image: ]
[bookmark: _Toc7601799]Figure 3 [16]: Left - diffuse shaded model, Middle - Diffuse shaded with AO and ground shadowing, Right - added illumination from an environment map.

Bunnel [3] suggests an improvement to Pharr’s algorithm [16] using surface elements represented by a front facing disk (see figure 4), allowing it to be used in dynamic scenes with multiple objects and deformable geometry in real-time [3]. This was achieved by storing the initial texture map and updating the values using the fragment shader in place of the vertex shader [3]. However, disk surface representation can cause pinching at the vertices and sharp shadow edges at the end of surface disks, Hoberock and Jia extended Bunnel’s algorithm by adding a fuzzy transition zone between disks while using the fragment shader, allowing both disk surface artifacts and pinching at vertices to be less apparent on objects of high and low tessellation [19].

[image: ]
[bookmark: _Toc7601800]Figure 4 [3]: Bunnel's transformation of a polygonal mesh to front facing surface disk representation.

In a ray tracing system a shadow ray can also be used to cast a ray from the objects surface point to determine if the surface point is occluded (see Figure 5), this requires setup of the direction vector and ray from this surface point before shooting any rays into the scene [8].

[image: ]
[bookmark: _Toc7601801]Figure 5 [8]: Rays firing from an objects surface point. Red: Surface points, Black: hit an object, Blue: No object hit

[bookmark: _Toc7601715]2.2 Shadows

Shadows play a huge part in visual perception of a scene, the presence of shadows in the real world causes computer generated scenes without shadows to look unrealistic [7], [21], [22], [23]. As discussed briefly in section 1.1 shadows are generated when an object in a scene blocks illumination from a light source to an objects surface [21], [23]. Shadows do not always need to be realistic to allow for depth perception to be achieved, a simple circle under shadowing for a character will allow depth to be determined more than with no shadow present [7], [24], [25]. Point and directional lights leave a hard shadow, as these types of light sources either illuminate completely or not at all onto a surface point (See Figure 6, Left) [21]. Area lights create soft shadows on a surface, as an area light can be partially illuminated around an object (See Figure 6, Right) [21]. Ambient occlusion can be categorised as a soft shadow, due to the nature of occlusion being faded out on most visibility levels other than sharp angle changes on a surface [7].
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[bookmark: _Toc7601802]Figure 6 [21]: Hard and soft shadow comparison. Left - Hard shadows from point light, Right - Soft shadow from area lighting.

 When shadows are not present in a scene an object can appear as if it is not in contact with the floor even when they are positioned on the floor [21], [22]; A shadow can allow further understanding of the distance between the floor (or any surface / object) and an object, adding a huge amount of depth perception and realism to a scene (see Figure 7) [7], [22], [24], [25], [26].

[image: ]
[bookmark: _Toc7601803]Figure 7 [22]: Depth perception through implementing shadows. Left - No shadows, Unable to accurately determine how far spheres are from surface of floor and wall, Right - With shadows, able to judge depth of scene and distance spheres are from floor and wall.

In the real-world shadows are a free offset to light [21]. However, in a computer graphics scene, shadows need to be computed using algorithms which can be an expensive part of rendering [21], [22]. Raytracing and shadow depth mapping are two techniques that can be considered to generate shadows [21], [22]. Ray-tracing shadows gives increased quality but takes more processing time to perform than depth mapping [21], [22]. When deciding which algorithm to settle with, a balance between quality and efficiency must be decided, allowing rendering of the scene to run in real-time at an acceptable frame rate, usually between 30 to 60 frames per second [10], [22], [27]. 
Sample rate will display a differing quality of shadowing, sampling at only the vertices can result in artefacts being visible, this can be improved by increasing the sample amounts, avoiding artefacts due to under sampling of the surface [7], [10], [23], [27]. Under sampling can be avoided by using the Phong shading algorithm and sampling at each pixels interpolated normal [28], this comes at a higher cost than sampling at the vertices only, but the quality of the output image / scene is much higher [7], [10], [27].
Coloured shadows are also possible, these types of shadows can be cast by coloured lights or a light passing through a transparent coloured surface before a shadow being cast onto another surface (See Figure 8) [7], [29].

[image: ]
[bookmark: _Toc7601804]Figure 8 [7]: Light that has altered colour as it passes through coloured object and casts a coloured shadow as a result.

	Shadowing can be calculated using a shadow depth map, a 2D texture that determines if a point is in shadow [7], [16], [30]. An image is generated of the scene as it appears from the light source, every point that appears in this image is lit, any that do not appear will not be lit [7], [30]. Checking if a point is illuminated at the light source is performed through a lookup in the shadow map to see if that point is lit up or not [30], [31].
There are issues relating to shadow maps that can lead to incorrect shadowing, shadow map resolution being too low can cause shadow artefacts, and a resolution that is too high could cause light leakage, this will be visible at the point that shadows come into contact with the object casting the shadow (See Figure 9) [30], [31]. 
Shadow maps can be used in other contexts also, such as an ambient occlusion shadow map, showing the light intensity values at a point on an objects surface, as discussed in section 1.1 of this report [3], [16]. These values are stored per object and therefore are referred to as self-shadowing [29].

[image: ]
[bookmark: _Toc7601805]Figure 9 [29]: Shadow map resolution issues. Left - Resolution of shadow map too low causing surface acne, Right - Resolution of shadow map too high causing light leakage at shadow contact with object casting shadow.

[bookmark: _Toc7601716]2.2.1 Self-Shadowing

Self-Shadowing can happen when an object occludes itself with another part of its geometry [29]. Self-Shadowing can also contribute to the perceived realism of a scene [7], [23]. Ambient occlusion can be used to calculate self-shadowing of an object, intersections can check if the cast ray has hit the current object and the occlusion percentage of the hemisphere can be calculated based upon only rays that hit the another part of the same objects geometry [16], [23], [27], [29]. Almost all rendering engines incorporate a basic self-shadowing equation, any surface that is found to not be facing a light source can be excluded from lighting calculations easily, as no light would reach the side of a surface that is facing away from the light source [29]. The surface normal and the light direction are used from the point being calculated and a dot product check is performed, if the result is greater than zero, the surface is facing towards the light source and should be accounted for in the lighting equation [29]. 
There are issues that arise in all shadow algorithm techniques due to this surface normal and light direction dot product check [29]. Specular values can be greater than zero while diffuse values are not, leading to a specular highlight being present where no specular value should be, this problem is not encountered often due to the circumstances that are required [29]. 
Another issue that could arise is the terminator problem, in approximated curved surfaces the interpolated normal between vertices is used in light calculations, this can lead to shadow artefacts on the curved surface, that can resemble a staircase effect between a lit and a not lit point on the objects surface (See Figure 10) [29], [31]. The staircase effect is not as much of a problem in shadow mapping and ray traced scenes, this is because an offset value can be used on the shadow ray, along the interpolated normal value, however, this can fail when the face is not mostly facing a light source [29], [31].

[image: ]
[bookmark: _Toc7601806]Figure 10 [29]: Shadow terminator showing staircase effect on approximated smooth surfaces.

When using bump mapping geometry does not create or change the geometry of an object, therefore shadowing appears as smooth due to the geometry being smooth [29], [31]. Bump mapping has issues displaying self-occlusion due to its flat geometry [29]. Horizon mapping solves this issue, using the values stored in the bump map and reading them as height values [29]. The angle between this height value and the horizon is calculated. If the angle between horizon and surface tangent exceeds the angle to the light this point is in shadow (See Figure 11) [29], [31].

[image: ]
[bookmark: _Toc7601807]Figure 11 [29]: Self-shadowing with bump mapping. Left – No self-shadowing, Right - Self-shadowing using horizon mapping.


[bookmark: _Toc7601717]2.3 Texture Mapping

	A texture is an image file that holds colour values in each of its coordinates, these colours can be applied to an object to increase realism of a surface within a scene, textures can also be procedurally generated [32], [33]. Textures can be applied using several texture mapping techniques, these techniques are inexpensive compared to other solutions [32]. 
	An alternative to texture mapping is to increase the detail of an object by adding extra geometry, this comes at a greater cost of processing than a placing texture image onto an objects surface, this can also take longer for an artist to model the small details required to display as a texture image would [32]. There are applications that use high quality geometry models to create a texture image file, that can later be used on a simpler representation of the model, but keep the visual detail that was created using the higher geometry model, ZBrush is an example of a software package that enables this technique [34].
	A texture can look flat, lack depth and the correct specular highlights, these issues can be resolved by using bump mapping and a specular map texture [33]. Local object space is used when applying a texture, this allows the texture to display correctly even if the object is moved [33]. Texturing of a point on an objects surface is performed by  calculating the light equation with the surface material property and the texture maps colour at that pixels location on a surface [32], [33].
	Texture coordinates are usually set per vertex for an object, these can be set by the artist in modelling packages [33]. Projector functions are used to convert between surface point and texture coordinate location [33]. Spherical, cylindrical and planar projections are examples of projector functions (See Figure 12) [32], [33]. These functions are normally performed by a modelling application but can be done within the vertex and fragment shaders directly [33]. Fragment and vertex shaders can be facilitated to change texture coordinates during runtime to create a moving texture effect on a surface, or a video could be used to be displayed as texture coordinates on a surface [33].

[image: ]
[bookmark: _Toc7601808]Figure 12 : Left - Spherical Projection, Middle - Cylindrical Projection, Right - -Planar projection

	Textures can be used for more than just displaying surface images, any data can be stored in their values and be accessed through shaders to apply different effects to a surface [33]. 
	Ambient occlusion uses a texture map to store its calculations intensity values into an image file to be accessed later [3], [16]. The closer to white the texture coordinate is the more light that shines on that point on the object (See Figure 13) [35].

[image: ]
[bookmark: _Toc7601809]Figure 13 [36]: Model with ambient occlusion mapped to a 2D texture image.
[bookmark: _Toc7601718]2.4 Ray-Casting

	Ray casting involves shooting a straight line from a point and returning if that ray hit something (a surface or an object) [37], [38], [39]. A ray is defined using its origin point (o), a unit vector for its direction (d) and a t value to find the position on the line (t = 0 at line start) [37], [38], [39], [40]. The t value is regarded as zero at the start position and t < 0 or t > 0 are used to give the ray infinite length [37], [38], [39].

	Ray definition [37], [38], [39], [40]:

p = 0 + td

Ray casting is used for many things, including visible surface detection, object intersection checking, line of sight, bullet hitting an enemy and as part of a raytracing renderer [37], [38], [39], [40], [41].
	Ray casting is an expensive process due to having to calculate every step of the ray [42]. Being such an expensive process using many rays is normally reserved for non-real-time applications [42]. Objects are normally described as a bounding box to lower a ray intersection tests cost, quickly determining if an intersection is possible between a ray and an object (as described in section 1.5.1 Bounding volumes) [43]. Rays can run independently of each other [42], [44], [45]. Therefore, rays can exploit the parallel nature of GPU hardware and scale easily across multiple processors [42], [44], [45].
	Alongside intersection testing rays are most commonly used in raytracing to simulate global illumination [37]. Rays are cast from the pixel location and through the scene [37]. These rays will continue even upon hitting an object to enable calculation of reflection and transparency in objects in the scene [37].

Ray tracing can use multiple types of rays [37]:
· Primary Rays
· Rays that start at the origin (camera position or centre of pixel location)
· Secondary Rays
· Rays that start on the objects surface as part of a reflection from a primary ray bouncing off an objects surface.
· Shadow Rays
· Rays that start on an objects surface to cast shadows on to other objects or surfaces.

[bookmark: _Toc7601719]2.4.1 Ray intersection

	Rays can be used to check for intersections with collision primitives such bounding volumes [41], distance checks between player and floor, car wheel and floor, etc. [41]. The ray origin can be set at any location, for example, the pixel location or a point on an objects surface [46].
	Calculating intersections on an objects surface occurs by transforming the ray into the objects local space [47]. When an intersection is confirmed, the point of ray intersection and the surface normal point can be converted back to world space [47]. 
	One of the most common intersection checks performed is the ray to sphere intersection check [47], [48]. Checking if a ray has intersected with a sphere is performed by checking if the ray point is outside of the sphere radius [47], [48].
	This calculation is done by finding the distance between the sphere centre point and the ray [41], [42], [43], [47], [48], [49]. This is like sphere to sphere collision checking, however a check to see if the sphere is behind the ray origin is also performed [48]. Using the dot product between the vector from the ray point to sphere centre point (v), and the ray direction vector (d), it is possible to quickly determine if the sphere is in the positive direction of the ray (See Figure 14) [50]. If d * v > 0 the sphere is in the positive direction of the ray, if  d * v <= 0 the sphere is not in the positive direction of the ray (sphere is behind the ray and will not intersect in the ray direction) [47], [50].

[image: ]
[bookmark: _Toc7601810]Figure 14 [50]: Ray to Sphere intersection using dot product calculation

	The next step is to calculate if the sphere overlaps the ray direction, if the distance (pc) from the centre of sphere to the ray point is larger than the sphere radius (See Figure 15, Sphere A), no intersection has occurred [50]. if the distance (pc) from the centre of sphere to the ray point is equal to (See Figure 15, Sphere B) or less than the sphere radius (See Figure 15, Sphere C), an intersection has occurred [50].

[image: ]
[bookmark: _Toc7601811]Figure 15 [50]: Ray to sphere intersections, Sphere A - No intersection, Sphere B - Surface tangent intersection, Sphere C - Sphere intersection

[bookmark: _Toc7601720]2.4.2 Hemisphere Ray-casting

	Ambient occlusion techniques can make use of a hemisphere made of rays to determine occlusion at a point on an object [6], [8], [20], [51]. Rays are cast across a hemisphere that is centred around the points surface normal [6], [8], [20], [51]. The percentage of rays that hit other objects or surfaces in the scene equate to the occlusion amount at that point [6], [8], [20], [51]. The visibility function is replaced with a max distance function to enable discount objects that are too far away to occlude the current point, speeding up required calculations [6], [8], [20], [51], [52]. The max distance function could also be used to represent the weighting of the obscurance on the final output intensity, this shows differing results to infinite rays (See Figure 16) [20], [52]. Ambient obscurance is not visually correct but can be perceived by users as more accurate than ambient occlusion [20]. The max distance function value would need to be set manually to get good results [20].

[image: ]
[bookmark: _Toc7601812]Figure 16 [20]: Ambient occlusion with and without infinite rays. Left - Ambient occlusion with infinite rays, Right - Ambient obscurance using finite rays.

[bookmark: _Toc7601721]2.4.3 Randomised Ray-cast

	When using rays to sample a hemisphere there are multiple sampling methods that can be used [8], [20], [53]. Regularly spaced samples onto a hemisphere can leave noticeable banding artefacts on the spheres surface, as seen in Figure 17 – Left [8]. Random sampling is an improvement on regularly spaced but banding artefacts are still visible on the spheres surface (See Figure 17 – Middle) [8]. Multi-jittered sampling gives higher results and can achieve the same 256 sample random sampling in just 64 samples, and superior results with 256 samples (See Figure 17 – Right) [8].

[image: ]
[bookmark: _Toc7601813]Figure 17 [8]: Ray Sampling Types, 256 samples. Left - Regularly sampling, Middle - Random Sampling, Right - Multi-jittered Sampling.

	A uniform distribution of rays across the hemisphere can be used, but can also be weighted to cast more rays around the surface normal of the point [6], [8], [20], [51]. Weighting rays closer to the surface normal allows casting to be prioritised to directions that would affect the point most, usually clustering closer to the surface normal (called malley’s method [20] ) [6], [8], [20], [51].

[bookmark: _Toc7601722]2.5 Collision Detection

	In any interactive scene that contains at least one moving object and other static or moving objects, collisions between these objects can occur and if no collision detection system is present objects will pass through one another [54] , [55], [56]. When a collision detection system is present objects can detect collisions with each other using collision detection algorithms [54] , [55], [56]. These algorithms can be expensive for large polygonal mesh objects, to lower the cost of performing collision detection, objects can use simple primitive shapes called bounding volumes (such as a sphere) to encapsulate the whole object and allow fast dismissal of a possible collision [54] , [56], [57]. The collision system would check to see if any of these bounding volumes were overlapping, possibly ruling out thousands of polygon collision checks [57]. When a bounding volume returns positive for overlapping another bounding volume further testing is required between the two objects, the performance hit for this is justified by the quick elimination of objects due to no overlapping for their bounding volumes [54], [57].

[bookmark: _Toc7601723]2.5.1 Bounding Volumes

	There are many different bounding volumes that are used in collision systems and in this section the most popular bounding volumes will be briefly covered, sphere, axis aligned bounding box (AABB), oriented bounding box (OBB) and convex hull [57]. Collisions comparisons between the same type and multiple types of bounding volumes can occur and further testing can also be performed once collision is detected down to checking which point on an objects surface has been collided with [57]. In games collision detection can be acceptable to only determine bounding volumes colliding with each other to determine objects have collided [57]. In some situations, ray intersect testing can be used to find the exact point at which the collision would occur [58].

[image: ]
[bookmark: _Toc7601814]Figure 18 [57]: Bounding volume types and efficiency

Sphere

	Sphere bounding volumes are a very common and efficient way to calculate a bounding volume. Defined using only a centre point and radius size, a single translation of their centre position is all that’s required to move the sphere to a new location [57]. Calculation of the bounding sphere can be achieved by first taking the AABB and finding the centre, then setting the radius to the furthest point away from this [57], [59].
	Determining sphere to sphere intersection is easily performed using the Euclidean distance between both sphere centre points, if the result is higher than both sphere radiuses summed, the bounding volumes are overlapping [57].

Sphere to sphere intersect pseudocode:
1. Calculate distance between sphere centre points
2. Square distance
3. Sum both sphere radiuses
4. Check if squared distance is less than sphere radiuses summed

Axis-aligned Bounding Box

An axis-aligned bounding box is commonly used in current games, it is a cuboid volume that has its faces aligned with the current coordinate system [57], [54]. This allows collision comparisons between two axis-aligned volumes to be calculated in an exceptionally efficient way [54]. However, to keep the volume axis-aligned every time an object rotates the bounding volume will need to be recalculated, resulting in the possibility of a badly formed bounding volumes on some objects (See Figure 19) [54]. 

[image: ]
[bookmark: _Toc7601815]Figure 19 [54]: AABB rotation effect on rotating of objects. Left - before rotation of object, Right - after rotation and recalculation of AABB on same object.

Objects can also have an AABB defined in their local space, meaning that either both objects would need to be translated to world space or one of the objects would need to be translated to the other objects local space before overlapping tests could begin [57].
AABB can be defined in three ways (see Figure 20) [54], [57]: 
1) Minimum and maximum widths for each axis
2) Minimum corner point and the width maximum from minimum corner
3) Centre point with half width of AABB from centre point

[image: ]
[bookmark: _Toc7601816]Figure 20 [57]: Definition examples of an AABB.
	
AABB to AABB overlapping checks return true if all axes are overlapping, this can be a performed using a coordinate position comparison [57].

AABB to AABB intersect pseudocode:
1. Check each axis for overlapping points using both points
2. If any return false, exit
3. If all true, overlap occurring

Oriented Bounding Box

	An oriented bounding box is like an AABB, its volume is a rectangular box but is not axis aligned to the coordinate system [54], [57]. An oriented bounding box can fit objects more tightly than an AABB [54], [57]. An OBB uses the objects local space axes to position itself, this allows the OBB to move with the object during transformations and rotations (see Figure 21) [54]. An OBB can be calculated using the centroid of the bounding box to the centre of each face on the bounding volume on its three positively oriented vectors axes x, y and z [54], [60].
	OBB to OBB overlapping checks can be performed simply by checking if a box is completely outside of a face from the other object [57], [60]. This works well in 2D space but can fail to be completely accurate in 3D space [57]. When two OBB’s have edges that are very close to each other but not overlapping, a false collision can be detected in 3D space [57]. However, the check will never miss a collision and can be used for a fast overlapping check between two OBB’s before continuing to check all possible axes for a confirmed collision [57], [60].
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[bookmark: _Toc7601817][bookmark: _GoBack]Figure 21 [57]: AABB vs OBB bounding volume. Left - AABB bounding box, Right - OBB bounding box

Sphere to Box Collision Checking

	Calculating if a sphere and a box has collided with one another is more expensive than comparing the same two shapes [56], [58]. The calculation can be made easier by using a few steps [56], [58]:
1. Calculate the radius for a sphere that completely encapsulates the bounding box
2. Check for a collision between both objects bounding spheres
3. If collision is confirmed as a possibility
4. Find point on bounding box that is closest to sphere (of first object)
5. Calculate distance from centre of sphere to the point
6. If the result is larger than the radius, there is a collision



Other Bounding Volumes

	There are many other bounding volumes used in collision system, such as convex hull, polygonal soup and capsule [54], [56], [57]. It is also possible to use multiple bounding volume types to represent an objects form [54], but for the purpose of this project only the simplest bounding volumes were looked at how to enable fast elimination of complete objects that do not collide before calculating if a finite ray on a hemisphere would hit an objects surface [58].
























[bookmark: _Toc7601724]3. Research and Development Methodology

	This section of the report will look into the research and development methodology methods that will be used throughout this project’s development. A brief overview of the method and why these methods were chosen will be included. Disadvantages of a method will be listed also, if any.

[bookmark: _Toc7601725]3.1 Research

	Using the research onion as shown in Figure 22, the following choices have been made to guide the research performed as part of this project.

[image: ]
[bookmark: _Toc7601818]Figure 22 [61]: The Research Onion




[bookmark: _Toc7601726]3.1.1 Philosophies
	
	The philosophy that is used as part of this project is the Positivism paradigm [61]. This philosophy is well suited to the project as it focuses on the output of visual results [62]. These results can then be measured and compared through experiments [62]. For Example, using different approaches to solve the same problem and measuring the output to deduce which was the faster approach. Through running a number of these tests and averaging the output results, a single answer can be accepted for each approach undertaken [61], [62]. Positivism has also been recently targeted as a philosophy that relies on an individual’s own perceptions of how the world works [62], [63]. This criticism is overcome in this project by using real data output from testing and experimentation of different approaches. Therefore, no individual’s perception is weighted into the obtaining of data used.

[bookmark: _Toc7601727]3.1.2 Research Approach
	
	The research approach chosen for this project is the deductive research method [61]. This method was selected due to the link from the positivism philosophy [61] and the wealth of knowledge that is already available in relation to the projects aim. The theory that will already be apparent as part of this project is that one method will perform at a much faster rate than the other. The advantage of using this research method is the outcome of the tests performed between the different approaches will allow for confirmation of theories already assumed from researching of the literature [61], or will allow for modification of these theories with any new results [61] that become apparent during the course of this project. These results will also be independent and should be easily replicated by other researchers.

[bookmark: _Toc7601728]3.1.3 Strategies

	The strategy aimed at being used in this project is the experiment strategy [61]. The Experimental strategy will fit well with the proposed project as it uses a number of results that can be generalised and compared with the output of two methods of implementation [64].

	The aim of the experiments proposed is to calculate the amount of time taken to perform the same action using two different methods of performing a similar outcome. The proposal could include two methods to compare and measure the outcome. Another way to implement would be to implement an algorithm to show speed is achieved by sacrificing other aspects of the output [64]. For example, image quality.

[bookmark: _Toc7601729]3.1.4 Data Collection

	Data resulting from the timing tests performed will be collated and shown in graph form. This will allow the performance to be judged quickly and efficiently between the different approaches tested.

[bookmark: _Toc7601730]3.2 Software Engineering Methodology

	Scrum will be the software engineering method to be used during this project’s development. The next section will explain what elements of this methodology will be used and why.

[bookmark: _Toc7601731]3.2.1 Scrum

	Scrum has been chosen as the software engineering agile development method. Scrum is an agile software development methodology targeted at small teams [65], [66]. Scrum uses an iteration based method that allows changes in the program at various stages throughout development, normally at the end of each sprint development cycle (See Figure 22) [65], [66]. 
	Tasks are listed in a few categories to signify their current progression in the sprint taking place, Project backlog is used to collate whole project tasks, Kanban style boards can be used to provide a way to track current ongoing and completed tasks:

Project Backlog:
		A Project backlog contains a list of all tasks that need to be completed in the process of the whole project. Various forms can be used to demonstrate the tasks, technical descriptions, or user stories could be used [65], [66]. A Priority can be assigned to tasks to show which tasks need to be completed before another can be implemented and an estimation of time required to complete a task can also be included [65]. Only tasks that are of value to the program should be added to the project backlog [65].
	
To-Do
	All tasks that are not currently in the process of being complete or already complete are placed in a To-Do column [65]. These tasks are only for the current sprint specifically and do not contain anything left for a later sprint iteration [65].

In Process
	Any task that is currently in the process of being completed by a member of the team is placed in this column [65]. This allows tasks to be clearly separate from tasks that need to be started or that have already been fully completed as part of the current sprint [66].

Done
	All tasks from the current sprint that have been completed are placed in the done section [65], [66]. This allows for tasks to be taken off the project backlog on completion and to enable a visual check to show tasks being completed [66]. They are removed at the end of a sprint to make room for a new sprint to start [65], [66].

	Scrum was designed with small teams in mind [65], [66]. The disadvantage with scrum is that it was not designed for a one person team [65], [66]. Scrum teams have scrum masters to be a final decision on processes and what priority is given to tasks [65], [66]. Scrum masters also lead the sprint planning meeting, daily meetings and end of sprint meetings to ensure progress and any problems that arise during sprints are completed [65], [66].
	Scrum is an iteration based engineering method and therefore makes it hard to state an exact window of release for an application [65], [66]. Each iteration new features can be added or old features can be changed or completely removed while planning the next sprint [65], [66]. This method also lacks as much documentation as other methods, with a focus on product delivery over heavy product documentation [65], [66].
	This project utilises scrum in a one-person team perspective. Sprints are still planned and daily meetings to plan the day are still used. Weekly meetings are also used with the project supervisor.
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[bookmark: _Toc7601819]Figure 23 [71]: Scrum agile method sprint iterations

[bookmark: _Toc7601732]3.3 Software

	OpenGL and C++ were chosen to create this project. OpenGL was chosen to utilise a modern graphics API [17] that is used in current industry and was taught throughout the BSc Computer Games Development degree this project is being implemented for. OpenGL has an extensive number of books and documentation already in place to aid the understanding of a huge array of features this graphics API has to offer. The OpenGL graphics library also utilises its own shader language that allows for multiple steps of the graphics pipeline to be programmed directly by the developer [17]. The Vertex and Fragment shaders are manually programmed directly by the author to allow lighting of ambient occlusion effects to be visible in a 3D virtual world. The OpenGL Shading Language is also very similar to C and C++ style syntax allowing a current C++ developer to pick up the syntax of this language with ease [17].

	To allow ease of use of OpenGL two helper libraries were used to setup the OpenGL context and input for the program. These helper libraries are GLFW and Glad [67], [68]. GLFW enables creation of the OpenGL context, window creation and user input from devices such as keyboard, mouse and joystick. GLFW also allows for call-back functions to action events as they happen to be input. Glad is used to get the operating specific OpenGL function addresses, allowing them to be readily used as part of the program [68].

	C++ was also part of the degree program the author is completing and was chosen to allow the author to improve on current knowledge of this language for future use. C++ is widely used within the gaming industry to allow fast execution of code in real time [69]. Working with real time graphics applications a fast language is a benefit to ensure speed is persistent when working with the graphics library [17], [69].

	GLM Mathematics library is used for general calculations in this project [70]. GLM was chosen as a middleware library to enable fast development of the project target without a maths library being the focus of the program. The GLM math library has basic functions already setup and uses just a single header file [70]. 





[bookmark: _Toc7601733]4. Design and Implementation

	The design and implementation of the project will be looked at in the following sections of this chapter. Design will focus on the aims and implementation thoughts before the implementation stage has been started. Implementation will show how the design steps were written into the final program and include brief code snippets of the developed software. The software being developed as part of this project is an ambient occlusion calculation, which will determine the visibility factor at each vertex of multiple objects. A static scene will be used with multiple object present.

[bookmark: _Toc7601734]4.1 Sprint 1

	Initial design of the program was set around the first iteration requirements. The first iteration was focussed on opening an OpenGL window using version 3.3 of the OpenGL Language. There are several requirements when creating an application in version 3.3 onwards of OpenGL. The program is required to have a window context and OpenGL functions accessible on the system used to develop, this was achieved with Glad and GLFW as mentioned in section 3.3. 

[bookmark: _Toc7601735]4.1.1 Design
	
	The program also requires at least a vertex and fragment shader written by the developer before an OpenGL graphics window can be displayed. Several classes and functions will be created to allow this functionality. The initial sprint class list consisted of a renderer class, a shader class, A vertex shader file, a fragment shader file, a globals header file and the main source entry point to the program.

[bookmark: _Toc7601736]4.1.2 Implementation

Main
	The main class served as the main entry for the program, holding the main update loop to allow the renderer to run while the OpenGL window had not been closed. There was a need for full access to the renderer class without having to recreate the object in several places through the program, so an extern renderer object was created and used in main as explained in the renderer section below. There is also an extern GLFW instance being used in the main to allow call-back functions to be used across the main and renderer classes. GLFW does not allow for member functions to be passed to its callback functions, therefore a global window instance was required to use GLFW across multiple classes, an extern window solved this issue.

Shader
	OpenGL 3.3 and onwards requires a vertex and shader file to be created by the programmer. The code for passing variables to the shader can easily be wrapped into reusable function, and has been done so in the shader class. The shader class also controls loading of the vertex and fragment shader from disk, places them into const char* variable and compiles the shaders ready for use with OpenGL.

[image: ]
[bookmark: _Toc7601820]Figure 24: Shader wrapper function for passing variables to shader
	
Renderer
	The Renderer class in the first sprint was designed to handle loading of a window using GLFW and loading of shader files using the shader class. An extern Renderer object is created here to allow access to this as a single object without needing creation in every file. This allowed accessing features without gets and sets to ensure fastest possible execution of real time graphical code. A GLFW window was also created as an extern as previously mentioned in the main file description.

[image: ]
[bookmark: _Toc7601821]Figure 25: Renderer and GLFW object creation (in the Renderer.cpp). Currently used as extern in main.ccp.

[bookmark: _Toc7601737]4.2 Sprint 2

	Once the first sprint was completed the next requirement set out was to be able to move freely within the 3D virtual world created in sprint 1 and load objects into the scene using a custom file loader class. The textfileloader class, fpscamera and object class were created as part of these requirements.

[bookmark: _Toc7601738]4.2.1 Design

	During this sprint a file loader was deemed necessary to load OBJ files of objects to use within the OpenGL scene. The object loader should deal with opening a file and loading all contents from that file into appropriate data structures. The FPSCamera class will be responsible for movement within the scene using a keyboard and mouse. The object class will use the textfileloader to create and gather the information it requires to create vertex array objects and vertex buffer objects that OpenGL requires as part of its drawing algorithms.

[bookmark: _Toc7601739]4.2.2 Implementation
	
FPSCamera
	This class was implemented with full 3D movement in mind, like existing first-person shooter games. Using the keyboard to move forward and back, and using the mouse to look around, up, down, left, right, and zoom in and out with the mouse wheel [71].


TextFileLoader
	The TextFileLoader class had a requirement of opening an OBJ file and storing these details in easily accessible data structures. This would enable easy extraction by the Object class to create vertex arrays and buffer objects for use in OpenGL. While creating this class during a daily meeting it was seen fit to extract the file loading from the Shader class and allow loading of the fragment and shader files from this object. This would ensure all file loading was managed by a single class extracting the duty from other classes. The file was loading into stringstream objects ready to be processed further with specific functions, loadFile() and loadOBJ(). The loadOBJ() function loads an OBJ file and constructs the data ready with its indices for later use by the Object class. The LoadOBJ() function can be seen in Appendix A.

Object
	The initial Object class was designed to enable creation of a TextFileLoader object and the use of the extern Renderer object to setup vertex array objects and vertex buffer objects ready for OpenGL to call a draw command on (See Appendix B.1 for code). Draw functions were also created in this iteration and displayed objects in the scene. The Renderer extern object allowed for draw commands to be directly called here. This also allowed use of the camera and shader data that is already setup already in the renderer object. Separating the draw command to a specific object.

[bookmark: _Toc7601740]4.3 Sprint 3

	In the third iteration ray casting from a vertex and collision detection was required to move forward with the project. An extra class was created to perform collision calculations and ray casting, Ray class and Intersections class.

[bookmark: _Toc7601741]4.3.1 Design
	During the design of the ray class it was decided to only hold information for the most basic ray: origin point, direction and a time step along the ray. The ray class would also require a function to check if a ray had hit another object. The Intersections class will require calculations to get the size of a bounding sphere for an object. Drawing functions for an object bounding sphere and drawing functions for line segments.

[bookmark: _Toc7601742]4.3.2 Implementation
	The Ray class functions were originally designed to be a simple ray class, this got extended to calculate a hemisphere of rays oriented around a vertex normal. This stage correctly calculates how many rays had hit on each hemisphere and allowed a float value to be stored into an array. This array would later be used to pass to the vertex shader as occlusion values at that vertex (See Appendix B.1 for code example). The hemisphere calculation class was also designed to be able to calculate if a ray had hit another object in the scene. It was present in the ray class to give a working presentation of the algorithm as quickly and as simply as possible.
	The Intersections class required creation of a bounding sphere for an object. This led to the maximum and minimum extents being calculated in the TextFileLoader class while the vertices were being loaded for an object from file. These values are then stored as the minimum and maximum vertices for each axis, and the length of radius is also calculated here. To be later obtained by the Intersections class in creation of the bounding sphere. Line segment functions were also created in the intersections class, this would allow storing of a start and end point in a line segment vector structure. Drawing functions were also provided in the intersections class for the full line segments vector structure and the bounding sphere made (See Appendix B.2 for code).

[bookmark: _Toc7601743]4.4 Design to Implementation Issues

	During development of the software several issues were encountered. Issues pertaining to class design which could have been abstracted further. Allowing reuse of functions across multiple classes. Originally there was no plan to use cameras and shaders directly through the rendering class and the design accounted for passing in of these member objects through function arguments. GLFW does not work well with function arguments and therefore design had to be changed to allow a global access to the main camera, achieved by creating the mainCamera object in the Renderer class and using an extern Renderer class object.

[bookmark: _Toc7601744]4.5 Testing

	Testing was mainly focussed around ensuring object loader was working correctly using the debugger within visual studio and comparing the values with the obj files when opened with a txt reader. Testing also came into a visual representation of manually checking and printed to console how many rays had hit bounding spheres of other objects. Debugging tools for gpu code does not seem to have many options to automate the testing. OpenGLSL is much a manual process of checking everything is working correctly.

[bookmark: _Toc7601745]4.6 Program Controls

	The program has several inputs to enable user control. The following is a list of keys needed to perform these commands.

· Movement
· ‘W’ Key – Move Forward
· ‘S’ Key – Move Backwards
· ‘A’ Key – Strafe Left
· ‘D’ Key – Strafe Right

· Mouse Up – Look Up
· Mouse Down – Look Down
· Mouse Left – Look Left
· Mouse Right – Look Right

· Options
· ‘R’ Key – Toggle Draw single vertex ray hemisphere
· ‘O’ Key – Toggle single / multiple object occlusion display
· ‘B’ Key – Draw object bounding volumes
· ‘Esc’ Key – Exit program

· Change number of rays:
· To change amount of rays at each vertex, Change value in the Renderer::Init function, currently set to 1000 below:
· ray.HemisphereAroundNormal(1000, SphereList, amountOfObjects);
· Please note, high numbers will increase processing time significantly





















[bookmark: _Toc7601746]5. Evaluation

	The aim of this project was to implement ambient occlusion on a per vertex basis, taking other objects into account during the occlusion calculation. Ray casting was used and a per vertex approach was chosen to test if vertex-based methods produce acceptable visual results.

[bookmark: _Toc7601747]5.1 Development

	Results from differing the number of rays being cast at each objects vertex show the blending across each polygon very clearly. However, when a larger number of rays are cast the blend becomes smoother. The more rays used the smoother the ambient occlusion effect becomes (See Appendix C for images). Objects do still have more than just a full intensity or no intensity value (between 0 – 1) even with just one ray shot per object, this is due to the check incorporating all objects in the scene and dividing among these to get the final intensity value for the vertex. 
	The blending across the surface of a triangle being clearly seen is part of the Gouraud shading algorithm, as each calculation is done only at the vertex, the value across a polygon is interpolated between each of the three points that make up the polygon. This effect could be avoided by performing ambient occlusion using the Phong shading technique.
	Vertex based method was chosen as a result of the research performed in the literature review. It is deemed as the fastest method to perform ray casting ambient occlusion. Due to the number of rays needing to be cast from each vertex the amount of time required to implement on a per fragment basis is most likely to increase dramatically. A second implementation would be required, but Is not part of this project, to perform a per fragment-based check to see a comparison in timings. This task can be applied in future iterations of program development.


[bookmark: _Toc7601748]5.2 Hemisphere of Ray’s Algorithm

	The goal with casting rays across a hemisphere was to evenly spread the rays around the surface normal. Two random numbers were chosen between 0 and 360. These numbers were then used to create a line segment from the current object vertex being worked on to the length of current radius (See Figure 26).

[image: ]
[bookmark: _Toc7601822]Figure 26: Creation of line segment across a sphere.

The next step was to set up a ray with the direction vector determined by the surface normal and the ray’s origin set to the current object vertex point (See Figure 27).

[image: ]
[bookmark: _Toc7601823]Figure 27: Ray and line segment around vertex normal.

Once the line segment had been calculated a direction vector is determined using the line segments end vector and subtracting this from the ray’s origin point (current object vertex). A dot product calculation was the utilised to determine if the line segment was in the correct half of the hemisphere, needing to be on the front surface of the polygon (See Figure 28).

[image: ]
[bookmark: _Toc7601824]Figure 28: calculate direction vector for line segment, apply dot product check to ensure pointing in same direction as surface normal.

If the ray is determined to be in the normal oriented hemisphere, the line equation (p = 0 + td) is used to step along the line segment and check if any other object in the scene intersects another object bounding sphere volume (See Figure 29).

[image: ]
[bookmark: _Toc7601825]Figure 29: Line equation and current position check against object bounding sphere.

	The number of rays that do intersect other object bounding spheres are added to a hitAmount variable at each step this is true (See Figure 29). Once all rays have been tested for intersection, the number of rays that hit other objects bounding sphere volumes is added up. The hitAmount is then divided by the number of rays set to be present in the hemisphere and divided by the number of objects tested against. Finally, this result is stored in an intensities array at the same position as the current vertex (See Figure 30), to later be used as the occlusion value and passed into the vertex shader. The resulting hemisphere of rays is shown in Figure 31.

[image: ]
[bookmark: _Toc7601826]Figure 30: Calculation and storing of the intensity for the current vertex being processed.

[image: ]
[bookmark: _Toc7601827]Figure 31: Uniform Hemisphere of 10,000 rays, oriented around a single vertex normal.

[bookmark: _Toc7601749]5.3 Objectives
	
	The following list were the high-level final objectives:
· Multiple objects loader
· Ray casting across a hemisphere
· Orient hemisphere around surface normal at a vertex
· Implement ambient occlusion using ray intersection check
· Other objects in a static scene
· Current object self-occlusion
· Implement a noise algorithm to decrease amount of ray casting needed

	Of the objectives above most were executed correctly. A custom object loader was implemented which could load obj files using just the filename (See Appendix A). Ray-casting, along with orientation of a ray hemisphere around the vertex normal was achieved correctly as explained in section 5.2. Object occlusion from multiple objects within a scene using a ray collision intersect test was also implemented fully using a ray class and a bounding sphere volume.
	The remaining two that did not get implemented by project completion were object self-occlusion and a noise algorithm to distribute rays on a hemisphere in a nonuniform fashion.
	Self-Occlusion was attempted during the very late stages of the program. The initial plan was to calculate a small bounding sphere that would encapsulate each single polygon. Once an intersect test was performed using the bounding sphere of a polygon returned as a valid intersection a further check would be performed. The further check would need to calculate if the ray was on the same plane using the plane equation, and then calculating if the ray was inside the polygons area on that plane. This intensity would then also be applied to the surface point, along with the intensity from any other objects in the scene that might be occluding this vertex. This was not undertaken due to time constraints near the end of the project delivery date.
	Noise algorithms were planned to be added to increase the speed at which calculating of the occlusion value would be increased. This was deemed as a could have feature and was planned to be added to the project if time permitted before project delivery due date. Adding noise algorithms would have also made any banding artefacts from uniform distributions less noticeable with fewer number of rays, as learned through the literature review at the beginning stages of this report.
	It was found that while casting fewer rays at each vertex still gave a varying amount of occlusion at the vertex, the lower number of rays cast the more apparent Gouraud shading artefacts appear. At anything lower than 1000 rays per vertex, the blending across the polygon is visible. When going higher than 1000 rays cast per vertex the effect becomes less noticeable (See Appendix C). 





















[bookmark: _Toc7601750]6. Conclusion

	This projects aim was to create an OpenGL and C++ application that applied ambient occlusion to multiple objects within a scene. Multiple rays were cast from each vertex on an objects surface. These rays were oriented around the vertex normal at each stage of the process. Each ray was then stepped across from start to finish. During each step of the line, the current location used a simple radius to point intersection check comparing the ray point and the bounding sphere volumes for each object. If the ray hit check was positive, a hit amount variable was incremented and calculated among all rays at that vertex, and finally stored in an intensity value array. This intensity value array is ordered the same way as the vertex array and was stored directly in a vertex attrib array to be used by an OpenGL vertex and fragment shader. The objectives of this project were met with less priority items not being completed, such as implementing self-occlusion and implementation of noise algorithms to the ray casting algorithm. It was found that the lower the ray count being cast at each vertex, the more apparent the artefact blending of the Gouraud shading effect was visible. The image appeared clearer at 1000 rays and even more so at the 10,000 rays cast per vertex.

[bookmark: _Toc7601751]6.1 Recommendations

	This project has looked at solving multiple object ambient occlusion. Future work could include a full implementation of polygon and ray intersection check. Initial stages of this could first encapsulate a triangle in a bounding sphere to quickly eliminate any polygons that will not intersect the ray. This will allow implementation of the self-occlusion of an object, further increasing the visual aspect of an objects surface. 
	Implementation could be further optimised by moving the algorithms to a per-fragment based approach by using an OpenGL shader file to write the algorithms in OpenGLSL. This should increase the visuals of the effect and eliminate the Gouraud shading effect, and since it would be performed on the GPU through the shader file in parallel, it should run significantly faster.
	Intensity values could be stored to a texture file after calculation in the program using the texture coordinates of the model. This should mean ambient occlusion intensities would only need to be recreated if a static scenes objects have been moved. Self-occlusion and scene object occlusion could be stored in separate texture files and both values could be used in the occlusion calculation of the object. This would mean internally static objects with no moving parts self-occlusion map should never need to be changed, and if scene object locations do move and a recalculation of scene object occlusion is needed, there would be no need to run the self-occlusion algorithm, speeding up the process.






















[bookmark: _Toc7601752]7. Reflection

	Throughout the process of this project, Knowledge of the underlying techniques have been reinforced. Completing a project from start to finish has opened my eyes to how rewarding this process can be. It has also opened my eyes to how much knowledge there is still to gain. During completing the project, especially during the literature review, the amount of knowledge gained from performing the research required was a huge increase to what I first expected would be gained from the project overall. However, even though the literature review is a necessary tool to increase knowledge, I would most likely change my process at tackling a major project next time. I have found I gain more knowledge when intertwining both research and implementation alongside each other. Theory based learning gives me the knowledge required but going through the process of implementation of these theories solidifies the theories in my mind. I have always known I am more of a practical learner than a theory-based learner, and completing this project just reinforces that this is the type of learner I am. I found it very difficult to get myself to complete the work at times, leaving me feel like I lack passion in a subject I thought I was passionate about. This was not the case and if anything, my passion increased for the subject, but only once I was able to get started for the day. My main issue seems to be the starting of doing the work, and once started, I find it hard to cease working for the day. This did also make me realise I like to solely focus my efforts on a single project instead of bouncing between many, even when I had other assignments due to be completed this project would take a backseat until those were completed if the due date was sooner. I did complete those assignments way before hand in date as I was excited to come back to work on this project.
	During the beginning phases of the attempting to start writing the report, I had issues gaining traction, not knowing where to start and which areas I would need to research to gain the scope of the project. My project supervisor was a huge help in this regard and his knowledge of the underlying topics I needed to go and research was awe-inspiring. After not being sure I was passionate about any of the subject’s part of my chosen degree, I found knowledge in the graphics area of the course and his passion for it made me more interested in the subject. I know I am interested in graphics programming after this project and would like to pursue it further. My next step of my life I am planning on looking at completing a master’s degree. Taking in to account the passion my lecturers and myself have had for the area of graphics programming, I was disappointed to realise the university does not offer any further graphics programming beyond a BSc level. This has affected my decision to stay at the university, and I will be looking at other universities that provide graphics programming at a master’s level. This project as well as the whole course has greatly increased my focus on being able to write and finish projects. I am interested in a self-employment aim of creating games. Completing a project from start to finish has enabled me to gain the confidence I think I lacked previously to allow me to pursue this career choice with all possibility I can be successful at it. I would like to thank Andrew Baker and Gordon Dickers for the help throughout this project, and ensuring the motivation and direction was always there to allow me to complete this project.

	It did take a lot more time than was anticipated to correctly gain an understanding of the algorithms required to be able to convert to code, and this did increase the time required to complete the tasks set out. The domino effect resulted in not having enough time to complete implementation of both the per polygon intersection check for self-occlusion and the noise algorithm implementation to randomise the rays across the hemisphere. I would also look in to even more different approaches at engineering methodology, I did not find scrum a beneficial approach in a one person team and would either need to look into creating my own method that works for myself as a one person team or attempt to find an existing methodology that allows for this.
	However, I am hugely satisfied and proud of the application that has been completed as part of this project, and that I have been able to achieve this goal and increase my confidence along the way.
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[2] 	T. Akenine-Möller and E. Haines, “Real-time rendering,” Wellesley, Massachusetts, AK Peters, 2002, pp. 67 - 69.
[3] 	M. Bunnel, “Dynamic Ambient Occlusion and Indirect Lighting,” in GPU Gems 2, Upper Saddle River, N.J., Addison-Wesley, 2006, pp. 223 - 233.
[4] 	T. Akenine-Möller, E. Haines, N. Hoffman, A. Pesce, M. Iwanicki and S. Hillaire, “Real-Time Rendering,” 4th ed., Boca Raton, FL, CRC Press, 2018, pp. 437 - 446.
[5] 	U. Technologies, “Unity - Manual: Global Illumination,” [Online]. Available: https://docs.unity3d.com/Manual/GIIntro.html. [Accessed 1 11 2018].
[6] 	H. Landis and Industrial Light + Magic, “Production-Ready Global Illumination,” in Siggraph course notes. 16, 2002. 
[7] 	A. Woo and P. Poulin, “Shadow Overview,” in Shadow Algorithms Data Miner, Boca Raton, Florida: CRC Press, 2012, pp. 1 - 8.
[8] 	K. G. Suffern, “Ambient Occlusion,” in ray tracing from the ground up, Wellesley, MA, A K Peters Ltd, 2007, p. Chapter 17.
[9] 	T. AKENINE-MOLLER, “REAL-TIME RENDERING,” Boca Raton, CRC Press, 2018, pp. 605 - 612.
[10] 	Kasyan, Nikolas - Crytek, “Playing with Real-Time Shadows,” in Siggraph 2013, 2013. 
[11] 	O. Shishkovtsov, “Deferred Shading in S.T.A.L.K.E.R.,” in GPU Gems 2, Upper Saddle River, N.J., Addison-Wesley, 2006, pp. 143 - 166.
[12] 	G. King, “Real-Time Computation of Dynamic Irradiance Environment Maps,” in GPU Gems 2, Upper Saddle River, N.J., Addison-Wesley, 2006, pp. 167 - 177.
[13] 	Epic Games, Inc, “Indirect Lighting Cache,” [Online]. Available: http://api.unrealengine.com/INT/Engine/Rendering/LightingAndShadows/IndirectLightingCache/index.html. [Accessed 5 11 2018].
[14] 	H. Malan and W. Engel, “Real-Time Global Illumination,” in GPU Pro 6, Boca Raton, FL, CRC Press, 2016, pp. 267 - 292.
[15] 	S. Peter-Pike, J. Kautz and J. Snyder, “Precomputed radiance transfer for real-time rendering in dynamic, low-frequency lighting environments,” ACM Transactions on Graphics, vol. 21, no. 3, 2002. 
[16] 	M. Pharr, S. Green and R. Fernando, “Ambient Occlusion,” in GPU Gems, Boston, Addison-Wesley, 2004, p. Chapter 17.
[17] 	R. J. Rost and B. Licea-Kane, “OpenGL Shading Language,” 3rd ed., Boston, MA, Pearson Education, Inc, 2009, pp. 380 - 385.
[18] 	Z. S, A. Iones and G. Kronin, “An ambient light illumination model,” Rendering Techniques ’98, pp. 45 - 55, 1998. 
[19] 	J. Hoberock and Y. Jia, “High-Quality Ambient Occlusion,” in GPU Gems 3, Upper Saddle River, NJ, 2008, pp. 257 - 274.
[20] 	T. Akenine-Möller, E. Haines, N. Hoffman, A. Pesce, M. Iwanicki and S. Hillaire, “Real-Time Rendering,” Boca Raton, FL, CRC Press, 2018, pp. 446 - 464.
[21] 	K. Suffern, “Shadows,” in Ray Tracing from the Ground Up, Wellesley, MA, A K Peters, Ltd, 2007, p. Chapter 16.
[22] 	J. Birn, “Shadows,” in [Digital] lighting & rendering, Indianapolis, Indiana, New Riders, 2003, p. Chapter 4.
[23] 	A. Woo and P. Poulin, “Shadows,” in Shadow Algorithms Data Miner, Boca Raton, Florida, CRC Press, 2012, pp. 18 - 23.
[24] 	R. Ni and M. L. Braunstein, “Interaction of Optical Contact, Shadows and Motion in Determining Scene Layout,” Journal of Vision, vol. 4, no. 8, p. 615, 2004. 
[25] 	M. Sattler, R. Sarlette, T. Mücken and R. Klein, “Exploitation of Human Shadow Perception for Fast Shadow Rendering,” in Proceedings of the 2nd symposium on Applied perception in graphics and visualization - APGV '05, 2005. 
[26] 	D. C. Knill, “Geometry of shadows,” Journal of the Optical Society of America A, vol. 14, no. 12, p. 3216, 1997. 
[27] 	J. Kautz, J. Lehtinen and T. Aila, “Hemispherical Rasterization for Self-Shadowing of Dynamic Objects,” EGSR'04 Proceedings of the Fifteenth Eurographics conference on Rendering Techniques, 2004. 
[28] 	B. T. Phong, “Illumination for computer generated pictures,” Communications of the ACM, vol. 18, no. 6, pp. 311 - 317, 1975. 
[29] 	A. Woo and P. Poulin, “Self-Shadowing,” in Shadow Algorithms Data Miner, Boca Raton, CRC Press, 2012, pp. 18 - 21.
[30] 	E. Eisemann, “Shadowing,” in Real-time shadows, Boca Raton, CRC Press, 2012, p. Chapter 2.
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Appendix A - LoadOBJ()
	The LoadOBJ() function is shown below, which is part of the TextFileLoader class.

[image: ]

[image: ]
[image: ]
[image: ]
[image: ]




















[bookmark: _Toc7601756]Appendix B – Code Snippets
	
	This appendix will list code snippets that are referenced to throughout the report.

[bookmark: _Toc7601757]B.1 – Object Array Setup for OpenGL
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[bookmark: _Toc7601758]B.2 – Bounding Sphere: Max, Min Extents and Radius
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[bookmark: _Toc7601759]Appendix C – Program Output

	This Appendix will include screenshots of the program output. Some of these will be referred to in the report and others are included just as a reference to how the program performs.

[bookmark: _Toc7601760]C.1 – 1 Rays per Vertex (All Objects)
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[bookmark: _Toc7601761]C.2 – 10 Rays per Vertex (All Objects)
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[bookmark: _Toc7601762]C.3 – 100 Rays per Vertex (All Objects)
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[bookmark: _Toc7601763]C.4 – 1000 Rays per Vertex (All Objects)
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[bookmark: _Toc7601764]C.5 – 10000 Rays per Vertex (All Objects)
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[bookmark: _Toc7601765]C.6 – 10000 Rays per Vertex (Single Object Occlusion)
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[bookmark: _Toc7601766]C.5 – 10000 Rays per Vertex (Hemisphere of Rays)
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[bookmark: _Toc7601767]C.5 – 10000 Rays per Vertex (Bounding Spheres)
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[bookmark: _Toc7601768]C.6 – 10000 Rays per Vertex (Occlusion all objects, Rays, Bounding Spheres)
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void- const-Shader

{

}

setInt(const-string-&-name, -int-value)

gluniformli (glGetuniformLocation(ID, ‘name.c_str()), ~value);
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//-Declaration-to-be-used-externally
Renderer-graphics (- SCREEN_WIDTH, -SCREEN_HEIGHT );

//Create-a-Window-Object
GLFindow* window;
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rand() %360 +8;
rand()-%-360-+0;

1/-radius-used-for-ray-length
x-=-objectList[f]->object->vertices[i].x-+ objectList[f]->object->radius-*-cos(j-*-PI-/-180) -*-sin(k-*-PI-/-180);

objectList[f]->object->vertices[i].y-+ objectList[f]->object->radius-*-sin(j-*-PI-/-180)-*-sin(k-*-PI-/-180);

objectList[f]->object->vertices[i].z-+ objectList[f]->object->radius-*-cos(k-*-PI-/-180);

11-Setup-ray-with-new-transforn-position-from-object -class
originPoint-=-objectList[f]->position-+-objectLizt[f]->object->vertices[il;
vecs-directionvector-=-objectList[f]->object->normals[il;
endPoint-=-objectList[£]->position-+-vec3(x, Y, 2);
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/1-Setup-ray-with-new-transform-position-from-object -class
originPoint-=-objectList[f]->position-+-objectLizt[f]->object->vertices[il;
vecs-directionvector-=-objectList[f]->object->normals[i];
endPoint-=-objectList[£]->position-+-vec3(x, Y, 2);
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//-Calculate-direction-vector-for-ray
directionVector = normalize(vec3(endPoint.x - -originPoint.x, -endPoint.y - -originPoint.y, -endPoint.z - -originPoint.z));

//-3f -dot -product-is-great - than-zero, -is-in- correct hemisphere- (away - from- surface-point)
if (dot(directionVector, directionvector) > 8)
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//Check-if ray-hit-another-object, -loop-until-step reaches-end of line
while-(t-<-1.0)

{

+

t40.1%;

//-where-on-Line-are-we, -Line-equation-P-=-Po-+-t(P1---PO)
rayPoint-=-originPoint +-t-*-directionvector;

//-100p-through-object - List-and-check-collision-at-this-point-on-line
For-(int-p-=-0; -p-<-objectListsize; pH)

/-5 -same-as-current-object, -perform-self -shadowing-anbient -occlusion
bool-check-=-false;

=

else

€

- //-Calculste squared distance betueen- current-point on-Line and object centre

- currentposition

© = (ayPoint.x - objectList[p]->boundingVolumes->centre.x) *- (rayPoint.x - objectList[p]-sboundingVolunes->centre.x)
© =+ (raypoint.y - cbjectLizc[p]->boundingVolunes->centre.y) *- (rayPoint.y - cbjeccList[p]->boundingvolunes->centre.y)
© = (raypoint.z - cbiectLizt[p]->boundingVolunes->centre.z) * (rayPoint.z - cbiectist[p]->boundingvolunes->centre.2);
“ //-hard-coded test-to-ensure-collision working-correctly

- JJcurrentrosition = (rayPoint.x- - ) *-(rayPoint.x - 0)

= //+ + (rayPoint.y---(-2.5F))-*-(rayPoint.y - - (-2.5))

= //+ + (rayPoint.z---8) *- (rayPoint.z---8);

>

~ if (currentPosition < cbjectList[p]->boundingVolunes->radius * objectLizt[p]->boundingVolumes->radius)

-1

S JJcout << "ray-hit, Object[" << p<<"]" << endl;

© = //-incresse hitamount to-use ss-intensity

- - hitaounter;

S e breaks

sy

b

//-reset-t-position
t=0.0f;
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if - (hitAmount->-@)

{

> //-calculate-hit-rays-amount

> float-result-=-(float)hitamount /- (float)amountOfRays -/ -amount0fobjects;

> //-take-hit-ray-percentage-away-from-maximum-intensity-(1.0)
> objectlist[f]->intensities.push_back(1.0f - result);

13

else

{
> //-no-occlusion, -intensity-equals-1

> objectlist[f]->intensities.push_back(1.0f);
¥
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string-TextFileloader:

o

//-Load-file-into-a-string

loadFile()

1/-retrieve-the-vertex/fragent- source - code fron- filePath
1/-ensure- ifstrean-objects- can- throw-exceptions:

FileStrean. exceptions (ifstrean: sfailbit- | -ifstrean: tbadbit);
try

{

> 17-open-File

- FileStream.open(this->name);

> //-Add-File-content-to-Stringstrean-Buffer
- fileStringStream-<<-fileStream.rdbuf();

> //-Close-File
- filestrean.close();

> //-Convert-Stringstrean-Buffer-to-string
- fileContentString-=-fileStringStream.str();
1

//-throw-error-if -unable-to-read-file

catch- (ifstream: failure-e)

{

= cout-<<-"ERROR: -Unable-to-read-File"-<<-endl;

i

//-return-string
return-fileContentString;
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ZIvoid TextFileLoader:

{

loadFile();

Vector<vecs>-temp_vertices;
Vector<vec2>- temp_texCoords;
Vector<vecs>- temp_normals;

string-line;
char-junk[1];

//-while- /n-has-not-been-reached-in-file
while- (getline(filestringStrea, -line))

{

string-identifier;

//-Use-file-strean-created- in-loadFile()
FilestringStream->>-identifier;

//-Load-vertices

if - (identifier-==-"v")
{
> //std:zistringstrean-s(line);

> vecs-vertex;

//-strean-each-float - into-a-vector- conponent
FileStringStream->> -vertex.x;
FileStringStream->> -vertex.y;
FileStringStream >> -vertex.z;

Ilcout-<<" <<-vertex.x

U155 <, ccvertex.y <<,
1155 <<overtex.z<<-"o), " << endl;

/1-store-in-tenporary-vector
- temp_vertices.push_back(vertex);

> //-increment-vertices-counter
S vertextium;
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T

//-Load-texture-coordinates

else-if-(identifier

{

vy
vec2-texCoord;

FileStringStream->>-texCoord. x;
FileStringStream->>-texCoord.y;
temp_texCoords. push_back(texCoord) ;
//cout-<<-"TexCoord-=- (-"-<<-texCoord.x-

J75 5 <<, " ce-texCoord.y-<<-" )" -<<-endl;
texCoordsliumt+;

//-Load-Normals

else-if-(identifier

else-if- (identifier

{

v

vecs normal;

Filestringstream->>-normal.x;
FilestringStream->>-normal.y;
FilestringStream->>-normal.z;
temp_normals. push_back(normal);
//cout-<<-"Normal-=- (-"-<<-normal.x-

11447, " << normaly <<=, " -<<-normal.z-<<
normaliumt+;

<<-endl;

/1 -nunber-of -faces
Facesliumt+;

1/-Temporary-variables-for-this-function-only
string vertexl, vertex2, -vertex3;

//-this-loops-face-values

unsigned-int-vertexIndex[3], -texCoordsIndex[3], normalIndex[3];

//-store- indexes-and- ignore- junk
FileStringStream->>-vertexIndex[0];

/1 -junk- in-the-form-of -forward-slash-in-faces
Filestringstream->>-junk[0];
fileStringStream >>-texCoordsIndex[8];
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= fileStringStream >> junk[@];
FilestringStream->>-normalIndex[0];

FilestringStream->>-vertexIndex[1];
FilestringStream->>-junk[0];
FileStringStream->>-texCoordsIndex[1];
FilestringStream->>-junk[0];
FilestringStream->>-normalIndex[1];

FilestringStream->>-vertexIndex[2];
FilestringStream->>-junk[0];
FileStringStrean->>-texCoordsIndex[2];
FilestringStream->>-junk[0];
FilestringStream->>-normalIndex[2];

//cout-<<-"faces-=-"-<<-vertexIndex[0] -<<
//<<-vertexTndex[1] -<<-"/"-<<-texCoordsTndex[1] -<<
//<<-vertexTndex[2] -<<-"/"-<<-texCoordsTndex[2] -<<

<<-texCoords]

//-Push-indices-into-array-per-type
/1 (vertex, -tex-coordinates-and-normals)
vertexIndices.push_back(vertexIndex[0]);
vertexIndices. push_back(vertexIndex[1]);
vertexIndices. push_back(vertexIndex[2]);
texCoordIndices. push_back(texCoordsIndex[0]);
texCoordIndices. push_back(texCoordsIndex[1]);
texCoordIndices. push_back(texCoordsIndex[2]);
normalIndices.push_back(normalIndex[e]);
normalIndices.push_back(normalIndex[1]);
normalIndices.push_back(normalIndex[2]);

11-do-nothing

//-setup-each-triangle-values-using-the-indices

For-(unsigned-int-i-=

{

51 < vertexIndices.size(); i++)

//-Current-Tndex-for-all-types
unsigned-int-vertexIndex-=-vertexIndices[il;
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unsigned-int-texCoordsIndex =-texCoordIndices[i];
unsigned-int-normallndex-= normalIndices[i];

//-attributes-for-each-triangle
11-subtract-one-due-to-obj-starting-at-1-and-opengl-startpoint -0
Vec3-vertex-=-temp_vertices[vertexIndex---1];

Vec2-texCoord-=- temp_texCoords|texCoordsIndex - 115

vec3 normal-=-temp_normals normallndex---1];

1/-Store in-buffers-to-be-used-directly-by-opengl
vertices.push_back(vertex);

texCoords..push_back(texCoord) ;

normals.push_back(nornal);

1/cout-<c-"Vertex- (- << vertex.x << <vartex.y-<e-", <<
1 <<normalx <", <" <<-normal.y << ", -~ <<-normal.z-<< ") Te
1> <<-texCoord.x- << ", " << texCoord.r-<<- ") <<-endl;
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Flvoid-Object::InitArraysRay()

Bl

{

=0

if-(arraysLoaded- 1=-true)

{

gleenvertexarrays (1, -0bjVA0);

1/-8ind-vao
glBindvertexarray(0bjVA0);

//-Create-and-generate-object -and-elenent -buffer
gleenBuffers(L, -&objVerticesVeo);

//-Bind-object-buffer-to-array-buffer
11-any-buffer-calls-from-here-will-be-performed-on-the-V80-bound-buffer

glBindBuffer(GL_ARRAY_BUFFER, -objVerticesVB0);

glBufferData(GL_ARRAY_BUFFER, -object->getVertices().size() -*-sizeof(vec3), Gobject->getvertices()[@], -GL_STATIC_DRAN);
7/-Link-Vertex-Attributes

/1-Position-attribute-location- Link

glvertexattribPointer(e, -3, -GL_FLOAT, -GL_FALSE, -sizeof(vec3), - (void*)a);

//-Enable-vertex-attribute- (vertex-attribute-location)

glEnablevertexattribarray(0);

//normals-buffer
glGenBuffers(L, -&objNormalsVeo);

g1BindBuffer(GL_ARRAY_BUFFER, -objNormalsVB0);

glBufferData(GL_ARRAY_BUFFER, -object->getNormals().size()-*-sizeof(vec3), -Gobject->getNormals()[@], -GL_STATIC_DRAN);
7/-normal-attribute

glvertexattribPointer(l, -3, -GL_FLOAT, -GL_FALSE, -sizeof(vec3),  (void*)0);

glEnablevertexattribarray(1);

1/ -texcoords-buffer
glGenBuffers(1, -&objTexCoordsVBO) ;

glBindBuffer(GL_ARRAY_BUFFER, -objTexCoordsVBO);

glBufferData(GL_ARRAY_BUFFER, -object->getTexCoords().size() -*-sizeof(vec2), -&object->getTexCoords()[@], -GL_STATIC_DRAN);
71 -texCoords-attribute

glvertexattribPointer(2, -2, -GL_FLOAT, -GL_FALSE, -sizeof(vec2), - (void*)0);

glEnablevertexattribarray(2);

//-Add-Rays - intensities-to-buffer
glGenBuffers(L, -&objocclusionVBo);

glBindBuffer(GL_ARRAY_BUFFER, -objocclusionVB0);

glBufferData(GL_ARRAY_BUFFER, -intensities.size() *-sizeof(float), &intensities[@], GL_STATIC_DRAN);
7/ -texcoords-attribute

glvertexattribPointer(3, -1, -GL_FLOAT, -GL_FALSE, -sizeof(float),  (void*)e);
glEnablevertexattribarray(3);

arraysLoaded-=-true;
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//-Calculate-Centre-point-and radius-of object
Elvoid-TextFileloader: :CentreCalcuation()

{

For- (int-i

i-<vertices.size(); it
i (1m0)

minExtents.x-=-vertices[0].x;
minExtents.y-=-vertices[0].y;
minExtents.z-=-vertices[0].z;
maxExtents.x-=-vertices[0].x;
maxExtents.y-=-vertices[0].y;
maxExtents.z-=-vertices[0].z;
//cout-<<-"Minimum-Start-=-(-"-<<-minExtents.x-<<
//cout-<<-"Maximum-Start =~ (-"-<<-maxExtents.x-<<

calculate-minimum-X
(vertices[i].x-<-minExtents.x)

minExtents.x-=-getVertices(i).x;
//cout-<<-"minX-=-"-<<-minX-<<-endl;

R TR

7/-caleulate-maxinum-X
if- (vertices[1].x-> maxExtents.x)

- maxExtents.x-=-vertices[i].x;
> //cout << "man-=-" << max-<<-endl;

1/-calculate-mininun-Y
if- (vertices[i].y-<-minExtents.y)

- minExtents.y-=-vertices[il.y;
> //cout-<<-"miny-=-"-<<-miny-<<-endl;

7/-caleulate-maxinun-Y
if-(vertices[i].y > maxExtents.y)

- maxExtents.y-=-vertices[il.y;
> //> cout-<<-"maxy-=-"-<<-maxy-<<-endl;

1/-calculate-mininun-Z
if-(vertices[1].z-<-minExtents.z)

{

minExtents.z-=-vertices[i].z;
//cout-<<-"minZ-=-"-<<-minZ-<<-endl;

1
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//-calculate maximum-Z

- /cout-<<-"maxZ

i

cout <<
cout <<

//-Calculate-centre-point

//-Find-middle-point-between-each-axis-extents
(minExtents.x-+ maxextents.x) /-2
(mingxtents.y -+ maxextents.y) /-2
(mingxtents.z-+ maxextents.z) /-2
entre-=-(-"-<<-centre.x-<<

centre.x

//-Calculate-radius-to-fully-enclose-object

if- (glm: sabs (minExtents.x) >
{

= radius = minExtents.x;

I3

3f- (glm: sabs(minExtents.y) >
{

= radius = minExtents.y;

I3

3f- (glm: sabs(minExtents.z) >
{

- radius = minExtents.z;

I3

3f- (glm: :abs (maxExtents.x) >
{

- radius = maxExtents.x;

I3

3f- (glm: :abs (maxExtents.y) >
{

- radius = maxExtents.y;

I3

3f- (glm: sabs (maxExtents.z) >
{

- radius = maxExtents.z;

i

cout-<<-"radius =

if-(vertices[1].z-> maxExtents.z)

maxExtents.z-=-vertices[i].z;
<<-maxz-<<-endl;

(-7 << minExtents.x <<
(-7 << maxExtents.x <<

radius)

radius)

radius)

radius)

radius)

radius)

<<-radius-<<-endl;

«
«

<< centre.y
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