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Ok ... so what other alternative?
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Revision

� Discussed the illumination equation.

� Flat shading - Colour whole polygon the same colour 
using one normal

� Gouraud shading - Different normals for each vertex, 
apply illumination equation at each vertex and 
interpolate the colours to fill the polygon

� Phong shading - Different normals for each vertex, 
interpolate normals for each pixel, apply illumination 
equation at each pixel
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Local vs Global Illumination 
Models

� Local model (e.g. polygon rendering) only 
considers direct light ... light coming directly from 
light sources.

� But, much of light comes from the rest of the 
scene ... indirect light. In polygon rendering, we 
fudged this using "ambient light".

� Global illumination models (e.g. ray tracing, 
radiosity) take into account the rest of the scene.
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Another difference

� Polygon rendering is an object-space technique: 
works by asking: How does this polygon end up 
on the screen?

� Ray tracing is an image-space technique: Works 
by asking: What colour should this pixel on the 
screen be?
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What is the basic idea?

� We have a virtual screen and a virtual viewpoint, 
and the objects we want to render.
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How ray tracing works ... cont'd

� We trace the ray from the viewpoint through the 
screen (once for each pixel).

� Trying to work backwards ... i.e. "how could light 
have got to this pixel?"

� We find which object is the closest point of 
intersection. And we apply the illumination 
equation there.
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Basic raytracing pseudocode

procedure rayTrace(double viewpoint, Grid2D screen, RObjectList objects){
for each screenpoint in screen {

double closest = Infinity;
RObject closestObject = null;
Line ray = new Line(viewpoint, screenpoint);
for each object in objects {

if(object.intersects(line) && = object.distance(line)< closest){
closest = object.distance(line);
closestObject = object;

}
}
set pixel to illumination eqation at point of intersection with closestObject 

(need to work out normal at point)
}

} 
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How do we work out points of 
intersection?

� This is the core of a ray tracer, and this takes up 
most of the time.

� We use a parametric line representation.

� Reminder: Line through (x0,y0,z0) to (x1, y1, z1) 
is:

x� t �= x0�� x1� x0� t
y � t �= y0�� y1� y0� t
z� t �= z0�� z1� z0� t
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Properties of line

� When t=0, it is at (x0,y0,z0).

� When t=1, it is at (x1,y1,z1).

� When t < 0, it's "behind" (x0,y0,z0).

� When t > 1, it's "in front of" (x1,y1,z1).

(x0,y0,z0)

(x1,y1,z1)t=0

t=1
t>1

t<0
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Intersection with sphere

� Consider a sphere. Its surface is given by:

� x� xc�
2�� y� yc�

2�� z� zc�
2= r 2

where
� xc , yc , zc�= Centre of sphere
r= Radius of sphere
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Intersection

� Substitute x, y and z with parametric equations.

� We finally get:

� Ugly, but it's a quadratic equation in t.

�� x1� x0�
2�� y1� y0�

2�� z1� z0�
2� t2�  

2[� x1� x0�� x0� xc��� y1� y0�� y0� yc��� z1� z0�� z0� zc� ] t �  
� x0� xc�

2�� y0� yc�
2�� z0� zc�

2� r 2= 0
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Intersection ... cont'd

� If we have a quadratic, we can solve.

� A quadratic can have 0, 1 or 2 solutions
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0 Solutions 
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1 Solution 
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2 Solutions 
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So to get intersection ...

� If 0 solutions, ignore sphere.

� If 1 solution, take it.

� If 2 solutions, take the nearer one (the one with 
smaller t). 

� But t must be > 0, otherwise object is behind us.
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Normal

� Also need normal to apply illumination equations.

� Normal for a sphere is easy:

(xc,yc,zc)

(xi,yi,zi)

Normal=(xi-xc,yi-yc,zi-zc)
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Other objects

� Can similarly add other objects, e.g. planes, 
polygons, curved surfaces etc using similar 
techniques.

� Note! All rendered perfectly smoothly ... no need 
to approximate.

� Any object we want to render has to provide:

� double intersection(ParametricLine3D)

� double normal(Point3D)
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Simple raytrace
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Shadows

� What is a shadow? 

� A point where the light doesn't reach because it's 
obscured by objects.

In Light

Light source

In shadow

(Object)
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How do we work out what's in 
shadow?

� If we put ourselves at the point of the light 
source, then the point is in shadow if I can't see it 
from the point.

� So how does this help?

� Wait ... isn't this what ray tracing is about?
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What about shadows? 

� Can repeat the ray tracing process, but from the 
point of intersection with the surface. How? 

Light (xl, yl, zl)

(xi,yi,zi)
Shadow ray = 
(xi,yi,zi) + (xl-xi,yl-yi,zl-zi)t 
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How to do shadows?

� Do intersection operation using shadow ray. 

� Point of intersection is t=0, light is at t=1.

� So, if closest intersection occurs when t < 1, this 
means that there is an object between the point 
of intersection and the light source.

� And hence the light is obscured and is in 
shadow!
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Ray trace with shadows
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Effect on the illumination equation

� Illumination equation with shadows:

I = I a ka� �
l k= l 1..l n

Sl k
I l k

� kd �N� �Lk� ks� �V� �Rk �n�

where
l 1..l nare the point light sources
�Lk= Vector from point to light source k
I l k

= Intensity of light source k
�Rk= 2 �N � �N� �Lk �� �Lk

Sl k
= 0if we are in shadow

  = 1if we are not in shadow
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Reflections

� Can we extend ray tracing to do reflections?
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Reflections

� We can work out the parametric equation of the 
reflected ray using the equation we already 
know.

� We can do ray tracing again to find out what 
colour the reflection is.

� Can add a component to illumination equation for 
reflected (also known as a secondary) ray.
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Reflections

� Three coloured lights 
with a reflective 
sphere – notice the 
colour of the shadows.
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Reflections of reflections?

� But what if reflected ray gets reflected?
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Reflections

0 bounces

2 bounces

1 bounce
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Reflections of reflections

http://jedi.ks.uiuc.edu/~johns/raytracer/raygallery/
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Recursive ray tracing

� We recursively compute the colour of the 
reflected ray, by repeating the ray tracing from 
the reflected ray.

� Can we get stuck? Yes.

� Need to limit depth of recursion, or provide a 
termination condition.
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Inner loop of ray tracing with 
recursive reflection

public double traceRay(Line3D ray, RObjectList objects, LightList lights){

RObject object;

double tvalue, retval;

(object, tvalue) = findIntersection(ray, objects);

Point3D closestPoint = ray.pointAt(tvalue);

retval = applyIllumination(closestPoint), object.normalAt(closestPoint), objects, 
lights);

Line3D reflectedRay = ray.reflect(object.normal(ray.pointAt(tvalue)));

retval =retval + object.material.ks*traceRay(reflectedRay, objects, lights);

}
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Illumination equation with 
reflection

� Equation is:

� Note: first part is the "local" part. The last part is 
the "global" illumination.

I = I a ka� �
l k= l 1..l n

Sl k
I l k

� kd
	N� 	Lk� ks� 	V� 	Rk �

n�� ks I Rk

where
	Rk= 2 	N � 	N� 	Lk �� 	Lk

ks= coefficient of specular reflection
I Rk

= Result of doing ray tracing again with ray Rk
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Refraction

� Some objects are transparent.

� Light bends when it goes through a transparent 
surface, depending on its refractive index.

� Snell's Law: 
i


r

glass (n =1.5)

sin� 
i �
sin� 
r �

= n
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Material properties

� To implement transparency, we need two 
properties:

� Refractive index (how much light bends when it 
enters/leaves the object)

� Transmission coefficient k
t
. This controls how 

much light passes through (compare clear vs 
tinted glass).
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Inner loop with transparency

public double traceRay(Line3D ray, RObjectList objects, LightList 
lights){

RObject object;
double tvalue, retval;
(object, tvalue) = findIntersection(ray, objects);
Point3D closestPoint = ray.pointAt(tvalue);
Vector3D normal = object.normalAt(closestPoint)
retval = applyIllumination(closestPoint, normal, objects, lights);
Line3D reflectedRay = ray.reflect(normal);
Line3D refractedRay = ray.refract(normal, object.material.n);
retval =retval + object.material.ks*traceRay(reflectedRay, objects, 

lights) + object.material.kt*traceRay(refractedRay, objects, lights);
}

File: /home/lambert /graphics/slides/global/COMP3421 -global.odp 

COMP3421: Comp Graphics – Global Illumination Slide 38

Illumination equation with 
reflection and refraction

I = I a ka� �
l k= l 1..l n

Sl k
I l k

� kd
	N� 	Lk� ks� 	V� 	Rk �

n�� ks I Rk
� k t I T k

where
�Rk= 2 	N � 	N� 	Lk �� 	Lk

ks= coefficient of specular reflection
I Rk

= Result of doing ray tracing again with ray Rk

kt= Transmission coefficient
T k= Transmitted (refracted) ray
I T k

= Result of ray tracing again with ray T k
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Ray trace with refraction

http://hof.povray.org/glasses.html
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A ray tree

� This generates a ray tree.

� Each intersection corresponds to a node.

� Each node may have one branch for the reflected 
ray and one for the refracted ray.

� Original ray is called the primary ray.

� Reflected and refracted rays are called 
secondary rays.
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Ray tree

O1

O2

R1

R2
R3 R4

R5

R1

R2R3

R6

R6 R5R4

Primary ray

Secondary rays

Tertiary rays

Scene Ray tree
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Ray tracing - pros & cons

� Stunning quality ... better than polygon rendering.

� Allows us to implement reflections, shadows, 
transparency and refraction.

� We can keep exact models of the objects we're trying 
to model. No need to turn them into polygons.

� Slow. Main constraint is the intersection-checking.

� Difficult to implement in hardware.
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Surface detail

� Problem: Some objects have a lot of detail.

� This detail is not easily represented as polygons 
(for polygon rendering) or as models (for ray 
tracing).

� Example: Mona Lisa painting (see Shutterbug).

� Example: Orange.
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Solution: Texture mapping

� We know how to deal with things like "Mona Lisa" 
... we treat them as images. We scan them in 
and convert them into a 2D array of intensities. 

� Is it possible to "paint" images onto polygons?

� Yes! This is called texture mapping.

� This is like taking some giftwrap and sticking it 
onto our polygons.



File: /home/lambert /graphics/slides/global/COMP3421 -global.odp 

COMP3421: Comp Graphics – Global Illumination Slide 45

Usefulness

� Use is not limited just to things like Mona Lisa.

� Also useful for modelling surface textures, e.g. 
brushed metal, skin, cloth, paper wrapping, etc. 

� Can also help in situations where we want to 
keep polygon count down by using textures to 
substitute for polygonal detail.
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Why is it called "mapping"?

� Have to "map" from coordinates in the object's 
space to points in the image.

� Assume texture has its own coordinate system, 
represented as (s, t).

� Need to map from object's coordinate system to 
the texture's coordinate system.

� Textures "repeat". It's like gift wrap with a 
repeating motif.
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Texture map

� Say we have the texture map below

S

T

1

1
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Texture MAPPING

� How would we map it onto a cube?

� Obvious way: one copy per side.

� But need not be ... could put 25 copies per side.

� Could rotate logo and stick it on ...

� So need to work out how to "map" from point on 
cube to point in logo.
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Polygon mapping.

� One way is to assign each vertex a coordinate in 
(s,t) space and interpolate.

� Example: To map one stop onto a square

(0,0)

(0,1) (1,1)

(1,0)
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Unusual mapping

� But doesn't have to be like this. We could do the 
mapping in many other ways, e.g. many 
repetitions, rotations, etc.

(0,3) (2,3)

(2,0)(0,0)
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Tricky mappings

� In general, it is just a 2D transformation, which 
we know how to do already.

� But some surfaces, it's hard to do for. 

� Have you ever tried to gift-wrap a spherical 
object?

� More on texture mapping curved surfaces later. 
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Texture mapping hardware

� How do they do texture mapping in hardware 
using polygon rendering?

� Rather than (s,t) being in [0,1], they extend over 
the dimension of pixels. eg 256x256

� Each polygon vertex has the s and t values that 
should be at that coordinate.

� As we scan convert the polygon, we texture map.

� Linear interpolation again!! 
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Texture mapping

screen (17, 20) texture (170, 160)

screen (10,2) texture (100,40)

screen (26, 10) texture (200,80)

texture (135, 100)
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Texture mapping

� We'll be discussing hardware in a little while ...

� But first some other types of textures ...
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Procedural texture maps

� Problem with image-based textures: they are 
limited in resolution. When you do a close-up, 
you can see the pixels.

� Is there another way that we can describe a 
surface textures?
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What is a texture?

� What's important of a texture is that for a given s 
and t, we return a value.

� Thus a texture can be thought of a function of s 
and t, say f. i.e texture = 

� For image-based textures, this function is 
implemented as a lookup table.

� But what if we actually substitute a function?

f � s , t�
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Example ... procedural texture

f � s , t�= 0.25sin� t
10

�� 0.5
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Nondeterministic texture

� Textures can have random noise and variation, 
e.g

f � s , t�=
� f � s , t� 1�� f � s� 1,t �� ran�� 0.1,0 .1��

2
with some random initialising
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Procedural textures

� Can also be recursive (e.g. previous).

� Good for doing nondeterministic patterns that 
vary as well, e.g. woodgrains, stone surfaces, 
dirt, etc.

� Good for modelling highly detailed surfaces that 
look as good from close up as from far away.
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woodbox
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Bump mapping

� Surface textures help us to model "gift-wrapping", 
but what if the surface has dents and dimples in 
it?

� Example: Orange or strawberry.

� Example: crumpled tin foil.

� We can "fake" it using a texture map.

� But this looks wrong because the specular 
reflections won't come out right. 
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Solution: Bump mapping.

� Solution: We perturb the normal to the surface, 
but we don't change the actual position of the 
surface.

Without bump mapping With bump mapping
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How it works.

Without bump mapping With bump mapping

Polygon model wo bump Polygon model with bump
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Storage of bump map

� Bump map is stored like an image.

� A 2D grid, with each element being the 
perturbation from the normal as XYZ vector, but 
stored as RGB colour.

� Allows us to model rough surfaces, pits and 
surface grooves, for example tyres.

� Works well if we're using Phong shading, or 
using ray-tracing. 
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Bump maps

� Can also have procedural bump maps, eg water 
ripples.

� Does not change silhouette of object, but most 
people don't notice!!

� Demo: GLSL demo

� Demo: Jogl demos.proceduralTexturePhysics

� Demo: POVRay  
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Solid textures

� So far, we have talked about surface textures ... 
like "gift-wrapping" or painting our objects.

� But what about when we carve through an 
object?

� Example: imagine a vase carved from marble.

� Example: A block carved from wood. 

� We could apply surface textures ... but it would 
look "painted" rather than "carved".
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Solid textures

� So, how to do this?

� Before, we said surface textures are represented 
as a function f(s,t).

� Solid textures are functions of three dimensions, 
f(r,s,t).

� So when you "carve" an object out of the solid 
texture, the surface will no look painted.
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Solid textures ... practicalities

� Solid textures can either be procedural or 
images, but tend to be procedural, because it is a 
"3D image" (like a stack of 2D images) and 
hence is large.

� Too slow for real-time calculations.

� But looks great for ray traced images.

� Compare simpleSphere.png and 
simpleSurface.png.
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Another type of texture map

� We can also use texture maps for simple 
reflections. 

� Imagine that we have a cube around the object 
we want to create reflections on and we've 
figured out what the reflection on the inside of 
that cube should be ...
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Reflection/Environment Map

Reflection cube

Object

Vector from viewer

Reflected
Ray

Pixel in
reflection map
that is mapped 
on to object

N
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Reflection/Environment mapping

� To apply environment map, work out vector from 
viewer, reflect and then see where it hits the 
cube environment map.

� This is added to the brightness of the pixel.
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Reflection/Environment Mapping - 
Generation

� How do we work out the environment map?

� One way: At the object, render six images, one 
for each face of the cube.

� Images do not have to be high resolution.

� So it is possible to get approximate reflections. 
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Environment mapping: Pros and 
Cons

� Not as good as raytracing.

� Only does one level of reflection or refraction

� Strictly speaking, need one environment map per 
object (in fact one per point!!)

� But it's fast.
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Demos & applications

� JOGL demo: ProceduralTexturePhysics

� JOGL demo: VertexProgRefract
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Shadow mapping

� Idea: Any point that light can see is not in 
shadow.

� Can use Z buffer to determine what light can see. 

� Two passes

� First render scene from light’s point of view. Save 
resulting Z buffer as a shadow map.

� Second, render scene using shadow map to to 
determine if that light illuminates a point.
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Using a shadow map

� If z value of point (x,y) is greater that 
corresponding Z[x,y] in Z buffer then point is not 
visible.

� Similarly if z value of point (x,y) is greater than 
corresponding S[x,y] in shadow map, light is not 
used in illumination.

� Have to transform point into light’s coordinate 
system.
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Demos & applications

� Red book (OpenGl Programmers Guide 4th+ 
edition) shadowmap.c

� JOGL demo: Shadowmap


