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Abstract

In order to represent rea-world images with a computer, a program has to relate
three-dimensond images on a two-dimensona monitor screen.  Severd ways of doing
this exig with varying degrees of redism. One of the most successful methods can be
grouped in a “screento-world method” of viewing, which is dso known as “ray-tracing.”
This computer grgphics technology smulates light rays within a 3D environment. Since
light rays have predictable physica properties, the ray-tracing dgorithm can atempt to
cdculate the exact coloring of each ray/object intersection a any given pixd. Advanced
levels of ray tracing dlow light rays to bounce from object to object, mimicking what
they doinred life.

“Locd illumination” represents the basc form of ray tracing. It only tekes into
account the reationship between light sources and a single object, but does not consider
the effects that result from the presence of multiple objects. For ingtance, a light source
can be intersected by another surface and therefore be obscured to any point behind that
surface. Smilaly, light can be contributed not by a light source, but by a reflection of
light from some other object. The locd illumination modd does not visudly show this
reflection of light. Therefore, specid techniques have to be used to represent these
effects. In red life there are often multiple sources of light and multiple reflecting objects
that interact with esch other in many ways “Globd illumingtion,” the more advanced
form of ray tracing, adds to the locd mode by reflecting light from surrounding surfaces
to the object. A globa illumination modd is more comprehensve, more physcaly
correct, and it produces more redlistic images.

Ray tracing is an essentid subject when it comes to computer graphics. It
combines issues of effidency and redism, thus finding a favorable baance of the time
and effort involved to make redidic three dimensond images. In the process of
researching the many different ways of implementing a ray tracer, the sudy began with
locd illuminaion and graduated to globd illumination, usng some pre-established
techniques and the development of new techniques.

Ray Tracing Basics

A basc modd shown in Figure 1 will shoot one ray per pixd. If an image is
800x600 pixels, then when the ray tracing is complete, 480,000 rays will have been shot.
Each will begin a the viewer and end a its closest intersection with an object in the
scene.  The viewer's location is defined with the other objects of the scene in an input
file.  An illuminaion modd will be agpplied to figure out how much light is fdling on thet
point and what color will be produced. An illuminaion modd is an equaion used to



cdculae the intendty of light that we should see a a given point on the surface of an
object [2].
Scene Objects within a scene have properties describing its
color, if it's reflective (mirror-like) or refractive
(dlass-like) and its location within  the scene
Tuage M Tane Objects can be spheres, triangles (polygons), rings,
cylinders, etc [5]. Any one of these shapes could be
a light as wdl, known as area light sources when the
whole surface of the object emits light. For now, we
will use point light sources, light coming from a
single point in the scene, for our illumination modd.
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Figurel:: Basic Ray Tracing Scenario
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Calculating the Closest I nter section

Parametric equations for a line in a 3 dimensond space are used for caculating
the closest intersection with an object from the eye (viewer)[4]. These equations are
shown next to Figure 2. The god is to find the smalest t vdue. The sndles t vaue
will givethedos@st intersection to the Viewer as shown in Figure 2.

=32.3 £t=38_1

T.F.Lewer X=X, +1* (X - Xp)
Y=Y, ¥ (Y1 - Vo)
z=2,+t*(z,- z,)

t=93.7

Figure?2:: Intersections along aray, where t=32.3 is the closest one.

Pointy (%o, Yo, %) is the location of the Viewer a the origin for the ray. Pointy (X1,
Y1, z) is a point on the image plane. Point (X, y, 2) is any point on the line defined by R
and P. Notice that (x; — Xo) is the x component of a vector, same for y and z. So aray
can be represented by vector: & (X1 — Xo), (Y1 —Yo), (z2 — 20) F .

Applying Illumination
Now that the cdculaion of what the viewer can see a a particular pixd is found,
the illuminaion modd is gpplied. The locd illumination modd is used figure out what
color the pixd will be.
Pixel,,, = Diffuse + Specular

A diffused materid is a dull materid, like chak. At the point of intersection, a
vector is made from the intersection to a light. This forms the light vector L. N is the
normd of the surface at that intersection. L and N are shown in Figure 3 The normd is
perpendicular to the surface. The formula to cdculate the diffused component of the loca
illumination modd isasfollows[2]:



Diffuse = K s COION 4ifuse ¥ COSQ

Kitfuse @nd Colorgisruse are pre-defined inputs of the program describing a particular
object’s diffused properties. The angle between L and N is g, which is caculated and
will change according to the light's location. This will give the object a shaded look
dependent on the light.
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Figure 3 :: Diffused component, L points at a light source and N is normal to the surface.

Specular color is viewer dependent. The closer the reflection vector R is pointing
towards the eye, the brighter the pixd will get. Simply put, soecular color will brighten a
point more if the light reflects back into the eye. The formula to caculate the specular
component of thelocd illumination modd isasfollows[2]:

Pecular =Ko * ColOr gy * COS

Kspecular, COlOrspecuiar, @d shiny are input describing the object.  The shiny
exponent affects the specular spot on the object, shown in Figure 5 The higher shiny is,
the more concentrated the spot becomes. f is the angle between the Normd vector, N,
and the Eye vector, shown if Figure 4.
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Figure4(left) :: Specular component, R isthe reflection of L
Figure 5(right) :: Specular color on a sphere, the shiny exponent will effect the area of the
Specular “spot”.

Pixds will be in a “Red-Green-Blue’ color space known as (R, G, B) vaues.
Each RGB component will have range [0.0 — 1.0]. White would be (1,1,1) and Black
(0,0,0). Theillumination mode formula becomes[2]:



Pixel ., r = Diffused, + Speculary
Pixel . ¢ = Diffused + Soecular,
Pixel ., s = Diffused, + Specular,

Smoothing the Image

Antidiagng is a technique used for the smoothing of an image. It takes sharp,
jagged edges of an image and blends it with colors around the edge making it smooth [1].
For ingance, a black surface intersecting a white surface, at those points of intersection
the colors will blend and make a grayish color.

To agpply this technique to ray tracing is sraghtforward. Take a pixd and divide
it into sub-pixels, shown in Figure 6 and shoot the sub-pixels with rays. Add dl the sub-
colors up and divide that by the number of sub-pixels. This gives you an average color
for that whole pixel. This works because the dl the sub-rays shot will dl not hit the same
place, some will hit the black suface and some will hit the white suface.  Then
averaging the colors will give you agray.
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Figure. 6 :: The subdivision of a pixel to make sub-pixels. Calculate the color for each sub-pixel and then
averaging them to get a color for the whole pixel.

Accelerated Ray Tracing

Ray tracing is very time consuming dgorithm. The mgority of the time goes to
finding the intersection of a ray [1]. To find this intersection you have to test a ray with
every object in the scene, and then chose the closest intersection.  Therefore, if there are
86K objects in a scene and the image is 800x600 (480K rays), 41.28 hillion intersection
cdculations are made.

A way of speeding up this process is to use a 3-D grid to encompass dl the
objects in a scene. Now, instead of testing dl 86k objects per ray, only test objects that
are in the sub-boxes for which the ray passes through, as shown in Figure 7. Only
objectsin boxes 8,9,10,11,12 need to be test for intersection.
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Another way of accderating the rendering process is to take advantage of a
computer that has multiple processors. With this cgpability, an image could be plit into
N sub-image, where N is the number of processors. Each processor having one sub-
image to work on, making the run-time N times faster.

Inter polation of Normals

A normd is perpendicular to the surface at a particular point on that surface [4].
If a triangle has just one normd for dl the points on the triangle then that triangle will ke
perfectly flat. With one normd per triangle an object made up of triangles will become
patched, as seen with the tegpot on the left in Figure 8 With interpolation, the god is to
have a dightly different norma for every point on the triangle making the object curved,
as seen with the tegpot on theright in Figure 8 [2].

Figure 8 :. Left teapot is without interpolation; the right teapot was rendered with interpolation.

This new normd, N, will be caculated from three other normals, Na, Nb, and
Nc, representing the normas of the three points of a triangle, A, B, and C respectively,
shown in Figure 9. The three normds of the triangle are pre-defined inputs to the ray
tracer. These normds will have been cdculated from a different program. They are
based upon the averaging of surrounding triangles and ther normas. N is a linear
combination of the vectors, Na, Nb, and Nc.
N=a*N_,+b*N,+s *N,
The location of point P and its disances from each normd determines which one;
Na, Nb, or Nc is weghted more than the rest. In Figure 9 P is closer to B, therefore b
will have agregter vduethan a and s.

Figure 9 :: A triangle with three normals used to
B calculate N, the normal for point P.



Global [llumination

Globd Illumination will give a more redidic image. It will take into account dl
light, direct and indirect, to form a better lighting modd on a surface.  With loca
illumination, one ray is shot to evary light to cdculate how much light will be fdling on
that surface.  With globd illuminaion, once the intersection is cdculated many rays are
shot out in different directions to produce the light faling on that point. To produce the
most redigic image possble, dl directions of light would have to be teted. This is
impossible because there are infinite directions of light fdling on any paticular point.
Ingtead, sample rays are shot to produce a lighting modd, shown in Figure 11. Figure
10 shows that the more samples that have been taken, the better the image will come out
[4].

Figure 10 :: Left image 100 sample rays per intersection. Middle image: 1000 sample rays per
intersection. Right image: 3500 sample rays per intersection
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Figure 1l :: Basic Globa Illumination Scenario



A sample ray can bounce randomly off objects until it reaches a light. If it never
reeches a light in the maximum dalowed bounces, then it is thrown out of the find
cdculation of pixel color. If a sample hits a light directly, the full intengty of light goes
into the cdculation. If it doesn't hit the light directly, after every bounce the light
intendity is decreased by a factor of the diffused component of the object it is bouncing
from. In globd illumination the sample ray takes the place of the Light vector, L, in the
pixd color caculations, seen in Figures 3 and 4. The pixd color formula is now

changed to the fallowing.

#samples

Pixel yior :}{\I * é_ (Diffused, + Specular, )* gl (sample_ray;)
i=1

N will begin equaing the number of samples, but every time gI( ) returns O it will
be subtracted by 1. The gI( ) function will return O if the sample ray never hits a light.
This throws out al noncontributing sample rays. Also, gl( ) is a recursive function. It
will recurse till the maximum number of bounces has been reeched, or it has hit a light.
Once dl( ) has hit a light, it returns the light's intengty. That light intensty decresses
with every bounce it took to get to the light. So, the more bounces the ray takes to get to
the light, the less the light's intengty will factor into the find cdculation of the pixe
color. This Pseudocode below show this being done.

Pseudocode: Globa [llumingtion
col or _pi xel (Vector ray_from eye)

intersection = find_intersection(ray_fromeye)

N=#sanpl es

for(i=0;i<#sanples; ++i)
sanpl e_ray = generate_randomray(intersection)
current _color = diffuse(intersection)+

specul ar (i ntersection)

factor = gl (sanpl e_ray)

if(factor == 0)

N-1
got o next sanple
end_if
sum of _colors += current_color * factor
end_f or

pi xel _color = sumof _colors / N
return pixel _col or
end_col or _pi xe

gl (Vector sanple_ray) [//recursive function
i f(Max Bounces Reached)
return O
end_if
intersection = find_intersection(sanple_ray)
if(intersection is a light)
return light's intensity
end_if
sanpl e_ray = generate_randomray(intersection)
factor = gl (sanpl e_ray)
return diffuse(intersection) * factor
end_gl



Generating Random Sample Rays

Generding sample rays is an important pat of the globd illuminaion agorithm.
Sample rays will produce the light; so bad sample rays will render bad lighting. If a
sample ray never hits a light it is thrown out of the cdculation. We want dl rays to have a
“chancg’ of hitting the light. Sample rays need to point away from the surface they are
coming from. A sample ray needs to have an angle with the norma between 0 and 90
degrees, and should be able to reach 360 degrees around the norma. This depicts a
hemigphere, with the surface’'s norma going draight through the top “North Pole’ of it,
asin Figure 12[1].
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Figure12:: Hemisphere for ssmplerays

Figure13:: Pisapoint onthe hemisphere.
r isthe radius of the hemisphere.

g hasarange of [0, 90] degrees.
f hasarange of [0, 360] degrees

The spherica coordinates system can be use to make random sample rays [1],
shown in Figure 13. Point P on the hemisphere needs to be randomized. This can be

accomplished by randomizing the angles f and g. Radius r can be kept constant at 1. P
needs to converted to it' s x, y, and z components with the following formulas.

x=rdanf cosq

y=rgnf ganq

Z =r cosf

P is oriented about the Origin. So, P needs to be trandformed so it is oriented with

the surface, and its norma. To do this, an orthonorma bass is made with the surface's
norma. An orthonorma bass (ONB) is a set of vectors that are mutualy perpendicular,
and are unit length [1]. The mos famous ONB is the xyz coordinate system, the naturd
bass. ONBs make converting to and from different coordinate systems uncomplicated.
Once an orthonorma basis is made with the surface's norma, P can be transformed into
P. P is now oriented with the new bads. To finish this process off, a vector is made



from the intersection point on the surface to P and the new sample ray is formed. The
new sample ray will be used in place of the light ray in the illumination formula

Conclusion

The dudy of ray tracing can lead to interesting things in the fiedd of computer
graphics. Ray tracing is a viable technique of producing two-dimendond imeges of a
three dimensond world. It can be a tool that becomes more and more vaued as our
culture heads deeper into computer generated worlds via games, movies training
amulators, or even architecturd modeding. Ray tracing can produce images with varying
degrees of rediam. With its strong mathematical and physica foundations, ray tracing is
and will remain amgjor concept of computer graphics.

Gallery
To seetheseimagesin their full 9ze please vist: http://Amww.unf.edu/~rupj0001/ray/

A.) One of the fird images produce. The light is coming from the top right, and
shadows were turned off. Image took 13min. to render and its Sze was
1024x768.

B.) All mogt same scene as image A, but with a new cylinder and two light sources
with shadows turned on. Also this image has Antidiasng 10raySpixd. Image
took 10hoursto render and its Size was 1024x768.

C.) Two light sources, one indde the cylinder, and one coming from the top left.
Shadows turned on. Image took 4min. to render and its size was 1024x768.

D.) Two light sources coming from the bottom left and the top right. 4 reflective
sphere dl reflecting each other’s colors. Image took 1min. to render and its size
was 1024x768 with Srays/pixel.

E.) Same 4 sphere as image D, but now incase in a reflective box. One gold-colored
light source in the top right front of the box. Image took 1min. to render and its
Sze was 400x300.

F.) The Pathenon is ingde of a blue reflective box. Three light sources, on in the
back left bottom corner, one in the front left bottom corner and one indde the
Pathenon.  Image took 3hours to render and its sSze was 800x600 with
10ray</pixd.

G.) A dlass sphere with a blue diffused sphere behind it. Image took 3mins to render
and its Sze was 1024x768 with 10rays/pixel.

H.) 100,000 random spheres to test the 3-D grid accderaion technique. The image
about 18mins at 512x512. Without a 3-D grid it would still be rendering today!

I.) A Sphereflake, thisimage took about Smin. to render at 1024x768.

J.) The Rhinoceros Logo, 86000 triangles. Image took 30mins on 7 processors at
1024x768.

K.) This image was the god of the research. A globd illuminated scere at 800x600
with 3000samples/intersection.  Two area light sources at the ceiling of the room.
A reflective sphere floats a the left, with two soft shadows under it. The soft



shadows are one of the products of the globd illuminaion technique. Image took
7hours on 8 processors.
L.) A comparison of locd illumingtion vs globd illumination.
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L. Local vs. Global
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