Ray Tracing

Reading

Requirad:

& shirley, section 10.1-10.7 (han dout)
* Triangle intersection handout

Further reading:

* Shirleyerrata on syllabus page, needed ifyou
work from his book instead of the handout,
which has already heen corrected.

* T.Whitted. An improved illumination model
for shaded display. Communications of the
ACM 2306), 343-349, 1980,

* A Glassner. AnIntroduction to Ray Trading.
Academic Press, 1989,

* | Turkowski, “Properties of Surface Normal
Transformations” Graphics Gems, 1990, pp.
539-5347.
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Geometric optics

Modem theories of light treat it as both a wave and a
particle.

Wewill take a combined and somewhat simpler view
of light - the view of geometric optics.

Here are the rules of geometric optics:

+ Light isa flow of photons with wavelengths.
we'll call these flows *light rays.”

& Light rays travel in straight lines in free space.

* Light rays do not interfere with each other as
they cross.

* Light rays obey the laws of reflection and
refraction.

+ Light rays travel from the light sources to the
eye, but the physics is invariant under path
reversal {reciprocity).

Eye vs. light ray tracing

Wherea does light bagin?

Atthe light: light ray tracing (ak.a. forward ray
tracing or photon tracing)

Atthe eye: eye ray tracing (a.k.a. backward ray
tracing)
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Wewill generally follow rays from the eye into the
scene.




Precursors to ray tracing

Local illumination

¢ (ast oneeye ray, then shade according to light

O

Appel (1968)

* Castoneeyeray + one ray to light

Whitted ray-tracing algorithm

In 1980, Turner Whitted introcduced ray tracing to the
graphic s community.

+ Cormbines eye ray tracing + rays to light
+ Recursively traces rays

Algorithim:

1. For each pixel, trace a primary ray indirection V to the
first wisible surface.

2.For each intersection, trace secondary rays:

+ Shadow rays in dirsctions Lyto light sources
+ Reflected ray indirection R.
+ Refracted ray or trans mitted ray in direction T.

Whitted algorithm (cont'd)

Let's look at thisin stages:

exe

Primary rays

Reflection rays Refracted rays

Ray casting and local illumination

MNow let's actually build the ray tracer in stages. We'll
start with ray casting andlocal illumination:




Direct illumination
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Aray is defined by an origin P and a unit direction d
and is parameterized by t > O

¥t =F +ud
Let /(F.d) bethe intensity seen along aray. Then:

i dy

= ldirect
where

* {igo is computed from the Phong model

Ray-tracing pseudocode

We build a ray tracedimage by casting rays through
each of the pixels.

function tracelmage (scene):
foreach pixel {j)in image
A= plxelTolVorldii])
P=COP <
d=is-rl A-F|| €
Iii.j) = traceRay(scene, P, d)
endfor
end function

function traceRay(scene, P d):
{t. N. mtrl) < scene.intersact (7, d)
Q< ray (P d)evaluatedatt
| = shade( afrl }Mrsm.t , Q,’cl )
return |

end function

Shading pseudocode

Mext, we needto calculate the color returned by the
shade function.

function shade{mtrl, scene, @, N, d):
= mtrlk, +mtrl. kg # 1
foreach light source L do:

atten =L -> distanceAtten uation( Q )

I + atten®(diffuse term + specular term)
end for
return|

end function

Ray casting with shadows

MNow we'll add shadows by casting shadow rays:
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Shading with shadows

To include shadows, we need to maodify the shade
function:

function shade{mtrl, scene, Q. N, d}:
le=mtrl kg +mtrl kg * Iy
foreach light source L do:
atten =L -» distanceAttenuation] Q) ¥ {J
L -> shadowAttenuation{seent () )
I | + atten® (diffuse term + specular tarm)
end for
return |

end function

Shadow attenuation
Computing ashadow can be as simple as checking to
seeifa ray makesittothe light source.

For a point light source:

function PointLightishadowAttenuationiscane, P)
d =(this.position - P).nomalizel)
t. N mtrl) e scenedntersect(f, d)
—
Compute t“g ht

ifit< tlight:' then:

atten =0
else

atten =1
end if

return atten

end function

For a directional light, Yighe =2

Shading in “Trace”

The Trace project uses a version of the Phong shading
equation we derivedin class, with two modification s:

* Distance attenuation is damped to be at most 1:

A% = min 1,.;},
! a}. + t';d; + c}.d).'

¢ Shadow attenuation A9V s incly ded.

Here's what it should look like:

=k, + L
+2,4;'"“-‘-“",4;T*”Lj[mw. L)+ kB (VR ]
i
le.we arenot using the Openal shading equation,
which is somewhat different.

Note: the “R" here is the reflection of the light about
the surface normal.

You must use the shading equation on this slide, not
the onein Shirley's texthook.

Recursive ray tracing with reflection

Maow we'll add reflection:




Shading with reflection

/
pld

Let {(P. di bethe intensity seen along aray. Then:

1P d) = Fimer + raflected

—

where

* ige is computed from the Phong model, plus
shadow attenuation
* Jefected = i{' ]

_—

Typically, we setk =k,

Reflection

Law of reflection:

4- 4

R is co-planar with d and N.

Ray-tracing pseudocode, revisited

function traceRay(scene, F.d):
{t. N, mtrl) « scene.ntersect (P, d)
Q< ray (P d) evaluatedat t
| = shadeiscena, mtrl, & N, )
R = reflect Direction| "d; N o)
le—1+ mtrl.kl. * tracefayiscene, @, R)
return |

end function

Terminating recursion

@: How do you bottom out of recursive ray tracing?

P ossibilities:
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Whitted ray tracing

Finally, we'll add refraction. giving usthe Whitted ray
tracing model:

Shading with reflection and refraction
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Let i(P. d) be the intensity seen along aray. Then:

IP. o) =it +Irafiected *iransmitted
where

* lict 15 computed from the Phong model, plus
shadow attenuation

* ieflacted = Ky (2 R)

* iansmivted = K4 QT

Typically, we seth =k, and k,=1-k, (orQ, if opague).

[Generally, k,andk, are determined by “Fresnel
reflection,” which depends on angle ofincidence and
changesthe polarization of the light. Thisis discussed
in Shirley's textbook and can be implemented for extra
credit]

b
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Refraction [
v
Snell's law of refraction: . N R
[ (il a
i sind = sin § m
’ o ; 0
where . 17 are indices of L]
refraction.
Lasy b,

In all cases, Rand T are co-
planar with dand N.

The index of refraction is material dependent.

It can also vary with wavelength, an effect called
dispersion thatexplains the colorful light rainbows

from prisms. (We will generally assume no disparsion.)
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Total Internal Reflection

Theequation for the angle of refraction can be
computed fram Snell's law:

e,” sin (f—:‘- s'.ma»
£ ]

What happenswhen = 77

When & isexactly 907, we say that § hasachievedthe
“critical angle” £

For &= & .no rays are transmitted, and only reflection
occurs, a phenomenon known as “total internal
reflection” or TIR.

Air

Glass




Shirley handout

Shirley uses different symbols. Here is the translation
between them:

r=R
T

&

f=4
7
=1

t
¢
g

n

Alsa, Shirley has two important errors that have
already been corected inthe handout.

But, if you're consulting the original text, be sure to
refer to the errata posted on the syllabus and on the
project page for corrections.

Ray-tracing pseudocode, revisited
function traceRay(scene, P d):

it. N.mtrl) « scene.intersect (P.d)

Q< ray (P, d) evaluated at t

| = shade(scene, mtrl, 2. N, -d)

R = redect Direction lilL-flil

le—1+ mtrl.kl. * trace Ray(scene, O, R)

if ray isentering cbhject then
n_i =index_of_air
n_t=mtrlincex

else
n_i =mtrlindex
n_t =index_of_air
ifnotTR( N, d A, Ay ithen
T=refactDimction | % )
=1+ mtrl.l-c[ * tracefiayisceng, Q. T)
end if

return | (_a JU\ >0 = gnkrl.,j

end function

(Q: How dowe decide if aray is entering the object?

Terminating recursion, ind. refraction

Q: Mow how dovou bottom out of recursive ray
tracing? s

[
i

Shadow attenuation (cont’d)

Q:What if there are transparent chjects along a path to
thelight source?

il

\

Suppose for simplicity that each object hasa
multiplicative transparency constant, k, which gets
factored in every time an object isentered, possibly
morethan once for the same ohject.

Shirley's texthook describes a better atten uation mockl
based on Beer's Law, which you can implement for extra
cradit.,

28




Photon mapping

Combine light ray tracing (photon tracing) and eye ray
tracin g:

Renderings by Henrik Wann
lensen:

images caustics htrml

httpz/igraphics.ucsd edu/~henrik/
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Normals and shading when inside

When a rayisinside an object and intersects the
object's suface on the way out, the normal will be
pointing away from the ray (i.e, the normal always
points to the outside by default).

¥ ou must negate the normal before doing any of the
shading, reflection, and refraction that follows.

Intersecting rays with spheres

Mowe we've done everything except figure out what that
“sceneintersact(P, di function doss,

Mostly, it calls each object to find out the tvalueat which
the ray intersects the object. Let's startwith intersecting
spheres. .

Given:

+  Thecoordinates of a pointalong a ray passing
through 2 in the direction d are:

+  Awunit sphere foentered ab theorigin defined by the

equation: }{L‘I- Y'L1l 31-_',,1

Fined: The ¢ at which the ray intersects 5.

¢ rley= P -r‘t'a‘\

3&:‘ fv’]"‘f -r\{ +.5’-—-|
N~V = Ll‘& Ly lt\

21

Intersecting rays with spheres

Solution by substitution: -

] iyt or=0

(Po+td ) 4P +td ) +(P +1d P -1=0

-w bt+c=0

a=dy+d; +d}
b=2Fd +Pd +Fd,)
C=Fl+PR4+ -1

where

Q:'What are the solutions of the quadratic equatlon in
tand what do they mean?

%;_btm ﬂ)o

. A(D

_{'d\

H<D

A

A=b*"dac (d3craensat )
=) L vtal rastg 205
__::) LU‘-?E» fﬂz‘-—)m nj

A=0-L real diable o)

Q: What isthe normal to the sphere at a point (). z)

onthesphere? ]' l

=) tangeat 1 (LN
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Ray-triangle intersection
H 14 Cc c‘,w\

Ray-plane intersection

We can write the equation of a plane as:

ax+by+cz=d

The coefficientsa, b, and cform a vector thatis |
normal tothe plane, n =[a bell. Thus, we can re- Nox
write the plane equation as:

We can solve for the intersection parameter (and thus A j 6!
N

o — orb(—p:l, all“ J{(—hzfs
4 mdicae 147

Of lg.ci’a‘l’“ by

To intersect with a triangle, we first solve for the
equation ofits supporting plane.

How might we compute the (un-normalized) normal;'
N=

v (C-8) x (A -8Y A
Y
Given this normal, how would we compute g7
"

Using these coefficients, we can solve for Q. Now, we
need to decide if Qis inside or outside of the triangle.

the point):

NG GE

1)- = 4Nt
M'(?'H‘P ‘]"J - H
A o 'a' -
£+ R-wd)=d F’(Nd &N 5

,-1?413 Plant 33 24

2D inside-outside test

3D inside-outside test

One way to dothis “inside-outsick test”isto see if @
lies on the left side of each edge aswe move
counterclockwise aroundthe triangle.

_ 1@ |

How mightwe use cross products to do this?
L((S":‘r\ax (&-x\\-N >D J
Y_(c - x(a- %\)] v cl

- ru>o
L@ -Ox (& C\l Wﬂl{

Without loss of generality, we can perform this same
test after projecting down a dimension

If @' isinside of A8'C, then Qisinside of ARC.

Why isthis projection desirable? ‘(154‘((

Which axis should you “project away'? b J‘{'f Y,
nid Cd!rfsf'tv-nlL) v oyt i

26




Barycentric coordinates

Aswe'll see in amoment, it is often useful to
represent O asan affine combinationof A B and &

O= @A+ BB +yC

where:

c+F+y=1

We call o & and p the barycentric coordinates of O
with respect to A, £ and C.

Ay B Cx o
IR HE e ) -

AJ- LL. T

| | \ |

o~ A b)Y (-H)

C AT PATICA ez )-bY

= (\—e-nAT PR ey
R

[

&-r-raf’x:"

a7

Computing barycentric coordinates

Given apoint @ that isinside of triangle ABC, we can
solve for &'s barycentric coordinates in a simple way:

3 (Area(QR) 4- Keats0d) _  Areaiiga)

AtealABC) © ArealABC) | ArealAEC)

How can cross products help here? C

A5 (8 -A) x (AN )

A b

In the end these calculations can be performed in the
20 projection as well!

a8

Interpolating vertex properties

The barycentric coordinates can also be used to
interpolate vertex properties such as:

+ material properties
& texture coordinates
+ pormals

For example:
b () = e, (A)+ By (BY + pe ;)

Interpolating normals, known as Phong interpolation,
gives triangle meshes a smooth shading appearan ce.
{Mote: don’t forget to normalize interpol zte

normals.) c¥

Ny = meT’%HE T}”g

29

Epsilons

Duetofinite precision arithmetic, we do not always
getthe exact intersection at a surface.

Q: What kinds of problems might this cause?

R
Pa

Q: How might we resclve this?

t < RAY £P5 oM = diwd N

40
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Summary

What totake home from this lecture:

* The meanings of all the boldfaced terms.

* Enough to implement basic recursive ray
tracing.

* How reflection andtransmission directions are
computad.

* How ray--object intersection tests are
performed on spheres, planes, andtriangles

* How barycentric coordinates within triangles
are computed

* How ray epsilons are used.

41
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