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Reading

Requirad:

* Shirley, section 10.1-10.7 thandout)
* Triangle intersection handout

Further reading:

* Shirley errata on syllabus page, neededifyou
work from his book instead of the handout.
which has already been corrected,

* T.Whitted. Animproved illumination meodel
for shaded display, Communications of the
AWM 2308) 343-349, 1980,

* A Glassner. Anintredudion to Ray Tradng
Academic Prass, 1989,

* . Turkowski, "Fropertias of Surfaca Normal

Transformations” Graphics Gems, 1990, pp.
530-547,

Geometric optics

Modern theories of light treat it as both awawe and a
particle.

Wewill take a combined and somewh at simpler wiew
of light - theview of geomatric optics.

Here are the rules of geometric optics:

+ Light is aflow of photons with wavelengths,
We'll call these flows "light rays”

* Light rays travel in straight lines in free space.

* Light rays do notinterfere with each other as
they cross,

* Light rays obey the lawes of reflection and
refraction,

+ Light raystravel from the light sources tothe
eve, but the physicsisinvariant under path
reversal [reciprocity).

Eye vs. light ray tracing

Wheare doas light bagin?

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

Atthe eye: eye ray tracing (a.k.a. backoward ray
tracing)
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Wewill generally followrays from the eyeinto the
scene,




Precursors to ray tracing

Local illumination

* (Cast oneeyeray, then shade accordingte light
.f’)
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* Cast oneeveray + one ray to light
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Appel (1968)
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Whitted ray-tracing algorithm

In 1980, Turner Whitted introduced rytracing to the
graphics community.

+ Cormnbines eye my tradng + rays to light
+ Recursively traces mys

Algorithrn

1. For sach pixel, treez a pimany @y in direcion W tothe
first wisible surface,

2. For each intersedtion, trace secondary rays:

+ Shadow rays in diredions Lito light souraes
+ Reflected rmy in direction R,
+ Refracted ray or transmitted rmy in direction T,

Whitted algorithm (cont'd)

Let's look at thisin stages:
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Primary rays

Reflection rays Refracted riays

Ray casting and local illumination

Mow | et's actually buildthe ray tracer in stages. Well
start with ray castingandlocal illumination:
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Direct illumination

Aray is defined by an origin # and aunit direction d
and is paramaterized by é > O

rifi=F+td

Lat [(F, d) be the intansity sean along aray, Then:

fif. dj = (dirart

wherg

* it 5 computed from the Blinn-Phong modal

Shading in “Trace”

The Trace project uses avearsion of tha Blinn-Phong
shading equation we derived in class, with two
modifications:

# Distance attenuation is damped to be at most 1:
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+ Shadow attenuation 45299 i< incl yded,

Here'swhat it should look like:

f=H il +
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This is the shading equation to use inthe Trace
projact!

Ray-tracing pseudocode

We build aray tracedimage by casting raysthrou(ﬁ
each of the pixels.

function fracelmage (scené): ﬂ‘\.
for@ach pixel (ij]in image |
A = pixelTolWorldi])
F=COF '
d-u-opa- & T
Ii.j) = fraceRaviscene, P, d) !
endfor
@nd function

function fracefaviscene, £ d):
@~ [t N.mtrl] < scene.infersect (. o)

V\{?}'w'“ Q& ray (P d) evaluated att
Ao (| 1 =shadef N silcl sceed O

= T=0  return|
and function

Shading pseudocode

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

function shade(mtrl, scene, Q. N d):

I = mirlk, +mtrl b # 1,

for@ach light source Ldo:
atten —L ‘;- rsfanceﬂffenuafron( & 1
Ldir = rfr‘hn
le—1+ atten“[dlf'fuse term + specular term)

end for

raturn|

and function
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Ray casting with shadows

Mowrwe'll add shadows by casting shadow rays:

Shading with shadows

To include shadows, we need to modify the shade
fundtion:

function shade(mtrl, scene, Q. N )
= mirll, +mtrl b #1, ) L
foreach light source Ldo:
H-El{f‘tl':e-rq'll=“CLO-~3>[§3‘E5fcmceﬁlffemmffr:m( Q1#
L <= shadowAften wation( Q, Sceqe)

)

I | + atten*(diffuse term + specular term)
arid for
return |

and function

Shadow attenuation

Computingashadow can be as simple as checkingto
seeifa ray makesittothe light source.

For a point light source:

function Poinitight:shadowAttenuationiscene, P)
d ={this.position - Phnommalize = e-f
g g i
N mt) e sceneinfesectie. d)
Compute tlighr
|f(t <t|lghf:] than:
atten =100, 0, 0]
elsa
atten =(1.1. 1]
end if
raturn atten

and function

Mote: we will later handle color-filtered shadeowing so
thisfundtion neads toreturn a calor value,

For adirectional light, g,y = .
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Recursive ray tracing with reflection

Maowwe' |l add reflection:




Shading with reflection

Lat [(F, d) be the intensity sean along aray. Then:

1P d) = ijpacy + Framacrad

where

* Jyinct i5 computed from the Blinn-Phong model,
plus shadow attenuation

* sflactad =5/ (O R)

Typically, we setk, =k, [(k.isacolorvalua)

Reflaction
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Law of reflection:
8=4

R iz co-planar with d and M.

Ray-tracing pseudocode, revisited

function fracefav(scene, £ d):
. N mtrl) « scene.niersect (2. d)
G < ray (% d) evaluated att
| =shade(scene mtrl, O N -}
R = reflect Direction| N] —51‘ )
le—1+ mtrl.kr * fracefav(scene, Q. R)
raturn |

end function

Terminating recursion

Q: Howe do wou bottorn out of recursive ray tracing?

Possibilities:

-

T=T,+ke, (Tt Koo (1,9 'ﬂfls[;r:g :

o™

Y_Il' k'rl'., < é = 5|['af (Eewnilsibn
gar f (f&o‘a?ﬂﬂ ray tormmat i2n
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Whitted ray tracing

Finally, we'll add refraction, givingustheWhitted ray
tracing model:
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Shading with reflection and refraction

Let I[P dibethe intensity seen along aray. Then:

1P ) =lipacy + Framacted +imnsmined
where

* iract 15 computed from the Blinn-Phon g maodel,
pllus shadow attenuation

* raflacted =¥/ (G R)
* hmnamined =44 (QT)

Typically, we setk, =k and k=1-k, for (0.0.0), if
opague, where k.isa color value),

[Generally, k, andk, are determined by “Frasnel
reflection,” which ciepends on angle ofincidence and
changesthe polarization of thelight. Thisis discussed
in Shirley'stextb ook and can be implementad for extra
cradit]
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Refraction
. ) N
anell's law of refraction: d N R
L] i £
7sing = mesin 4 N P
S 2]
where i, 17, are indices of T
refraction.

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

The index of refraction is material depandent.

It can also wary with wavelength, an effect called
disparsion that explainsthe colorful light rainbows
from prisms, (Weawill genarally assume no disparsion.)

+ 8
Medium Imndex of yaraf
refraction i |

FRRLS

= ]
Vaccum | L A
Adr 1003 M t&c'—
Water 1.33 -
Fused quartz 1.46 PR -
Gilass, crown 1.52 Iwé‘_? N
Gilass, dense flimt | 1,66 Wawtengn vl ae ol
Diamond 2.42 e pn—

Index of refraction variation
for fused quanz
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Total Internal Reflection

The equation for the angle of refraction can be
computed from snell's law:

M;L‘Slll"%"l = M\{S;\,B_L sin éb: N_.Li‘;'s'- ﬂ'e".b
M

What happenswhen > 7

When & is exactly 0%, we say that & has achievedthe
“critical angle” £.

For &3 &, no rays are transmitted, and only reflection
occurs aphenomenon known as “total internal
reflection” or TIR,

C =L p
B = sh (“!’_L_
€ ”lt's

inby)




Shirley handout
Shirley uses different symbols. Here isthe translation
between them:

r=R

t=T

#=5

8=5 =‘9.i

n=1,

=1

Alsa, Shirley has two important errarsthat have
already bean corrected inthe handout,

But, if vou're consulting the original text, be sure to
refertothe errata posted on the syllabus and on the
project page for corrections.
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Ray-tracing pseudocode, revisited
function traceRaviscene, £ d]:

T N. mtrl) « scenga.infersect (P.d)

Q< ray (P d) evaluated at t

| = shade(scane, mtrl, O N, )

R =reffect Direction(N, -d)

|1 +mtr|.kr # fracefav(scene, Q. R)

if ray is entering object than
n_i=index_of air = |, 600673
n_t =rntrlindex

alse

n_i = mtrlindex

n_t =index_of_air = /0263 N ) C’A\ >D ‘?‘Eril'ff‘ﬁ
if[nofﬂﬁ[f\)_lﬂl g,iﬁ__tﬂ N then
T = refractDirection | - ] i?.l- se QKJF-)‘Q
=1+ mittlk, * tracefaviscane, Q. T)
and if
return|

@nd function

Q: How do we decide if arayis entering the ohjed? .

Terminating recursion, ind. refraction

@ Wow how doyou bottorm out of recursive ray
tracing?

JlEl“\ fet J;JF'T}\,-P\*\;( = —l-“'fm-w«i-[

_|L\ K%fx;ts e Hterm,
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Shadow attenuation (cont'd)

Q: What if there aretransparent objedts along a path to
thelight source?

Le ok Th AC
cach wsedrin

We'll take thewiew that the color is really only at the
surface, like a glass objedt with a colored fransparen oy
coating on it. In this casze, we multiply in the
transparan cy constant, k.. avary timean objad is
antered or exited, possibT},r mara than onceforthe sama
objedt.

Another modal would be to treat the glass as solidly
coloredin the interior, Shirley's textbook describes a
the resultingwolumetric attenuation based on Bear's
Law, which ywou can implement for extra credit,

28




Photon mapping

Combine light ray tracing (ph oton tracing) and eye ray

tracing:
Ee o’ Y N
” ) Vv
- e . L \,
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FL —,

ko get photon mapping.

Normals and shading when inside

When a rayisinside an object andintersects the
objed’s suface on the way out, the normal will be
pointing away from the ray (i.e, the normal always
pointsto the outside by default].

You must negate the normal before doing any of the
shading reflection, and refraction that follows,

Finally, when shading a pointinside of an object,
apply k,tothe ambient component, since that
"ambient light" hadto passthrough the object to get
thera in thefirst placa.

N
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Renderings by Henrik Wann i 4 P
lensen: f."f
httpyrgraphics,ucsdadufhenrik "
irmagesf@ustics htrl fo
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Intersecting rays with spheres Intersecting rays with spheres (xny! KB
Mow wee done ewenthing exaept figure out what that Solution by substitution: ﬁ;b
Msoenedntersect(F, df' function doess, 2 : s
¥+ -1=0
fasthy, it @lls each object tofind out the tvalue at which (P4t 4P +td (P +td F=1=0
the myimersscs the abjed, Let's startwith intersecting oo Lo F
spheres.., gt + b+ c=0
} where ﬂp_;
(8]
a=dy+d; +d;} A‘iﬁ
. b=2Pd +Pd +Pd)
P N L Fr I
d c=FiHFRH P
Given: ! Q: What are the solutions of the quadratic equation in
+  Thecoordinates ofa point along a ray passing tandwhat do they mean?
through £ inthe direction d are i
t= b= Jbrdac
X=F +id, ,\_,
y="F+id, La A o ‘f’
A[Scl’-“‘"m
I=F +td, (M'}",-?\]
+ Aunit sphere 5 centered at the origin defined by the ﬁ ;4
equation: 2 2 7 Q: Whatisthenormal tothe sphere at a point frz) _ -
A+ \I/ tg = [ on the sphara? pd
. ) ) f\/‘ [’1([‘{.,2*5
Find: The tat which the @y interseas 5
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Ray-plane intersection
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We can write the equation of aplane as:
o +hy+cz=k

The coefficients a, &, and cform a vectorthat s
normal tothe plane n=[a BT, Thus, we can re-

wirite the planiequation as: ")'\:“' - P +t A
—
N x =K

We can solveforthe intersection parameter (andthus
the paint): S E)

= _ k-wn
A (pred) = 2 =T
APrtnd =K .‘51350}5//5%{1

EE]

Ray-triangle intersection

sty o B

Tointersectwith atriangle, we first sobve for the
equation of its supporting plane.

Howmightwea compute the (un-normalized) normal?

(6 -A) % (C-AY =W

Given this normal. how wouldwe compute k7

noA =R R

= =)
> b
1l
>

Lsingthese coefficients we can solve for Q. Now, we
need to decideif Qis inside or cutside of the triangle.
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3D inside-outside test

One way to dothis "inside-outsice test," istoseeif @
lies on the left side of each edge aswe move
counterd ockwise aroundthe trian gle,

How might we use cross productstf_do this?
(B-A)x (8-4). 1 20
- 20

(c-B\yx (@ &) Lo
(A-C) (0O n=0

all troe > 1
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2D inside-outside test

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

f‘l'lT\\_\\"i—_‘l.Fﬁ;Td;-;(“
Iin
If @7 isinside of A%, then Qisinside of ASC,

fagler

Why isthis projection desirable?
Which axis shouldyou “project away"? ﬂ;m ; i Y) gé
N
Chovse Lot
26




Barycentric coordinates

Aswell seein amoment, itis often useful to
reprasent @ as an affine combinationof 4 & and &

O=aA+ B8+ yC

C

where: g

4&;,_8.'-

We call o & and p the barycantric coordinatas of &
with respect to A, 8 and <

G = A+ BB-A) T (cH)
= A% pb-ph+TC -TA
= (1-8 By rpb{C

U

o “|-b-T = o+ Y =

e+ F+y=1

a7

Computing barycentric coordinates

Given apoint @ that isinside of trian gle ABC, we can
solvefor &fs barycentric coordinatesin a simple way:

_ Arealdd) 85 Areal A _ Areal 4G
ArealASC) f‘Area(ABCJ AraafdL8C)

Howrcan cross products halphare?

Acen (A8 =] (8-A ) (e
pu

Inthe end these calculations can be performed in the
20 projedion as wall!
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Interpolating vertex properties

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

+ material properties
& texture coordinates
+ normals

For exampla:
kdl:Q) = Q:I!('d(,q)+ fg‘l!‘:d(g)+ ?’kdto

Interpalating normals, known as Phong
interpolation, gives triangle mashas a smocth
shading appearanca. (Mete: dont forget tonermaliza
interpolated normals)

M :—*’XU& FﬁN&*TNa

s
Nl
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Epsilons

Duetofinite precision arithrmetic we do not abways
getthe exact intersection at a surface.

Q: What kinds of problams might this cause?

.-s"""D‘
d_-
7
P

Q: Howe might we resolve this?

-—ﬁw—bﬁ_éfg ;

{“fmf Nas 5 |have t> ?\ﬁ‘f,ﬁpsrum
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Intersecting with xformed geometry

In general, objects will be placed using
transformations, Whatif the objecdt being
intersectedweretransformed by a matrix m?

Apply v to the ray first and intersect in objedt (local)
coordinates! M

P Ya /—\

Q= P+-{'ﬂi
W= Prtd)
o= m (P ‘r'tq_a\
Comia s e ()

S (g iRl il
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Intersecting with xformed geometry

Theintersected normal isin objedt (local) coordinates.
How dowe transform it toworld coordinates?
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Summary

What totake horme from this lecture:

*+ The meanings of all the boldfaced terms.

* Enough to implement basic recursive ray
tracing.

* How reflection andtransmission directions are
computed,

*  How ray-objed intersection tests are peformed
on spheres, planes, andtriangles

*  How barvcentric coordinates within triangles
are computed

*  How ray epsilons are used.
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