Ray tracing
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Context

Rendering: 3D Model —Jp» Image

Ex. 3D Models

e Projective rendering

eReye

Multiples solutions
(+/-) oRay tracing
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Overview

1/ General algorithm for ray tracing

2/ Simple scene application
=> See objects

3/ Shading
=> 3D aspect

4/ Physical model
=> Toward photorealism
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1/ General algorithm for ray tracing
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3D Scene

Geometry: equation

3D Objet(s) \
3D Scene= Color/Material

Camera/screen

Light source

- P

Light

triangle- _ _ |
sphere « e

- ) - :( |
o ._ i,
: ¢

plane _ .

Camera

3D Scene

Geometry: equation

3D Objet(s) q“--._____‘ Linkt
3D Scene=§ Color/Material

Camera/screen

Light source triangles .
sphere «_ S

plane N

Screen!

pixel=(r,g,b) <€— | e

~2.106 ‘\*
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3D Scene
3D Objet(s) Geometry: equation
3D Scene=§ : -:----""‘*Culura’l"ﬂaterial
Camera/screen
Light source triangle. . .éh -
S -
Screen!
me.I.E{‘I'- b i -'11 1
Question:
What color should we give to each pixel?
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In the real world
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In the real world
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In the real world

In the real world
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In the real world

First algorithm

For all light sources
For all direction d1
Throw ray(dl)

Throw ray(d)
If d intersect any object
Save Color
For all direction d2
Throw_ray(d2)

If d intersect screnn
Set current Color to pixel
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Our 1lst model

+ Simple
+ Physically accurate

- Algorithmic complexity

k-) Inifinite number of reccursions

p= ZW(].:;DS(H}} 5¢ 217(1;?5(4#']}

ex.

p touch object=0.0015%
p touch pixel=0.0000000007%
send 130 000 000 000 rays

e=10cm

A
\/

Tat ¢ = atan (zid)
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Accelerating the rendering

Problem : lot of useless rays
S ——

— Q>

N\
Y
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Accelerating the rendering

Fermat principle:
Same light path in both directions
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Accelerating the rendering

Fermat principle:
Same light path in both directions

- '\

/4

Improvement:
- Finite number of rays
All usefull

N
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Ray tracing algorithm

set green color to pixel
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Ray tracing algorithm

1/ Fermat principle
+ Physically OK

2/ No secondary

diffusion
- Loss of physics

quantification:
~2 000 000 rays

0.1 ms/rays :

set green color to pixel 3 min/pic
VS 150 days/pic
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Ray tracing algorithm

|_For k=1..N_pixels

__ Throw ray(d,)
/@*’_‘\ Throw_ray(d)

—t If d intersect object
— Set object Color to Pixel
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Ray-tracing summary

For k=1..N_pixels
Throw_ray(dy)

Throw ray(d
| |If d intersect object
| et object Color to Pixel

Computation

Formalization

For all lines D
Compute D N O

Object O
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complexity
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Formalization
For all lines D
Compute D N O
rJ!-T'(::;'._,y,f.:) =)
(filf(lu'? ’U), fy(u1 I?":)'.' fz(u’! U})I
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Formalization

1: We search 2: Solve for t

Fley.z)=0 /

z(t) = 29 + tu Deduce:
x(t) et n(t)

Keep only t=0

Shading
(local properties)

Plz.y.2) =0
(fﬂ:(ua 'U}': fy(u:v): fz(u, v
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2/ Application for simple
3D scenes

System to solve:

x(t) = xo + tu
< z(t) — zp,np >=0

2 cases
},Cnplanar

\Intersection
t}D( wt{{]

1 intersection 0 intersection

€ P=p &— %Ny >=10
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Plane
Iy System to solve:
x(t) = xo + tu
L B(L) — BNy =1
Lo
$ — <Tp—To,Np>
<u,n,;>
rEP=3<z—2pn, >=0
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Plane

I, System to solve:

{ z(t) = xg + tu

o l

t = {mr_;_$ﬂgnp}
<u,ng;>

TEP=3<x—15,0n; >=0

intersection_data intersect(v3 xp,v3 np,v3 xs,v3 u)

i

double epsilon=le-8;

//<u,np>
double proj=u.dot(np);

//parrallel ray
if(std::fabs(proj)<epsilon)
return inter;//no intersection

//t-intersection
double t=(xp-xs).dot(n)/proj;

inter.push_back(intersection_data( seg(t), n .t ));

return inter;
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Plane
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Sphere

reES=|x—xs|| =1
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1:-1"'L
C 2@
r@
3:

Sphere

{ z(t) = zo + tu
‘/ |z (t) — zol| =7

2 12t < 2p — Lo, W > + (H:lrn — x4||% — frg) "
\
N\
\
to

a5g
]
Case

031




Sphere

x(t) = o + tu
() — as]| =

12 4+ 2t < 29 — 25, u > + (||wo — 25> = r2) =0

A =< zg — zs,u>? — (||lzo — zs]|* — 7?)
| t1X2=—~<xD—-$5,u>::\/A

_ x(t)—=zxs
> n(t) = E@—z
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Sphere

{ z(t) =g +tu tp=-<zo-z,u>+/A

||'T*[:t] i .1-,,-” r=til std: ;vector<intersection_data> sphere::intersect(const raybt seg)
Fo |
- std::vector<intersaction_data> inter;

V3 v=seq.x8() -xB;
e gassag.ul) . dotiseg.ul));
e b=2*v.dot(seg.ul));
e Camy. dot(v)-rer;

& daelta=b*h-4*a%cC;

[deltacd)
r inter;
Case 1. + Iy ; e epsilon=1e-8;
(std::Tabs{delta)<epsilon) l-intarsaction |
{
t=-b/f(*a);
V3 X lnter=seg(t);
w3 n_inter=(x inter-x0).mormalized() ;
+ _______,..--""""F‘} inter.push back(intersection data(x_inter,.n_inter,t));
] A ooints Ir thia T1irst
Case 2: { )
sqrit_delta=std::sqrt{delta);
e tl=(-b+sqrt delta)/{(2%*a);
t2=(-b-3qrt_delta)/{2%a);
va x1 inter=seg(tl);
v3 X2 inter=seg(t2);
1 e vd nl_inter=(x1_inter-x).normalized();
Ny = x Z i !
Case 3: ! ‘ v3 nZ inter=(x2 inter-x8).normalized() ;

inter.push_back(intersection_data(xl_inter,nl_inter,tl));
3‘_2 inter.push back(intersection data{xZ inter,nZ inter,t2));

}
n inter; 633

Sphere

A=< 25 — 25,10 St (H-F-'ﬂ — Ty “3 o TE)

ng = — {ED—:ITS,U}:J:\/E

.
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Sphere

Real sphere model: no discretization
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Sphere

Note: Using the wrong intersection

to
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Triangle

~ (B=A)x(C-A)
Nt = MB=A)x(C=A)]

Same as plane
z(t) = xzo + tu o

- $ — <A—xg.,n;>
¢ S <u,ng>

B + check using barycentric coordinates

xr=aA+ BB+ ~C

reT = |Ys
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Triangle: barycentric coordinates

r=aA+ BB+ ~C

A= area(][s — Xa7. X — I;.]
Ay = area(X¢c — Xg. X — Xg)
As = area{x_q — X, X — I(_j]
Ag = area[IE — XA XK — K,q)

with area[\fu*"ﬁ) — 1’;2”“{} X 1|Ill'1”

a=A/A
— _.'J' = ;4.2;"'14
) = Ag/A
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Triangle: barycentric coordinates

V3 x1@=internal_xl-internal_x8:
V3 ¥20=internal x2-internal x8:

vi ulGexl8.narmalized():
V3 uZB=x20.normalized();

3 n=ulld,.cross(u2d) . .normalized() :

t vik u=seg.ull;
proj=u.dot(n);
epsilon=]le-B;

(std::fabs{pro])<epsilon)
inter:

[=':'|r';""|."!-._'|.7'-‘-'.='i.'.|..ﬂ'l:'-:::l:n .|j|:.1'|:|-|: /proj :

{ B &5 b Eoby = && 1 && b 5& 13
istd::febs({asbsc-1.0) gilon)
nt push_back(int 1 . t))
inte
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Triangle

040

Triangle => Mesh rendering

T e oy :.."'--.

! ."_'F'F:: f";-;:-! :l! :l! a '.'I‘ﬁ'l' i
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Ellipsoid

(z — z.)' D(z — z) =

A
D=1 0
0

S g @
0O © O

1
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Ellipsoid
(1? - i‘Bc)TD(fB . ﬂ_’:c) =1 t.-ru N
1
b ({}4 g ) @
0 0 C
{2

(u!Du)t? + (y!'Du+u!Dy)t+y Dy —1=0

Y — Xy — T¢

A = (y!Du+ u’Dy)? — 4(u’Du)(y' Dy — 1)

/ vy Dut+u! Dy+vVA
1/2 — 2 uT Du
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Implicit surfaces

S ={(z,y,2) € R®|F(z,y,2) = 0}

We generaly don't know the analytical
solution of SN D

We look for an approximation
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Implicit surfaces

5 = {(af:,y,z) = R3|F($jy,2) — 0}

045

Implicit surfaces

S = {(z,y,2) € R°|F(z,y, z) = 0}

u

Implicit surfaces

S ={(z,y,2) € R3|F(z,y,2) = 0}

L)

u
>
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Implicit surfaces Implicit surfaces
S'=-A(x,4;2) € R*| F(2,%:2) =0} S = {(z,y,2) € R®|F(z,y,z) = 0} o[ 3L
L0 -
1st Solution:
L% 't =2 + ALu
|
1st Solution: /;""
't =z + ALu
o ST |'
? |
\RRH f,f‘f : .
~ ~ 1048 049
Implicit surfaces Implicit surfaces
S = {(z,y,2) € R3|F(z,y,z) =0} i S ={(z,y,2) € R3|F(z,y,2) = 0} ”
u, u |
2nd Solution:
il s g}m“')l s
F. differentiable T
r/ = 1 4
2nd Solution:
xz—l—l — L |F'(x’)] u
[V || ana
050 051




Implicit surfaces

S ={(z,y,2) € R®|F(z,y,z) =0}

11
_—

sy =zo+a

Acceleration of the convergence:
1: Binary search

-
> 2: Newton
at the end
Bl _ i F(z*)
& — % <VF(z'),u>

quadratic convergence
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Implicit surfaces

S = {(z,y,2) € R3|F(z,y, z) = 0}

The gradient is important:

F(z+h)—F(z)

VF analytical

h
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Implicit surfaces

[@tarfieldiech

Fluid simulations Modeling

mology]

Visual effects
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Shadows

Obvious in ray-tracing
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Shadows

Secondary
ray

0.

P~

intersection
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Soft shadows

Soft shadow

Total shadow

sources
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Soft shadows

Spherical light source

Point light source
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Reflections
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Reflections

061

Reflections

Several level of
reflections:
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Reflections

Level of detalls
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Refraction Caustics

2% Prefered path of the refracted/reflected rays
ni
064 065
Caustics Caustics

Use of a photon map

Etape 1: I Etapg 2:

Throwing photons Throwing rays
Light emit | O Light receive

"

Store photons | Use of the
stored photons
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Need a more advanced model of ray tracing




[Jensen, EGWREE]

Caustics

Caustics
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Physically based rendering

BRDF

Bidirectional
Reflectance

Distribution
Function

, Pby 7

irradiance radiance

P, = RBF(6;,0,, z) cos(0;) P,

o

If depends of f == irridescence

[Wikipedia]
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069
Bidirectional Reflectance Distribution Function
o
4 x"g._ # x“'lu- R\
Perfectly Perfectly
diffuse specular
0
[D-Lib Magazine 02]
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Rendering equation

Plz,0,)=FP.la,0,) +/ f(z,0;,0,) Py(x,0;) cos(8;) db;
0,

O
Problem: Pa depends on P QO )
Integral equation: infinitely reccursive P 9

(2
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Rendering equation

P(z,8,) = P, {.:'.H,,}+f f(x,0:,8,) P(x,0;)cos(8;) do;
&, 10

2 Approches:

1- Finite element discretization
Radiosity

2- Monte-Carlo

Path Tracing
Metropolis Light Transport (MTL)
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Path tracing

We randomly sample 6,
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Path tracing

Modeling secondary light sources:

Direct illumination Path tracing
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