it a
5t
'r) R

* diffus
= true

»fl + refr

DMLY e
efl * £ * diffu
= true;

WAXDEPTH)

survive = SurvivalProl

"adiance = SampleLight
*.x + radiance.y + radiar

v = true;

st brdfPdf » EvaluateDiffuse
st3 factor = diffuse * INVPI
st weight = Mis2( directPdf
3t cosThetaOut = dot( N, L
E * ((weight * cosThetalut

sndom walk

jive)

3t3 brdf = SampleDiffuse( diffuse, |

srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);

3on = true:*
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INFOGR - Lecture 3 - “Geometry”

2D Primitives

Recap

Last time: vectors and their properties:

= Magnitude, direction

. = Scalar product

o) 8 - = Null vector, normal

e = Parallel, linear (in)depence

1+ retey) 88 (4 = Commutative addition & subtraction
L S = Dot product, cross product

WXDEPTH)

survive = SurvivalProbabi

i Concepts:

“adiance = SampleLight( #
*.x + radiance.y + radiance

v = true;
it brdfPdf = EvaluateDiffuse

= R spaces
st3 factor = diffuse * INVPI . .
o S s dlractsdt, bed = (orthonormal) 2D basis, Cartesian
E * ((weight * cosThetalut) t .
5 = Left handed, right handed

sndom walk - done prope
rive)

3t3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3an = true-*
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2D Primitives

Implicit representation Example: circle T

Implicit curve: x*+y*?—r:2=0 7 N o /? """ o

flx,y)=0 If p=(xy)isapointon
& the circle, and s
o) Function f maps two-dimensional p is a vector from the origin
ol points to a real value, i.e. to p, it's length mustber, —
ey so||p|]| = 7. |

e (x,y) = f(x,y)

= true;

PR . -

.
.
.
.
I
y
.
: y
' g
] :
' &
.
R
; .
1 0.
] ;
]
NS
:
!
]
‘
‘
]
]
]
]
R A
‘
‘
9

WAXDEPTH)

The points for which this value is 0
survive = SurvivalProba
i are on the curve. et [

-adiance = SampleLight
*.X + radiance.y + radiance

e e

¢ brafeaf - Evalusteviffuse Example: circle with center c and radius r:
::3“:;;::"""::;:‘1:;“;;;Zt brd
3t cosThetaOut = dot( N, L );
E * ((weight * cosThetalut

Z 2 2 — ETTE
sndom walk (X_Cx) + (y — Cy) o r I 0 .’é(>‘g yo?\;
rive) a \

yt3 brdf « SampleDiffuse( diffuse, N
srvive; \
pdf; p9

\ = € * brdf * (dot( N, R ) / pdf); Uyl
3an = true-*
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2D Primitives

Implicit representation Example: line
Implicit curve: Slope-intersect form: | I R L L |
fx,y)=0 y=ax+c
it Tr = 2 . . . g i I l t \ l I
ZREK Function f maps two-dimensional Implicit form: | ; | 5 | |
iy points to a real value, i.e. ; | " ; ;
f1 + refr)) 88 (d —ax‘l‘}’_c — O i i y i i
G == \ T !
el *e * airruse (y) = fx,y) | | FAV i | '
- In general: | | 5 |
i The points for which this value is 0 | | | E |
survive = SurvivalProbabi : : I : :
o are on the curve. Ax+By+C=20 B e -
e
e it Ay
3t3 factor = diffuse * INVPI : a = —
o s S Ax
E * ((weight * cosThetalut) J—
sndom walk - done prog éog yO?\
rive) B A
-3 <
it} brdf = SampleDiffuse( diffuse, N ’; ‘ :
e
V= E * brdf * (dot( N, R ) / pdf); Uyl Y

3an = true-*
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2D Primitives

Implicit line representation Slope-intersect form:
__________________________________________ y=ax+c

Ax+By+C=0 e

i iT ET :T Implicit form:

In this case: '5 @ )

o . T

g A=-2,B=1,C=-1 | L i General form:

7 ay Ax+By+C=0

s The vector (AB) is a 7« S N 2 5

), N )3 I I | \ l I

ot e dirruse normal of the line. : : Ax : | : "

; | | | f | | p(y,—x)
VAXDEPTH) i i i § i i p(‘x' y)

~adiance = SampleLight( &4ra
2.X + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse! L
3t3 factor = diffuse * INVPI:

st weight = Mis2( directPdf, berd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut)

sndom walk - done properl ' ﬁ(_x’ _y)

sive)

]

3t3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);
3an = true-*
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2D Primitives

Implicit line representation We can use the normal to
calculate the distance of a point
to the line:

Ax+By+C =0 .

In this case: i d=N-p+C
= 2 1 L '
rk A=—§,B=1,C:—1 ' i Forp=(3,3);

d

2
—5*3+1*3 —1
=—-2+4+3—-1=0

), N )

S A normal of the line.

= true;

ST The vector (A,B) is a * R4

WAXDEPTH)

survive = SurvivalProbabl
estimation

if;

“adiance = SampleLight

s.x + radiance.y + radiance

2
v = true; d:—§*0+1*0_1

p———

__________________________________

For p = (0,0):

it brdfPdf = EvaluateDiffuse
3t3 factor = diffuse * INVPI
st weight = Mis2( directPdf, brdf
3t cosThetaOut = dot( N, L );

s Ay

E * ((weight * cosThetalut) di ! e — 1 (? ) .
S|

sndom walk - done prog 2 A
sive) &'

o
: : : > &
3t3 brdf = SampleDiffuse( diffuse, N (S
srvive; Z »
pdf; 4 N
y = E * brdf * (dot( N, R ) / pdf); 1AL

3an = true-*
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2D Primitives

), N )
efl * E * diffuse
= true;

WAXDEPTH)

jurvive = SurvivalProbs
estimatic

if;

"adiance = SamplelLight

*.X + radiance.y + radiance

v = true;

3t brdfPdf » EvaluateDiffuse

yt3 factor = diffuse * INVPI

st weight = Mis2( directPdf, bed
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

NGOm ¥

rive)

yt3 brdf « SampleDiffuse( diffuse, N
srvive;

pdf;

' =E * brdf * (dot( N, R ) / pdf);
i o

son = tru

Implicit line representation
Ax+By+C =0

Given point p, and p,, we
determine A, B and C as follows: ‘

)

l=p,—p,

N =(-1,,1,) p:® ©

A=N,,B=N,,C=—(N"p)

[t is convenient to normalize the normal:
Only when IN'll = 1, |C| is the distance of the line to the origin.

Test with the line from the
previous slides:

P1= (_31 _1)
pZ 5 (313)

[ = (6,4)

N = (—4,6)

A=—4B=6

C=—((=4%—=3)+ (6+—1))
=—6

—4x+6y—6=0

ety —_1=0
XY T AT
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2D Primitives

Parametric representation

Parametric curve:

T v

£ (x) N (9 (t)) . s
oo () e e et |
st Tr : ! | | 7’ \ 1
r) 8 : : | : :
: = diffuse 0 . : pd \ |
et Example: line In this example: ; - |
»fl + refr)) &3 (d : Z - ’!’ = i

. (S
erd 26+ astruse Po = (xpo,ypo),pl = (Xp1, Yp1) p, is the support vector;  Po i
P, — P, is the direction

woern) (x) (xp0> (xpl = xpO) vector: | i
survive = SurvivalProbsbi — + t i : I
estimatior ¢ y ypo ypl ypo S I

if;
“adiance = SampleLight( #
*.x + radiance.y + radiance

[l

______________

v = true; Or
it brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI

st weight = Mis2( directPdf, brdf

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direct p(t) — po + t(pl — po), t € R. ‘/éozg—.—y‘o?\‘

sndom walk - done prope
rive)

~
o
‘ ! : A
3t3 brdf = SampleDiffuse( diffuse, N \n
srvive; Z
pdf; 2
y = E * brdf * (dot( N, R ) / pdf); gl )

3an = true-*
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2D Primitives

), N

it a
3t Tr = 1
'r) R = (D

= * diffuse
= true;

»f]l + refr)) &3 (4

), N );
efl * E * diffuse
= true;

WAXDEPTH)

survive = SurvivalProbabl
estimation

if;

-adiance = Samplelight( &r
2.x + radiance.y + radiance

v = true;

3t brdfPdf » EvaluateDiffuse

3t3 factor = diffuse * INVPI:

st weight = Mis2( directPdf, berd!
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut)

sndom walk - done prope
sive)

3t3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

' = E * brdf * (dot( N, R ) / pdf);
3an = true-*

Slope-intercept:
y=ax+c
Implicit representation:

—ax+y—c=0
Ax+By+(C=0

Parametric representation:

p(t) =po + t(p; — o)
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2D Primitives

it a
3t Tr
'r) R

* diffuse
= true;

»fl + refr)) &

), N )
efl * E * diffuse
= true;

WAXDEPTH)

jurvive = SurvivalProbs
estimatic

if;

"adiance = SamplelLight

*.X + radiance.y + radiance

v = true;

it brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI

st weight = Mis2( directPdf, bed
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

sndom walk
rive)

yt3 brdf « SampleDiffuse( diffuse, N

srvive;
pdf;

H
' =E * brdf * (dot( N, R ) / pdf);

3an = true-*

Circle - parametric

5)=C rime)

opposite

_J

adjacent

X

T s

X
cos ¢ "

sing =

=S

I
_______.------4_______._-----

T T e

tan¢ =

SOH CAH TOA

y 1 el
X

<G+ I3;
1\10 O?

’Q’SAT‘R-‘Q
~LISAN
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3D Primitives

Circle - sphere (implicit) T
__________________________ NCI
Recall: the implicit representation for a circle | | ‘ |
with radius r and center c is: 1 | | E /i
o . (x . xc)z + (y — yc)z - rz —_ 0 E— JE— ”“:l:z /» ; JE_ ;
or:lp—cll?2—r2=0 Dlp—-cl=r e S
= true; ! | :
S In R we get: ! IS
, ) | | | : : |
efl * £ * diffuse l l \ :
R x—c)+ W -—c)+(@E—-c2)*-1*=0 B .
surv;ve = SurvivalProbabi : o i i i E i
Excimcton - or:llp—cll=r e el N S — S S—

“adiance = SampleLight( #
*.x + radiance.y + radiance

v = true;

it brdfPdf = EvaluateDiffuse

3t3 factor = diffuse * INVPI

st weight = Mis2( directPdf, brdf
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut)

sndom walk - done prope
rive)

3t3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

v =E * brdf * (dot( N, R ) / pdf);
3an = true-*
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3D Primitives

Line - plane (implicit)

Recall: the implicit representation for a line is:

Ax+By+C=0

3t a = nt [
3t Tr = 1

YA = (0 In R? we get a plane:

= * diffuse
= true;

1+ refe)) 88 (d Ax+By+CZ+D =0
), N ); pl.

efl * E * diffuse
= true;

e s S

VAXDEPTH)

[l

survive = SurvivalProbabl
estimation doing e
if;

~adiance = SampleLight( &4ra

2.X + radiance.y + radiance

___________________________

v = true;

3t brdfPdf = EvaluateDiffuse! L

3t3 factor = diffuse * INVPI:

st weight = Mis2( directPdf, berd!

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direct

g 3
sndom walk - done properl .46 07\.\\

sive) s A
. 3 ‘ <
: : : = v
3t3 brdf = SampleDiffuse( diffuse, N, 1 ‘;\ <
srvive; \7 N
pdf; Q 4

y = E * brdf * (dot( N, R ) / pdf); 2glmy

3an = true-*
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3D Primitives

it a
3t Tr
'r) R

* diffuse
= true;

»fl + refr))

), N )
efl * E * diffuse
= true;

WAXDEPTH)

survive = SurvivalProl
estimatio

if;

"adiance = Samplelight

*.X + radiance.y + radiance

v = true;

it brdfPdf = EvaluateDiffuse

yt3 factor = diffuse * INVPI

st weight = Mis2( directPdf, bed
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

sndos walk
rive)

yt3 brdf « SampleDiffuse( diffuse, N

srvive;
pdf;

H
v =E * brdf * (dot( N, R ) / pdf);

3an = true-*

Parametric surfaces

A parametric surface needs two parameters:

=

y =
7z =

For example, a sphere:

=
y:
Z

Doesn’t look very convenient (compared to the
implicit form), but it will prove useful for texture

fwv),

9(u,v),
h(u, v).

7 CcOS ¢ sin O,
r sin ¢ sin 6,
r cos 6.

mapping.
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3D Primitives

it a
3t Tr
'r) R

* diffuse
= true;

»fl + refr)) &

), N )
efl * E * diffuse
= true;

WAXDEPTH)

jurvive = SurvivalProbs
estimatic

if;

"adiance = SamplelLight

*.X + radiance.y + radiance

v = true;

3t brdfPdf » EvaluateDiffuse

yt3 factor = diffuse * INVPI

st weight = Mis2( directPdf, bed
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

sndos walk
rive)

yt3 brdf « SampleDiffuse( diffuse, N

srvive;
pdf;

H
' =E * brdf * (dot( N, R ) / pdf);

3an = true-*

Parametric planes
Recall the parametric line definition:

p(t) = py+ t(py — Do)

For a plane, we need to parameters:

p(s,t) = py+ s(p, —py) + t(p, — Do)

or:
p(s,t) = py+ sU + tw

where:
" p,isapointon the plane;

= pand w are two linearly independent

vectors on the plane;
= s teR

Py

<y
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Textures

Back to the world of graphics...

Given a plane: y = 0 (i.e., with a normal vector (0,1,0) ).
Two vectors on the plane define a basis: u = (1,0,0) and v = (0,0,1).

Using these vectors, any point on the plane can be reached: P =)\u+ \,0.

We can now use A, A, to define a color at P: F(A,A,) = .

»fl + refr)) &

ﬁ
u
), N );

efl * E * diffuse
= true; ’

WAXDEPTH)

A=]l)

jurvive = SurvivalProbs
estimatic

if;

"adiance = SamplelLight

*.X + radiance.y + radiance

v = true;
it brdfPdf = EvaluateDiffuse

yt3 factor = diffuse * INVPI

st weight = Mis2( directPdf, bed
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

sndos walk
rive)

yt3 brdf « SampleDiffuse( diffuse, N
srvive;

pdf;

' =E * brdf * (dot( N, R ) / pdf);
3an = true-*
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Textures

'r) R

* diffus

= true

+ refr

), N );
efl * £ * diffu
= true;

VAXDEPTH)

survive = SurvivalProl

estimati

"adiance = Samplelight
*.x + radiance.y + radiar

v = true;

st brdfPdf » EvaluateDiffuse
3t3 factor = diffuse * INVPI
st weight = Mis2( directpPdf,
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut

sndom walk
jive)

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;
' =E * brdf * (dot( N, R ) / pdf);

3on = true:*

Example:

F(Ay, ;) = sin(A;)

Another example:

F(A, A,) = ((int)(2 * A)) + (int)A,) & 1
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Textures

Other examples (not explained here):

Perlin noise
Details:

it - nt
)52t = 1.9
), N );

)

A Voronoi / Worley noise

8= @ Details: “A cellular texture basis function”, S. Worley, 1996.

E * diffuse;
= true;

fl + refr)) &3 (dept

), N )
efl * € * diffuse;
= true;

JAXDEPTH)

survive = SurvivalProbabilit
estimation - doing it

if;

-adiance = Samplelight( &rand
2.x + radiance.y + radiance.:)

v = true;

st brdfPdf » EvaluateDiffuse! L, I

3t3 factor = diffuse * INVPI;

st weight = Mis2( directPdf, brdird!

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directid:

sndom walk - done properly, close
rive)

]
3t3 brdf = SampleDiffuse( diffuse, N, r1,
srvive;

Pdf:
v = E * brdf * (dot( N, R ) / pdf);
:3on = true:


http://www.noisemachine.com/talk1

INFOGR - Lecture 3 - “Geometry”

Textures

Obviously, not all textures can be generated procedurally. ¥ oo A T ’*§i |

(J '. ™~
e =
: _ _ Bl 7o i s R
For the generic case, we lookup the color value in a pixel buffer. L F | L
- ;: b aes ' T ETES ",::'I b ;
SRR T s e e QU RS SR
(x) (P u) ( TWldth ) .............................. 5 -‘ W ! y. 3 < ,.-‘. 5’( ‘I
o y P 1% Theight ......................... _‘.'4 o As “‘,»’,"* LA //
::‘L DRSNS e o 3 3 " . /'/ .
> . 2 e
= oitf Note that we find the pixel to read based on P; we don tfind a ‘P’ DS e The
e for every pixel of the texture. Ry en
), N ); ’
efl * € * diffuse
= true;
WAXDEPTH)
survive T,SurViv“p, oba
’:it‘.m3~A.
-adiance = SampleLight
>.x + radiance.y + radiance
v = true;
it brdfPdf = EvaluateDiffuse
3t3 factor = diffuse * INVPI
st weight = Mis2( directPdf, brdf
3t cosThetaOut = dot( N, L );
E * ((weight * cosThetalut) .
sndom walk - done prog “\go-g - }b}\_
rive) = .é;
3t3 brdf » SampleDiffuse( diffuse, N '\J“
srvive; Z
pdf; 3
y = E * brdf * (dot( N, R ) / pdf); -7_17,3,,\'

3an = true-*

( \"\S‘A.\‘.’
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Textures

4 -}a..“ e i
. . /? ~ .
Retrieving a pixel from a texture: 4 Sl «
TRy p %,
o , R

(x) — (P : a) * (TWidth) l""n.' SNEAL 3 . ’1‘ b
- £ B : : ' ..
y P-v Theight 9 SR BT e T :

W g ¢ b St i AR
R SO R

We don’t want to read outside the texture. To prevent this, we have AR =

't 4 ! % ¢ e T 7 - S~
) & two options: Rt T R

* diffuse
= true;

1. Clamping (%) = clamp(P - 4,0,1) *<Twidth) s

y clamp(P - v,0,1) W st

), N )
efl * E * diffuse
= true;

oo 2. Tiling (x) _ (fracP-w)) (Twidth)
survive = SurvivalProbs y i frac (P . 1})) Theight

estimatior

if;

-adiance = SampleLight

*.X + radiance.y + radiance

v = true;
it brdfPdf = EvaluateDiffuse
3t3 factor = diffuse * INVPI

€ weight = Ais2( directpds, bed Tiling is efficiently achieved using a bitmask. This requires texture

3t cosThetaOut = dot( N, L );

¢ (Geiget e o dimensions that are a power of 2. ST,

sndom walk
rive)

eI
A
LsIpY

yt3 brdf « SampleDiffuse( diffuse, N
srvive; \
pdf; p9
\ = € * brdf * (dot( N, R ) / pdf); Uyl
3an = true-*
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Textures

Texture mapping: oversampling

it - nt
52t =
), N
)

- T R S

Sl N

AT SET

3t a4 = nt
5t Tr = 1 R
'r) R = (D "«

= * diffuse;
= true;

fl + refr)) &8 (dept

), N );
efl * € * diffuse;
= true;

JAXDEPTH)

survive = SurvivalProbabilit
estimation - doing it

if;

~adiance = Samplelight( &rand
2. x + radiance.y + radiance.:

v = true; P j

st brdfPdf = EvaluateDiffuse! L, I )

3t3 factor = diffuse * INVPI; f S
st weight = Mis2( directPdf, brdird! 5
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / directid:

sndom walk - done properly,
rive)

3

3t3 brdf = SampleDiffuse( diffuse, N, r1,
srvive;

pdf;

Y= E * brdf * (dot( N, R ) / pdf);

:3on = true:
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Textures

Texture mapping: undersampling

), N );
efl * £ * diffu
= true;

WAXDEPTH)

survive = SurvivalProl
estimati

if;

"adiance = SampleLight
*.x + radiance.y + radiar

ih

|
1]
!
!

ﬁ

;

v = true;

st brdfPdf = EvaluateDiffuse
st3 factor = diffuse * INVP
st weight = Mis2( directPdf
3t cosThetaOut = dot( N, L
E * ((weight * cosThetalut

IIII:I
]

|
|

jive)

yt3 brdf = SampleDiffuse( diffuse, N
srvive;

pdf;

y = E * brdf * (dot( N, R ) / pdf);
3on = true:*
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Textures

Fixing oversampling

Oversampling: reading the same pixel from a texture multiple times.
Symptoms: blocky textures.

: Remedy: bilinear interpolation:
o) Instead of clamping the pixel location to
el the nearest pixel, we read from four pixels. Pl

Y wy,i i (1 — frac(x)) * (1 — frac(y))
Wt frac(x) = (1 — frac(y))
AXDEPTH) W.," (1 — f?"ClC(x)) * fT'aC(y)

N

survive - SurvivalProl p3

Ezt‘.lfst; W : 1 . WP WP WP
3:diam:c = SampleLight p4 ( 1 + 2 + 3)
2.x + radiance.y + radian

v = true;

st brdfPdf = EvaluateDiffuse
3t3 factor = diffuse * INVPI
st weight = Mis2( directpPdf,
3t cosThetaOut = dot( N, L );

E * ((weight * cosThetalut 3 F3

sndom walk
jive)

yt3 brdf = SampleDiffuse( diffuse, N

srvive;
pdf;

v =E * brdf * (dot( N, R ) / pdf);

3on = true:*

P4
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CXTUres
FrY F5

Fixing oversampling
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Textures

Fixing undersampling

Undersampling: skipping pixels while reading from a texture.
Symptoms: Moiré, flickering, noise.

T " Remedy: MIP-mapping.

e The texture is reduced to 25% by averaging
1+ refe)) 88 (¢ 2x2 pixels. This is repeated until a 1x1 image

, N ) remains.

efl * E * diffuse
= true;

VAXDEPTH)

When undersampling occurs, we switch to
survive = SurvivalProbabl
R the next MIP level.

’
-adiance = Samplelight( &rand
2.X + radiance.y + radiance

v = true;

3t brdfPdf = EvaluateDiffuse! L

3t3 factor = diffuse * INVPI:

3t weight = Mis2( directPdf, brdfp

3t cosThetaOut = dot( N, L );

E * ((weight * cosThetaOut) / direct

/
sive) g
' =3
: v
yt3 brdf = SampleDiffuse( diffuse, N, 1 T
srvive; \7

sndom walk - done properly, /66%\

pdf; 2

v = E * brdf * (dot( N, R ) / pdf);
3an = true-*
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INFOGR - Lecture 3 - “Geometry”

ITreS
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Trilinear interpolation: blending between MIP levels.
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END of “Geometry”

next lecture: “3D Engine Fundamentals”
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