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Zakladni radiometrické veliciny
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Interakce svétla s povrchem

= Absorbce

= QOdraz

= Lom

= Rozptyl pod povrchem

= QOdrazivé vlastnosti materialu urcuji
o Vztah odrazené radiance L k pFrichozi radianci L;
o Vzhled objektu: barva, lesklost atd.

= Neboli: material urcuje odezvu povrchu na osvétleni
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Interakce svétla s povrchem

= Stejné osvétleni
= Rlzné materialy
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Zdroj: MERL BRDF database



' BRDF

= Bidirectional reflectance distribution function
= Dvousmeérova distribuc¢ni funkece odrazu

Loutgoing” ‘N Li(a)i)
" do,
,reflected” /\90( \,,incoming“
dL, (o dL, (w )
fr(a)i —)a)o): r( o) _ r( o) [Sr 1]
dE(w) L(w)-cosé -dw.
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BRDF

= Matematicky popis odrazivych vlastnosti povrchu

= Intuice

o Hodnota BRDF = hustota pravdépodobnosti, Ze
~foton“, ktery dopadne na plochu ze sméru w, bude
odrazen ve smeru o,

= Obor hodnot:

f. (0 > @,) €[0,)
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BRDF

= BRDF je modelem mikrostruktury pri pohledu z dalky
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Westin wt al. Predicting Reflectance Functions from Complex Surfaces, SSIGGRAPH 1992.



Vlastnosti BRDF

= Linearita

From Sillion, Arvo, Westin, Greenberg
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Vlastnosti BRDF

= Helmholzova reciprocita (fyzikalne korektni BRDF)

f(o>o)="1 (o, > ®)

v
v
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Vlastnosti BRDF

= Zachovani energie

I L (w)cosB dw
d®, g

r

d®,  [L(w)cosb,do,
L9}

[ [ £(@ - o)L (@)cos6,dw, cosb, da,

o

| L(@)cos6, do,
£
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‘ Vlastnosti BRDF — (An)izotropie

= Izotropni BRDF = invariantni k otoc¢eni kolem normaly
f.(6.4:6,.4,)=1.(6,4 +¢, 6y b + )
— fr( i o’ o o i)
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Anizotropni BRDF

= Ruzni mikroskopicka hrubost povrchu v rtiiznych
smerech (brousené kovy, tkaniny, ...)

Sub-pixel level
l "_' . Groups of cylinders
L (distribution of
anisotropy)

Cylinders
(unidirectional
anisotropy)

d Micro-facets
(isotropic)
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Anizotropni BRDF — Shrnuti

= Otocéim-li plochu kolem normaly, zméni se vzhled

= Izotropni BRDF maji jen 3 stupné volnosti
o Misto ¢, a ¢, staCi uvazovat pouze Ap = ¢; — ¢,
o To pro popis anizotropni BRDF nestaci

= Popis anizotropni BRDF
o ¢; a ¢, se musi vztahnout k referen¢nimu
souiradnému systému (U, V, N)
= U ...tangenta — smér brouseni kovu
= V... binormala
= N ..normala ... osa Zlokalniho souradného systému

PG III (NPGRO10) - J. Kiivanek 2013
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Rovnice odrazu

= Reflectance equation, illumination integral, OVTIGRE
(“outgoing, vacuum, time-invariant, gray radiance equation”)

= “Kolik svétla je odrazeno do sméru m ?“
(v zavislosti na mnozstvi prichoziho svétla L; a materialu
povrchu f)

s Z definice BRDF

dLr(a)o) — fr(a)| _)a)o)° I—i (a),)-COSHi da)i
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image plane Li

Rovnice odrazu

e N\

= ,SecCteni” (integral) prispévkiu dL. pres celou hemistéru:

L (X, ®,) = ILi X,w)- f.(X,0 > ®,)-cos6. dw
_7HX)

hemisféra

Li(Xa (Di)
" do

1
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Rovnice odrazu

= Vyhodnocenim rovnice odrazu se daji renderovat
obrazky!!!

o Primé osvétleni
= mapy prostredi
= ploSné zdroje
= atd.

PG III NPGRO10) - J. Kiivanek 2013
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Odrazivost (reflektance)

= Pomér prrichoziho a odrazeného toku.
o A.k.a. ,albedo” (pro diftizni odraz)

= Hemisféricko-hemisféricka odrazivost
o Viz slide ,zachovani energie®

= Hemisféricko-smeérova odrazivost

o ,,Kolik svétla se odrazi do sméru m, pri osvétleni
uniformni jednotkovou prichozi radianci.”

p(@,)=a(@,)= [f,(x o —>o,)coss do
H (x)

PG III (NPGRO10) - J. Kiivanek 2013 18



Hemisféricko-smeérova odrazivost

= Nezaporna

p(a,) €[0,1]

= MensSi nebo rovna 1
(zachovani energie)

= Ekvivalentni se smérovo-hemisférickou
odrazivosti

o ,Jaké procento svételného toku prichoziho ze sméru o, je
odrazeno (do libovolného sméru)?“

o Ekvivalence z Helmholzovy reciprocity pro BRDF

PG III (NPGRO10) - J. Kiivanek 2013 19



Albedo

+ fraction of hight reflected from a diffuse surface

e usually refers to an average across the visible spectrum

+ examples
e clouds
o fresh snow
e old snow
* grass
e soil
* rivers

® Ocean

22
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Diffuse albedo and total reflectance measurements

Jaroslav Kfivanek object / material diffuse total reflectance (%)
Nov 09, 2009 albedo (%) (very approximate)
_/bialetti espresso maker 3.2 90
Procedure briefly described on page 2. //// (brand new)
2 __aluminum foil top 12 90
___aluminum foil bottom 2.9 85
____knife blade 14 60
__spatula 0.9 85
(chrome)
——-——_pizza spatula (scratched) 2:2 60
“——rhodes light switch cover -top ~ 2.7/9.3 * 50
(coarse finish - aniso)
“~_rhodes light switch cover - bottom 1.0 70
(polished)

—_chair upholstery
—_plant leaf
__rhodes office desk

———_plastic cup

“_plate
™
~.paper plate

“~.wood

._rhodes office wall paint

“_rhodes office door paint

| "_file cabinet (gray paint)
~_rhodes carpet

_dark reddish wood
v

milos’s thesis binding

canon lens cap
(black plastic)

notebook paper (yellowish)

comell recycle bin (blue plastic)

from (6.5, 6, 5.5) to (13, 12, 11)
green from (6, 12, 5) to (11 18 8)

yellow from (27, 36, 19) to (31, 42, 16)
(35, 35, 34)

(89, 80,71)

(83,81,71)

(82, 80,78)

from (50, 30, 19) to (80, 53, 34)
(64, 60,51)

(24, 25,22)

(6.6, 6.6, 6.4)

(18, 15, 13)

from (18,9, 4) to (33, 17, 8)
2.8

2.7

(1,5,25) 21

* viewing along scratches / perpendicular to scratches



‘ Komponenty BRDF
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(Lambertovska)
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(specular)
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Leskla

(glossy,
directional

diffuse)
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Idealné diftazni odraz




‘ Idealné difazni odraz

PG III (NPGRO10) - . Kfivanek 2013



Idealné diftizni odraz

= A.k.a. Lambertovsky odraz

o Johann Heinrich Lambert, ,,Photometria“, 1760. o

= Predpoklad — svétlo se se stejnou pravdépodobnosti
odrazi do vSech sméru (nezavisle na prichozim sméru)

= Konstantni BRDF (nezavisla na o, , ®,)

frola>o,)=1,

PG III NPGRO10) - J. Kiivanek 2013 25



Idealné diftizni odraz

= Odraz na Lambertovském povrchu:

L(0,)=f.4 [Li(m)cos6, do

H (x)

=14 E \
= Pohledové nezavisly odraz
o L, nezavisi na o,

irradiance

= Odrazivost (odvodte)

pd =7 1:r,d

PG III NPGRO10) - J. Kiivanek 2013 26



Idealné diftizni odraz

= Neexistuje!
= Vyrobci barev se snazi

= Neplati obzvlaste pro velké thly incidence

PG III NPGRO10) - J. Kiivanek 2013
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Bila tma

= Pri zataZené obloze nepozname tvar terenu pokrytého
snehem.

= Blizko zdroje osvétleni tento
problem nemame.

= PROC?

PG III (NPGRO10) - . Kfivanek 2013
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Bila tma

= Predpokladame konstatni radianci z oblohy
Li (X, a)i) _ Lobloha

= Predpokladejme Lambertovsky snih

= Odrazena radiance:

snih __ _snih  obloha
I—o = Py °Li

Bila tma!!!

PG III (NPGRO10) - J. Kiivanek 2013



Idealni zrcadlovy odraz
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Reflections From the Surface of Water

Smooth Water Surface

PG III (NPGRO10) - . Kfivanek 2013 32



o~

PG 1T (NPGRO10) - |. Kivinek 2013 55
Nishino, Nayar: Eyes for Relighting, SIGGRAPH 2004



‘ Zakon odrazu

/b

(I,)i/

b, = (¢; + m) mod 21

= Smér odrazeného paprsku

@, = 2(w -n)n—a)i‘

PG III NPGRO10) - J. Kiivanek 2013 34



‘ Odbocka: Diracova Delta distribuce

= Definice (neformalni):

0= {0 50 T
/_: 5(z) dz = 1
= Plati N _
/_i f(2)8(z)dz = f(0) R S A . :

= Delta distribuce neni funkce (jinak by integraly byly = 0)
= Zapisy nahore jsou ¢isteé formalni

PG III NPGRO10) - J. Kiivanek 2013 35

Zdroj: Wikipedia



Idealni zrcadlovy odraz — BRDF

= BRDF zrcadlového odrazu je delta-distribuce

Musi platit:
Lr (001§00) — R(a) I—i (Ho’§00 iﬂ')

e

Odrazivost z Fresnelovych vzorci

= 5(c0os@. —cosO ) S(p —p + 7
fr,m(gi’¢i;90,¢o)=R(9i) ( ! COOS)Q_ ((P, Po )

PG III NPGRO10) - J. Kiivanek 2013 36



Idealni zrcadlovy odraz — BRDF

= BRDF zrcadlového odrazu je delta-distribuce

= Odvozeni:

L, (6, 0,) = [ f.m() Li() cOS6, dew

6(cosé, —cosd,) (¢, —p, £ 7) L. (6,,¢,) cosd dw
cos @

::R(Hi)

— R(QI)LI (Hr’wr i72.)

PG III NPGRO10) - J. Kiivanek 2013 37



. ’
Diego Veldzquez,
Venus at her

Mirror, 1647

Q. Who is Venus looking at in the mirror?



Idealni zrcadlovy lom




‘ Idealni zrcadlovy lom
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Idealni zrcadlovy lom

= Index lomu 7 (voda 1.33, sklo 1.6, diamant 2.4)
o Zavisi na vinové délce svetla!!!

o , Mormal
= Snelluv zakon
05

1, SIn6, =n, SIN 6,

UE
Boundary

Medium 1

Medium 2
Mo

PG III NPGRO10) - J. Kiivanek 2013 41



Idealni zrcadlovy lom

= Smér lomeného paprsku:

Wy =~ 1B, _(77io Cos & "'\/1_775) (1-cos’ ‘9|))n
|

J

_ i Y
- n pokud < 0, aplny odraz
i / (total internal reflection)

77io

Kriticky ahel:

0. = arcsin(@j
i

PG III NPGRO10) - J. Kiivanek 2013

zdroj: wikipedia
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Idealni zrcadlovy lom

= Zmeéna radiance
0 Ze zachovani energie (toku)

o Pri prechodu svétla z ridsiho do hustsiho prostredi je svétlo
,Stlaceno“ => vyssi radiance

2
L, =L T
T

PG III NPGRO10) - J. Kiivanek 2013 43



Idealni zrcadlovy lom — BRDF

= BRDF pro idealni zdcadlovy lom je delta distribuce:

Transmitance z Fresnelovych vzorcu
Zmeéna radlance

Snelluv zakon
o(n, sing. — sm«9 o(o. + 7
((0.01:0,.0) =" (1 R(g) 2 SN0 1,9 .) 3(p,~ g, 1)
, cosg, 7

/

Lomeny paprsek zuistava v roviné dopadu

PG III NPGRO10) - J. Kiivanek 2013 44



Fresnelovy rovnice




Fresnelovy rovnice

= Cti [frenel]

= Pomér lomeného a odrazeného svétla zavisi na smeéru
pohledu
o Shora — vice lomeného
0 Ze strany — vice odrazeného

= Diulezité pro realisticky rendering skla nebo vody, ale i
jinych lesklych materiala

= Neplést s Fresnelovymi
coCkami
(pouzivaji se pro majaky)

PG III (NPGRO10) - J. K




‘ Fresnelovy rovnice

= Dielektrika

2
T cosfl; — 1o cos 6,

R, =

T cosfy + 1o cos

2
T cOSty — 1o cosH,

R, =

11 costy + 1o cost,

R:¥

Zdroj: Wikipedia

PG III (NPGRO10) - . Kfivanek 2013 47



‘ Fresnelovy rovnice

= Dielektrika

Reflection coefficient (%)
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=
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‘ Fresnelovy rovnice

Ze strany Shora
- malo }omu Vyzkousejte!!! - malo ?drazu
- hodné odrazu - hodné lomu

PG III (NPGRO10) - . Kfivanek 2013 49



Fresnelovy rovnice

= Kovy

Reflectance

28 F

a8 F

Q7 F

a6

b R

a4

e

0.1

Metal (Aluminum)

-
S ey
-

- -

------- S polar zaten
- = polar zatien
—— unpolarized

) 10 20 3N 10 £C 60 0

Angla from narmal

Gold F(0)=0.82
Silver F(0)=0.95

PG III NPGRO10) - J. Kiivanek 2013
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Fresnel Lens

+ same refractive power (focal length) as a much thicker lens

+ good for focusing light, but not for making images

(wikipedia)




Tyler Westcott, Pigeon Point Lighthouse in ht fog,

photographed during the annual relighting of its historical IKW lantern, 2008
(Nikon D40, 30 seconds, ISO 200, not Photoshopped)




Leskly odraz




Leskly odraz
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Hrubost povrchu a rozmazané odrazy

Mikroskopicka hrubost povrchu

PG III (NPGRO10) - J. Kiivanek 2013 55



What unusual material property does this

~— 3

goniometric diagram depict?

a full moon 1s 1‘ough]‘\' lit

from tlle cameras \"iE‘\\'POiIH’

T— —

so 1s a flash

photograph

+ A. retroreﬂecti\-'ity

+ the maria of the moon is
retroreflective and gray

+ a diffuse object, lit from
the camera’s viewpoint,

falls off as cos 6

(NASA)
30




BRDF modely




Modelovani BRDF

A
4
A

= BRDFje
modelem L —
mikrostruktury Object scale
pfi pohledu z =
Texture,

dalky

bump maps

104
‘ |
= Modely BRDF Milliscale |
. EmplI'ICké (a.k.a meso-scale) Lmm]  Texels
».  Fyzikalné -
motivovane “ rOF
3 AI?/I\:OXIIInace Microscale
merenych dat o] b
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Empirické BRDF modely

» Libovolny vzorecek majici za argumenty o, a ®,

= ®; a ®, se nékdy znaci L (Light direction) a V (Viewing
direction)

= Napr. Phongtiv model

= Libovolné stinovaci programy (shadery)

PG III NPGRO10) - J. Kiivanek 2013

59



Phonguv osvétlovaci model

C=1(k,(N-L)+k, (V-R)")

R=2(N-L)N -L

PG III NPGRO10) - J. Kiivanek 2013
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Phong v radiometrickém nazvoslovi

Osvétlovaci L, («,) = Li(@) (kd cos &, +k, cos” ‘9r)

model cosd. =w,-r r=2n-@)n-w

BRDF f, = f prongorig _p g 905"
" L cosé, r 7 cosd

PG III NPGRO10) - J. Kiivanek 2013
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Fyzikalné korektni Phongiuv model

= Modifikace pro zajisténi reciprocity a zachovani energie

- n+2
frPhongmodlf _ /Od + ps COSn er
T 27T
= Zachovani energie:
/Od +/Os Sl

= Stale empirickd BRDF (tj. neni fyzikalné motivovana),
ale alespon spliiuje zakladni vlastnosti BRDF

PG III NPGRO10) - J. Kiivanek 2013
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Fyzikalné motivované BRDF modely

= Napr. Torrance-Sparrow nebo Cook-Torrance model
= Zalozeno na teorii mikroplosk (microfacet)

= Funguje pro hrubé plochy

PG III NPGRO10) - J. Kiivanek 2013
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Reflection of the Sun from the Sea

Minnaert, Light and Color in the
Outdoors, p. 28

20

CS348B Lecture 11 Pat Hanrahan, Spring 2011




Torrance-Sparrow BRDF

= Analyticky odvozena BRDF

= T-S se pouziva pro modelovani lesklych ploch (jako
Phonguv model)

o Presnéjsi nez Phong
o Vice parametri, lepsi moznost modelovat riizné materialy

o Odvozena z predpokladii o mikrogeometrii plochy (nikoli
~protoze vypada dobre” jako u Phogova modelu

PG III (NPGRO10) - J. Kiivanek 2013
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‘ Torrance-Sparrow BRDF

= Predpokladame, Ze plocha sestava z ndhodné
orientovanych plosek, tzv. ,mikrofacet”.

NAVNANN

= Predpokladame, Ze mikrofacety se chovaji jako dokonala
zrcadla.

= Bereme v Givahu 3 jevy:

VAR V/

Zastinéni Maskovani Odrazy
,Shadowing* ~Masking* LInterreflection”

PG III (NPGRO10) - J. Ktivanek 2013 66



Torrance-Sparrow BRDF: Vysledek

Geometricky atlum:
Omezeni BRDF na zakladé

Fresneluv ¢len
Zavislost na vinové
délce zastinéni a maskovani
P
¢ _ F(6)G(wi, wr) D(6h)
4 cos(6i) cos(&r)
Cést /
makroskopické Gast
plochy Vidi’Eelné makroskopické
zdrojem svétla. plochy viditelna
pozorovatelem.

PG III (NPGRO10) - J. Ktivanek 2013

Distribuce
mikrofacet:
Procento
mikrofacet
natocenych tak,
aby odrazely svétlo
smérem k
pozorovateli.

67




Aproximace nameérenych BRDF dat

= Bud pomoci fyzikalniho modelu

= Nebo pomoci funkce navrzené pro aproximaci
namérenych dat: napr. Ward BRDF, Lafortune BRDF

= Pro nalezeni parametrit BRDF modelu z dat je treba
provést nelinearni optimalizaci

PG III (NPGRO10) - J. Kiivanek 2013 68



Meéreni BRDF - Gonioreflektometr

28 l;unp R

camera m '1

o

—

4 degréeldfi‘ﬁ;eeabm gantry

PG III NPGRO10) - J. Kiivanek 2013
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‘ BRDF modely vs skute¢nost

Rendered Images

He
= Measured gata

1sf *

Reference

Lafortune: 0.313 CT:0.314

PG III NPGRO10) - J. Kiivanek 2013 70



BRDF modely vs skutecnost

He

k «  Measured data

Reference Ward: 0.0311

Lafortune: 0.0231 CT: 0.0221

PG III NPGRO10) - J. Kiivanek 2013 71



BRDF modely vs skute¢nost

Rendered Images

Reference

Lafortune: 0.0486

He
Measured data

2zt
1k
] o 15
Ward: 0.0568
1 -
o=t T~
j-I 1
-2 a5

CT: 0.0434

PG III NPGRO10) - J. Kiivanek 2013
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BRDF modely vs skute¢nost

Rendered Images

Reference

-\

Laftortune: 0.00755

Ward: 0.0137

CT: 0.00307

He
*  Measured data

1 I 1 1 1 I I
-0.3 -0.6 -04 -0.2 0 0.2 04

PG III NPGRO10) - J. Kiivanek 2013 73



BRDF modely vs skute¢nost

Rendered Images

0ar b

D& " .

Reference Ward: 0.00956

14r

w2f -

ARA LT LR

He
Measured fata

Lafortune: 0.00513 CT: 0.00139

PG III NPGRO10) - J. Kiivanek 2013
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BRDF modely — Metodologie

= BRDF nahrazuje simulaci svétla na mikroskopické
urovni hotovou matematickou funkci

= Stejny pristup lze pouzit i pro jiny pripad nez plochu,
napr. interakce svétla s vlakny vlasu

Q

odrazy uvnitr vlakna
= mikroskopicka tiroven = popise se modelem

= prirenderingu vlast je uz neni treba uvazovat, nebot jsou
zahrnuty v modelu

Marschner et al. Light Scattering from Human Hair Fibers, SIGGRAPH 2003

PG III (NPGRO10) - J. Kiiviek 2013



BRDF, BTDF,

BSDF:

Co to vsechno znamena?

= BTDF

o Bidirectional transmittance
distribution function

o Dvousmeérova distribucni

funkce lomu

0 popisuje pruchod svétla povrchem

= BSDF = BRDF+BTDF

h

Incident
Light Beam

Specular
Reflection

"'u Reflected
Q\ %, Scatter
".‘ Distribution
¥ * BRDF

0 Bidirectional scattering
distribution function

o Dvousmeérova distribuc¢ni

funkce rozptylu
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SBRDF, BTF

= SBRDF ... Spatially Varying BRDF
o Parametry BRDF se méni jako fce pozice na povrchu

= BTF ... Bidirectional Texture Function
o Pro materialy se slozitou odrazivosti a texturou

o Na rozdil od BRDF modeluje material i na meso-scale
= Nahrazuje pouZziti bump map / normal map

PG III (NPGRO10) - J. Kiivanek 2



BSSRDF

= BRDF

o svéetlo prichazejici v bodé x se odrazi ve stejném bodé
o zadné cestovani svétla po povrchem

= BSSRDF

o bi-directional sub-surface scattering reflectance
distribution function

o modeluje odrazy svétla pod povrchem

BRDF S, BSSRDF
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BSSRDF

= Sub-surface scattering zptisobuje zmékceni vzhledu
materiali

BSSRDF
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BSSRDF

BSSRDF
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