KomnbloTepHan rpaduKa

JloKanbHble U rnobanbHble moaenu

ocseweHnA. Moaenb ®oHra. 3akpacka PoHra
nlypo

Anekcen BuktopoBmy rHaTteHKo

JTabopaTtopma KOMNbOTEPHOMU rPadUKU U
MYyNbTUMEANA

BMRK MTI'Y



[padunyecknit npouecc: TMNoBas NocneaoBaTeNbHOCTb
NPUMEHEHUA aITOPUTMOB

[eomeTpunyeckasa moaenb
Mopaenb ocBelleHunA

Anropmntm
CMHTEe3a

N306parkeHune

[NonyyeHue npoeKkuuu
3a/IMBKa




MO,CI,EJ'Ib ocBeweHNnA NcnosibsyetTcAa and sblHMCia1eHUA
UHTEHCUBHOCTU CBETa ANA ,ﬂ,aHHOVI TOYKWN HA
NOBEPXHOCTN MOAENN

doTOopeanmnam BKIOYAET B
cebsa ABa anemeHTa:

— KayecTtBeHHas
reomeTpuyecKkaa moaenb

— Xopowana ¢usnyeckas
MOAEeNb OCBeL,eHUA

Moaenb ocselleHunA
BK/ItOYaeT B cebs
OTPaXKEHUs, NPEIOMIEHUA
CBETa, TEHU, TEKCTYPbI U T.1.




MopaenmpoBaTb OCBELLLEHME O4YEHb BAaXKHO, T.K. Ha
OCHOBeE OCBeLleHUA Mbl BOCMPUHUMAEM dopmy
0bObEeKToB

[na3 BocnpuHumaert

OCBeLLEHUE U
«PEKOHCTPYUPYET»
TpexmepHyto popmy
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MopennpoBsaHue
ocBeLw,eHnn —
KN0YeBOMn 3IeMeHT
doTtopeannsma




MCTOYHMKMK cBeTa: nepenUyHbIE U BTOPUYHDbIE

[MTONHbIN OTPAXKEHHbIN CBET = CYMMA |
BK/1aZa OT UICTOYHMKOB CBETa U APYrux

ﬂOBerHOCTEVI CueHbl Source

Light __>\ 5’_
7N

Reflecting
Surface

\

IlBe KaTteropuu:

— (CeeTomMcnycKatowme NCTOYHUKU =
nepBUYHbIE UCTOUYHUKMN

— (CBeToTparkatowme NCTOUYHUKA =
BTOPUYHbIE NCTOYHUKMU

[ToBEpPXHOCTb, HE OCBeLlaemasn
NCTOYHWUKOM CBETa, BCE PaBHO MOXKeT
6bITb BUAMMA!



CyTb 3a4a4M: MOAeNNPOBaHMNE NEPEHOCA
CBETOBOW 3HEPImm

MopaennposaHue Npoueccos m3
dU3nKKN n dnusmonorum

ToyeyHbIN
UCTOYHUK cBEeTa

Heobxognmo pa3paboTaTb

MoZAeNb nepegayu
3NEeKTPOMArHMTHOM aHeprum

Hopmans X, MeXay obbeKkTamu

NOBEPXHOCTU

lMoBepxHOCTb

Kamepa/rnas

OnTtuyeckoe
HanpasfeHne

KaK ToNnbKo cBeT AOCTUraeT
HalWnX rna3, 3afllyCKaeTCA npouecc
BOCMPUATUA
— onpeaensieT, YTo Mbl KBUAUM
B CLUEHe



Hy)-l-(HO PaCCiNTATb KONNMHECTBO N pacrnpengeneHmne
dHEPIrnn Ha 4yBCTBUTEJIbHbLIX 3/1IEMEHTAX

B peaibHOM MHUpe BVI,LI,MMbIVI LUBeT onpeagendaertca KOJIM4eCTBOM
dHEPIrMn BNANMOTIO CNeKTPa, KOTOPAA NOMNaA4dEeT HA
YyBCTBUTEJ/IbHbIE 2/1EMEHTbI CETHATKHW /1a34d

Kak npaBnio, Mbl BUOAUM OTpaH(EHHbIVI cBeT

OTparkatowme XxapaKTepPUCTUKM NOBEPXHOCTM onpeaenatoTca
OTPaXatoLWMMN CNOCOBHOCTAMM MO OTHOLIEHUIO K BOJIHAM
PA3/IMYHON O/INHbI



bonee popmanbHO: UCTOYHUK,
HabnopaTenb, paccynUTaTb OTPaXKeHUe

3aaa4a — paccymTaTb KOIMYECTBO SHEPTUK,
N31y4aemon B CTOPOHY HabatogaTena npm 3agaHHOM
BXOAALLEM U3/TyYEeHUN

b />
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[OsynyyeBana ®yHKumna Otparkenma (APO): onpeneneHmne

Yemy paBHO u3nyyeHue
nosepxHoctu L (p, w,) B
Hanpas/ieHUN w, NPU YCI0BUM
M31y4eHMA MO HANPaB/EHUIO W,

pasHoli Li(p, w;) ?

Onpepenaetca ¢c nomoulbto PO

— BRDF = Bidirectional Reflection
Distribution Function

— [OP0 = AisynyyeBaa yHKLMA
OTparkeHus

Lo(p, wo)

[NpegnonaraeTca, 4To
ncxogAallee nssiyyeHune
3aBUCUT TOJIbKO OT BXOAALLEro
N3ny4YeHnAa ana AaHHOM TOUYKM!



B 3a4aHHOM HanpaBaeHMe n3ny4yaercs
3Heprus, NPONOPLMNOHANbHAA QCBELLLEHHO

PaccmoTtpum

OCBELLEHHOCTb MOBEPXHOCTU B
MaJ10 OKPECTHOCTU TOYKMU P:

P
E(p,w)=L(p,0)cosbdo,
B HanpasneHne w0 byger
U3Ny4aTbCA L (p,w)xE(p,w)

N3 npeanonoKeHua IMHENHOCTU U
COXPaHEHMA IHEPrnu



OcBelLLLEeHHOCTb NPOoNopLUMUOHaAbHA NAOLLAAM
pacnpeaeneHns NOTOKa CBeTa OT MCTOYHMKaA

[MoaBnaeTca KOCUHYyC! | .
cos ¢




BbiBoa onpeaenenuna APO: daKTMYeCKM OTHOLIEHUNE
nagatoLlero u ncxoaallero ceBeTta € y4eTom HarnpasaeHUA
nageHuA

E(p,o)=L(p,w)cosGdo,

Lo(pﬂa)o) OCE(pﬂa)z)

$

L(p o, L(p,o
f(p,o,0)= , (P ): (p,w)
\ E(p,w) L(p,m)cosfdao,

AP0




Ceoucteo APO: obpatmocTb

\V/C()O,C()l. fy(p,a)a,a)l.):ff(p,a)i,a)o)




Ceoucteo APO: coxpaHeHme sHeprnm

[ £ Ap.w,)cosOdes <1

OTpaxeHHEIHR 1yd A Bxonuoit ny4

a4




BbluncneHume APKOCTU TOHKHU

L

® fr — E
e L, =fE =f.L; cosO;dw;
* HyXHo noctpoutb mogenb PO ’

— AHanunTnyeckas

— JKCnepumeHTa/ibHaA

http://http.developer.nvidia.com/GPUGems/gpugems_ch18.html



PacyeT U3ny4yeHUss TOYKM NOBEPXHOCTU Yepes
MHTErpupoBaHue No BCEM BXOAALLUM
HanpaB/IEHUAM

[na KaxKaou ANnHbI BONHDbI!

34€echb Y4UTbIBAEM TOJ/IbKO OTpaKeHUue

L(p: wo) — f Loduetoi(p» Wy, wi)

N

L(p,o
(D, ) = —LolPo )
L(p,w)cosbdw,

L(p,o,)= jﬁ(p?m09wi)Li cosOdw,
Q




PacueT nany4yeHmna TO4KN NOBEPXHOCTMU:
ANCKPETHbIN c/1y4au

L(p,o,) = J‘fr(pﬁa)o’a)i)l‘i cosOdw
Q
$

n—1
L(p,w,) =) f.(p.®, &)L cost

j=0

a)] - HanpaBneHue Ha j- UCTOYHUK CBETA
i

9.] - Yron mexay HanpaBaeHUeM Ha j-1
L MCTOYHUK U HOPMaA/bO K NMOBEPXHOCTU



Jlekuus nocsaALlleHa MOAENNPOBaAHUIO
ocBeLleHU

MoaennpoBaHue
ocBeweHunsa. AP0

JIoKanbHble n rnobanbHble
mogenn. Mogenb QoOHr




JIoKanbHble moaenu YUinUTbIBaeT TOJIbKO NMepBUYyHbIE
UCTOYHUKHN CBETQ, rnobanbHble — BCE UCTOYHUKM

NCTOYHMKaMM S3HEPrMmn MoryT BbiTb HE TO/IbKO UCTOYHUKM CBETa,
HO U Apyrue oTparkatolime o6 bEKTbI

¥

Takme B3aMMOOTHOLIEHUA CNOXKHO YUUTbIBATb

¥

BbiaenAatoT N0KanbHbIe U rnobanbHbie moaenn ocselleHnA

JIoKanbHble Mmoaenn npu BbIYUCIEHUM OCBELLEHUA B AaHHOWM
TOYKE YYUTbIBAIOT TO/IbKO MOJIOMEHME 3TON TOYKN OTHOCUTE/IbHO
NnepBUYHbIX MICTOYHUKOB CBETA



MoXXHOo YANpoCTnTb pacydetr moaeszin, orpaHN4m1B
nepeaaBaemMble CBOWUCTBA MaTepmaaos

urfa
« [nddysHoe oTpaxKeHme iogmﬁ
— MaTOBbIU NNaCTuK, aepeso n
T.M.

— moaenb JlambepTta

* WaeanbHO 3epKanbHoOEe
oTparkeHue
— 3epKaso
— MOAENb OTPAXKEHNA

* 3epKanbHOE OTpa)KeHue
— BO/UKM Ha 0bbeKTe
— mopgenn ®oHra u banHHa




Moaenb JlambepTa

 JlambepToBa (MaeanbHO
Ao dysHas)
NOBEPXHOCTb BbIrNAAUT
OAMHAKOBO APKON CO
BCEX HanpaB/EHUMN

* B npupopge He
CYLLLECTBYET, HO €CTb
6an3kmne npubankeHus

* [pumep: bymara




Mopaenb JlambepTa yuynTbiBaeT TONbKO
naeanbHoe paccemBaHue cBeTa

na oagHOro NCTOYHUKA
cBeTa

L, =Lk, i)

A®O KoHcTaHTHa = C/Pi

— C onpegenAaeT npoueHT
OTpaXeHunA ANa AaHHOM
OJIHbI BOJIHbI

Y =

e \
BxogHo# nyy

OTpaxXeHHEH Iyy I X

—

iy



MpoeanbHO 3€epPKaJ/ibHOe OTpaxKeHune

surface

AP0 pasBHO HYAO Be34e, Kpome e
— 0, = 0; ’
—¢po=¢;+tm

* [enbta-PpyHKUMA OT
HanpaB/IEHUA NALaNIbHOTo
OTpaXKeHusA

_ 5(9i_90)5(¢i_¢0)

° frmiT‘TOT _ COS(Gi)




Mopenb ®oHra pobasnaeT 8 moaesb
JlTambepTa 3epKasibHOE OTPaAXKEeHUe

[lo6aBnseT aMNMpPUYECcKnim KOCMHyC ana
MOJEeNNPOBaHMNA OTparKeHnn (bnecka)

ky(s-n)+ k(r-v)k

frphong — c0sO.
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Mopenb ®oHra pobasnaeT 8 moaesb
JlTambepTa 3epKasibHOE OTPaAXKEeHUe

[lo6aBnseT aMNMpPUYECcKnim KOCMHyC ana
MOJEeNNPOBaHMNA OTparKeHnn (bnecka)

L =k L +L(k,(5-n)+k (7F-v)")
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Mopenb PoHra: npumep

L =k L +L(k,(5-0)+k (¥-v))

Ambient Diffuse Specular = Phong Reflection




Mopaenb ®oHra umeeT HeNnPUATHblE 0COBEHHOCTU, HO
BCE PAaBHO OYEHb LLUMPOKO NPUMEHAETCH

* He asnaetca obpatmmon

* He coxpaHAaeT aHepruio



3epKanbHaa n andpdysHaa cocTaBasaoLmne
BRDF — 510 onpasaaHo?

OnucblBaeT maTepmranbl, cogepalime oTparkatoume
n AnPp@Py3Hble YacTULbl

[Mponopunn yactuy, 3aaatoT KoapduumeHTsl ks, kd



Microfacet BRDF

 BRDF derived for surface reflection from general
(non-optically flat) surfaces

e Assumes surface is composed of many microfacets —
individual optically flat surfaces too small to be seen



Microfacets Are Optically Flat

* Each one reflects an incoming ray of light in only one
outgoing direction

-5




The Half Vector

* Only those microfacets which happen to have their
surface normal m oriented exactly halfway between |
and v will reflect visible light



The Half Vector

* This vector which is halfway between | and v, is called
the half-vector (or half-angle vector) h

| | | | | |
h h h h h h h



Shadowing and Masking

* Not all microfacets with m = h will contribute
e Some will be blocked by other microfacets from

e either | (shadowing) or v (masking)

shadowing | masking

e w— 5 —— — . . ~ed = anan w A 1 s e . ~ .,



Multiple Surface Bounces

* In reality, blocked light continues to bounce; some
will eventually contribute to the BRDF

* Microfacet BRDFs ignore this — blocked light is lost

NN




MukpodacetHaa PO

F(ly) — PG Y. h)D(h)

4n-1)(n-v)



CDpEHEJ'IEBCKOe OoTpaKeHne

E(,h)G(1,v,h)D(h)

) = D v)

Value range: 0 to 1, spectral (RGB)

Fraction of light reflected (vs. refracted) from optically flat surface
given light direction | and surface normal h (m = h for participating
facets)



CDpEHEJ'IEBCKOe OoTpaKeHne

* Depends on refraction index (in other words, the
substance of the object) and light angle

* As angle increases, at first the reflectance barely
changes, then for very glancing angles goes to 1 at all
wavelengths
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Fresnel N
Reflectance ;!

0.7

The normal-incidence
Fresnel reflectance: 0.6 F

F0°%)=——— |

0.8 —

Is the surface’s
characteristic 0.8 F .

specular color : N
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angle of incidence 6;




* No subsurface term; this is only source of color

Metal F(0°) (Linear) F(0°) (sRGB) | Color
Gold 1.00,0.71,0.29 1.00,0.86,0.57
Silver 0.95.0.93.,0.88 0.98.0.97,0.95
Copper 0.95.0.64.,0.54 0.98.0.82.0.76
Tron 0.56.0.57.0.58 0.77.0.78.,0.78
Aluminum | 0.91,0.92,0.92 0.96.0.96.0.97

Table from “Real-Time Rendering, 3" Edition”, A K Peters 2008




Normal-Incidence Fresnel for Non-Metals

« Subsurface term (diffuse) usually also present in
addition to this Fresnel reflectance

Insulator F(0°) (Linear) F(0°) (sRGB) | Color
Water 0.02,0.02,0.02 0.15.0.15.0.15
Plastic / Glass (Low) | 0.03.0.03,0.03 0.21.0.21,0.21
Plastic High 0.05.0.05.0.05 0.24.0.24,0.24
Glass (High) / Ruby | 0.08,0.08,0.08 0.31,0.31.0.31

Diamond 0.17,0.17,0.17 0.45,0.45,0.45




The Schlick Approximation to Fresnel

* Pretty accurate, cheap, parameterized by c

spec

FSchlick(Cspem la Il) — Cgpec + (]- — Cspec)(l — (l ) Il))5

* For microfacet BRDFs (m = h):
FSchlick(Cspe(:a l, h) — Cgspec =+ (1 — Cspec)(l — (l ' h))5



Microfacet Normal Distribution

D(h)

f(1Lv) = F(1,h)G(1,v,h)

* Value range: unbounded, scalar

4n-1)(n-v)

— D(m): concentration of microfacets with normal m
— D(h): concentration of microfacets with normal h




Determines the size and shape of the highlight
Several (Gaussian-like) functions available

All have some kind of “roughness” or variance
parameter (anisotropic ones have two)

As roughness decreases, concentration of
microfacets around n increases; values of D() can get

very high for smooth surfaces




F(1,h)G(1,v,h)D(h)

flv) = 4(n-1)(n - v)

e Value range: 0 to 1, scalar

 — Chance that a microfacet of the given orientation is
shadowed and/or masked

 —Various functions available in the literature;
typically have no parameters or use the D()
roughness



Compact Parameterization

* Once distribution & geometry functions chosen,
most microfacet BRDFs have just 2 parameters:
— F(0°) = ¢y, : (RGB)
— Roughness: 1 scalar (2 for anisotropic)

* However, this only describes surface reflection...






[lpumepbl

* http://simonstechblog.blogspot.com/2011/12/micro
facet-brdf.html

e https://learnopengl.com/PBR/Theory



http://simonstechblog.blogspot.com/2011/12/microfacet-brdf.html
https://learnopengl.com/PBR/Theory
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