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Nevyvazena PM




Prima vizualizace (PM)




Prima vizualizace (PM)




V\yhody PM

e vyborny pro kaustiky
— oddélena mapa kaustik (vysoka presnost)
— lze filtrovat

e srozsirenimi vyborny i pro difuzni scény
— oddélend globalni mapa foton
— finalni sbirani
— predevsim irradiance caching + gradienty
— two-pass rendering

e teoreticky konzistentni
e importance sampling dle PM



V\yhody PM
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* podminky konzistence

— nekonecny pocet fotonlt v PM

— nekonecny pocet fotonu v odhadu
* splnéni podminek

— N .. pocet fotonu ve fotonové mapé

— NB,B €]0: 1] .. pocet foton(i v odhadu



Problémy PM — bias

e tolik nevadi (algoritmus je teoreticky konzistentni)

e v praxi ale konzistentni neni

— dany pocet fotonU, dany radius a dalsi parametry

e problémy s nastavovanim parametru

— téch je mnoho (radius, pocet fotonu ve fotonové mapé,
pocet fotonu v odhadu, pocet paprskt pro FG, ..)

— potreba pouzit relativné ,,spravné” hodnoty
— pro nespravné nedava algoritmus vérohodné vysledky

— nelze automatizovat nastavovani parametru (tak aby
opravdu fungovalo)



Problémy PM — bias
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Problémy PM — pamétova narocnost

e vSechny fotony vystrelujeme v prvnim pruchodu
* nekam je musime ulozit

e neni problém ulozit XY fotonu

e pro bézné scény XY fotonu opravdu staci

e extrémni pripad — slozité kaustiky
— ty jsou odhadovany pfimo (zadna , berlicka® a la FG)
— chceme ,presné” kaustiky => potrebujeme patricny pocet foton(
— patficny pocet muze byt prilis velky



Problémy PM — neprogresivni

o fixni parametry

e fixni pruchody

e presnost vypocCtu nastavena na zacatku
— zpresnéni neni mozné (zavislé na radiusu a poctu fotonu)
— muUzeme strilet dalsi paprsky

e anti-aliasing, motion blur, hloubka ostrosti (OK)
e globalni osvétleni, kaustiky (kvalitu pocet paprski neovlivni)



Problémy PM — lesklé plochy

o fotony z PM prilis neprispivaji
e vysoka variance pri odhadu radiance
e vyrazny lalok BRDF

— sekundarni paprsky dopadaji na malou oblast
— korelované vysledky odhadu radiance
— odhaluje nepresnosti fotonové mapy

e snaha o reseni
— dalsi krok findIniho sbirani
— prodlouzeni Casu vypoctu

— zlepseni osvétleni zalezi na scéné



Problémy PM — lesklé plochy (1/2)




Problémy PM — lesklé plochy (2/2)




Progressive photon mapping (1/3)

e reverzni fotonové mapy (predchudce, odlisny cil)
e vylepseni Gl = vice fotonu => prohodime prichody
— nejdrive ray-tracing (RT)
— nasledné photon-tracing (PT)
 PT prichod muzeme opakovat
— zpresnéni reseni po kazdém pruchodu
* ray tracing
— slouzi k nalezeni k viditelnych ploch

— paprsek sledovan dokud nenarazi na ne-specularni objekt
(omezeni délky cesty napr. ruskou ruletou)

— pro kazdy bod obsahujici ne-spekularni slozku ulozime
data



Progressive photon mapping (2/3)

data

pozice X

normala

smer

BRDF Ci index BRDF
lokace pixelu (x,y)
vahovy koeficient pixelu

radius
pocet akumulovanych fotonu
akumulovany flux

Ray Tracing Pass




Progressive photon mapping (3/3)

 photon tracing

— libovolny pocet prichodi (jsou na sobé nezavislé)

— kazdy prichod zpresnuje globalni osvétleni (lze

vykreslovat progresivné)

— pracujeme s omezenym poctem fotonu

— v kazdém prichodu

vystrelime n foton(

pro kazdy bod zjistime jaké fotony

k nému prispivaji

ty pouzijeme pro upresnéeni globalniho .

osvetleni

poté mUzeme fotony zahodit

opakujeme proces
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S M

Photon Tracing Pass




Odhad hustoty

e puvodni PM

n

— odhad lokdlni hustoty fotont d(x) = —

T2
— vylepseni — kombinace nékolika PM
* nékolik odhadu se stejnym radiusem a nasledné zpramérovani
* presnéjsi odhad hustoty ( ,,jemnéjsi“ vysledek)
* nevylepsuje malé detaily!
* neni konzistentni (nekonverguje se zvysSujicim se poctem PM)
* progresivni PM
— cil: odhad hustoty fotonu, ktery konverguje
— redukce radiusu

— zvysSovani hustoty akumulovanych foton(



Redukce radiusu (1/4)
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* mame hit-point
e prisledovani fotont akumulujeme flux

e po kazdém prichodu sniZzime radius dle prispévku
fotonu



Redukce radiusu (2/4)

* nova hustota fotonu
. N(x) + M(x)
d(x) = >
mTR(x)

— N(x) .. poCet dosud akumulovanych fotonu

— M(x) .. pocet nové akumulovanych fotonu
— R(x) .. soucasny radius

— d(x) .. nova hustota fotond



Redukce radiusu (3/4)

* redukovany radius
R(x) = R(x) — dR(x)
* pocet fotonl v redukovaném radiusu
N(x) = nR(x)?d(x)
N(x) = m(R(x) — dR(x))?d(x)
N(x) = N(x) + aM(x)

po kazdé iteraci se musi zvysit pocet fotonl v odhadu
a € (0,1) .. zlomek fotonQ, které ponechame



Redukce radiusu (4/4)

* redukovany radius

N(x) = m(R(x) — dR(x))?d(x)

N(x) + aM(x) = m(R(x) — dR(x))?

R(x) —dR(x) = R(x)

N(x) + M(x)
TR (x)?

N(x) + aM(x)

V

N(x) + M(x)

R(x) = R(x)

N(x) + aM(x)

N(vy) 4+ M(¥)



Korekce fluxu (1/2)

* akumulovany flux od N(x) fotonu, které prispéli do
daného hit-pointu x

N(x)

oy (@) = ) fr (8, Ep)by (i By)
p=1

— X .. pozice hit-pointu
— @ .. smér paprsku

— Wy, .. smér fotonu

— f...BRDF

— ¢p .. nenormalizovany flux fotonu p



Korekce fluxu (2/2)

* M(x) novych fotonu, které pfrispivaji
Ty (x,w) = ..
* musime udélat update v hit-pointu x
* pokud by se radius nemeénil
7 (x, ) = 1y (x, W) + Ty (X, W)

* radius se méni

— predpoklad: konstantni hustota fotond
R (x)?
TR (x)?

~ . L. NX) + aM(x)
1y (x,0) = 1y (x, W) + Ty (¥, W) N(x)+ M(x)

Ty (x, @) = (ty (x, @) + T (%, ®))




Odhad radiance

* po libovolném photon tracingu mizeme renderovat

— staci odhadnout radianci v kazdém hit-pointu

L, &) = f (0,3, @)L (x, @) (. &) dew
Q

n
— 1 — — —
L(x, w) ~ ﬂz fr(x, &, &) A, (xp, @)
p=1

Ti(x, 5)
Ne (1)7R;(x)*

L(x, @) ~

pro libovolné BRDF



Vysledky (1/5)
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Figure 4: Statistics at the hit points as a function of the number
of iterations. The three hit points A, B, and C are indicated in (d).
Each iteration is using 100000 photons. Note that the graph of
R(z) uses log scale for both axes.



Vysledky (2/5)

0.1M photons 0.4M photons 1.6M photons

6.4M photons - 25.6M photons _ 102.4M photons



Vysledky (3/5)

Progressive photon mapping

Figure 6: A box scene illuminated by a lighting fixture. The lighting fixture is behind glass and the illumination in the scene is dominated
by caustics. The specular reflections and refractions have significant noise even with Metropolis light transport. Standard photon mapping
cannot resolve the sharp illumination details in the scene with the maximum 20 million photons in the photon map. With progressive photon
mapping we could use 213 million photons, which resolves all the details in the scene and provides a noise free image in the same rendering

time as the Monte Carlo ray tracing methods.



Vysledky (4/5)

PT BDPT MLT FPM Reference

Figure 7: Torus embedded in a glass cube. The reference image on the far right have been rendered using path tracing with 51500 samples

per pixel. The Monte Carlo ray tracing methods fail to capture the lighting within the glass cube, while progressive photon mapping provides
a smooth result using the same rendering time.



Vysledky (5/5)

Progressive photon mapping MLT

Figure 8: Lighting simulation in a bathroom. The scene is illuminated by a small lighting fixture consisting of a light source embedded in
glass. The illumination in the mirror cannot be resolved using Monte Carlo ray tracing. Photon mapping with 20 million photons results in
a noisy and blurry image, while progressive photon mapping is able to resolve the details in the mirror and in the illumination without noise.



Problémy PPM

e PPM je schopen pocitat korektni radianci v bodé x

* nekteré efekty vyzaduji korektni radianci v nejaké
oblasti

— motion blur
e prumérnad radiance pro dany ¢asové usek
— hloubka ostrosti

e prumérnad radiance viditelna skrze ¢ocku

e to ale PPM neumi => vznik SPPM
 dokonce is glossy jsou problémy

— prispévek pouze od fotonu primo ze zdroje



Stochastic Progressive PM (1/2)

e pridani nového prichodu
— distribuovany ray-tracing (DRT)
— po kazdém sledovani fotonu
e dusledky nového priuchodu
— hit-pointy jiz nejsou fixni
e zakladni myslenka — sdileny statistiky v ramci oblasti
— stochasticky odhad radiance
— sdileny radius

— sdileny akumulovany flux



Stochastic Progressive PM (2/2)

Eye Pass Photon Pass Distributed Ray Tracing Pass
SPPM |

Figure 2: Difference berween the algorithms of progressive photon mapping (PPM) and stochastic progressive photon mapping (SPPM). In
order to compute the average radiance values, SPPM adds a new distributed ray tracing pass after each photon tracing pass. The photon
tracing algorithm itself stays the same, but PPM uses a fixed set of hit points (shown as squares), whereas SPPM uses randomly generated

hit points by the distributed ray tracing pass.



Od PPM k SPPM (1/2)

odhad radiance v daném bodé
T;(x, W)

Ne (i)nRi(x)z
odhad radiance v dané oblasti (pixelu)
7;,(S, w)

N (D)TR;(S)?

L(x,w) ~

L(S, w) =

zména poctu fotond
Niy1(X) = Ni(X) + aM;(x)
rozdil: zobecnéné veliCiny



Od PPM k SPPM (2/2)

* update sdilenych statistik (stejny jako u PPM)
Ni4+1(S) = N;(§) + aM;(x;)

Ri+1(5) = Ri(s)

Ni(S) + aM;(x;)

\
M;(x;)

N;(S) + M;(x;)

- — — —

bi (xi:a))) = Z fr (xirw:a)p)(.bp (xprwp)
p=1

1y (S, 0) = (tn (S, W) + ¢i(x;, W))

R (S)
TR(S)?

* x;..nahodné generovanv bod zS



SRE — oblast S (1/8)

* stochastic radiance estimate

* rozSireni puvodniho estima’toru na oblast S

L(S,w) = lim — Z L(Xy, @)

n—-oo Nn

T; (X, @)
L(S, @) = Z ihew N e (DTR; (%))

— je nutné udrzovat statlstlky pro vsechny vzorky radiance!
— n by meélo byt nekonecné => potreba nekonecno paméti

 cil: korektni primérna radiance bez nutnosti ukladat
nekonecno vzorku radiance




SRE — nezavislost radiusu (2/8)

* cil: odstranéni zavislosti radiusu na hitpointu x

* oveéreni nezavislosti
— predpoklady — radius Ry a a jsou konstantni pro dané S

~ . 5 NL(J_(,')) + CYML()_C))
~(x) = R(x)\ N, ) + My(®)
N;(%) = CyL(X)R(x)?
M;(x) = CyL(X)R(X)?
R(X) = R(X)C,

* Cy, Cpy, Cp .. konstanty nezavislé na x




SRE — nezavislost radiusu (3/8)

* redukce radiusu je nezavisla na x => radius je také
nezavisly
— pokud R je konstantni

* pro¢ zrovna N;(X¥) = CyL(X)R(X)?
— pocet fotonU zavisi na

* radiusu v kterém hledame
* radianciv daném bodé



SRE — nezavislost radiusu (4/8)

* dusledek

— castecCné odstranéni zavislosti radiusu na x

— poutZiti jediné hodnoty radiusu

1 T; (X, @)
L S, —_ l . —
B0 = L BN DR G

L SJ - 1 . =
Y N GETAEAE



SRE — sdileny radius (5/8)

o dalsi odstranéni zavislosti radiusu na x
* pouziti sdileného radiusu

1 n
L(S, &) = EZ L(xy, @)

=1

k
. . TR(S),i\ Xk, W
L(S, @) = —Z l ,
(5,0) nk_ligcr:lo N,(i)mR;(S)?

— TR(s),i -- akumulovany flux

R;(S)*
Ri(x)?

TR(S),i(fk: W) = (Xg, )



SRE — sdileny radius (6/8)

 odvozeni

— 1 TR(S), i (X, W)
L ==Y lim
(5,0) nL HooN (DR, (S)?

R'(S)z Ti(Xp, )
L(S,0) = Z 1—>ooR i(%0)? No ()R (S)?

Z Ri(S)? Ri(x0)* 7i(Xy, &)

L(S, &) = 15 R;(Xg)2 R;(S)Z No()7tR;(S)2

— podminka: podil radiust se limitné blizi k nenulové
konstanté (,,stejné rychla“ redukce)
n

1
LS,@) == limL(x @)



SRE — sdileny flux (7/8)

e problém
— momentalné nutné ukladat nekonec¢né mnozstvi
prispévkl
— aproximace pomoci konecného mnozstvi prispevku
(to neni konzistentnil)

* reseni
— sdileny akumulovany flux
— jedina promenna obsahujici akumulovany flux



SRE — sdileny flux (8/8)

e flux -> sdileny flux
T; (X, @) = 7;(S, ®)

LS, w) =1 :
5.0) = I8 N, (DR 5)?
* dukaz platnosti (viz. paper)
LS, @) =L(S,w)

* plati

LSO =L O) = BN, R )2



Vysledky (1/9)




Vysledky (2/9)




Vysledky (3/9)




Vysledky (4/9)




Vysledky (5/9)

Furry bunny illuminated by the skylight



Vysledky (6/9)

The dices are illuminated by the sunlight,
and blur of caustics and shadows is due to motion blur of the dices.




Vysledky (7/9)

illuminated by a desk
lamp with light bulb
depth-of-field

same rendering time
lens for depth-of-field
and caustics from the
desk light => scene
dominated by SDS
paths

BDPT used 11406 paths
per pixel

dark image

noisy bright pixels.




Vysledky (8/9)

PPM can handle such
an illumination setting,
but the close-ups show
rendering of depth-of-
field causes visually
noticeable noise due to
the fixed number of
samples per pixels.




Vysledky (9/9)

SPPM robustly handles
illumination by the desk
lamp as well as depth-of-
field in the same rendering
time with less memory
consumption




Shrnuti SPPM

e dalsi zobecnéni PPM

* nezajima nas radiance v bodech, ale v oblasti
(typicky pixel)

* rychleji konverguje (zalezi na scéneg)

e zabere méné pameti

e co zbyva udéelat?
— odhad chyby
— adaptivni SPPM?

— pripadné rozsifeni pro volume rendering



Error estimation framework (1/3)

 odhad chyby vysledného obrazku

— unbiased metody
e chyba = variance
e rGzné techniky

— biased metody
e chyba = variance + bias
* metody Sité na dany algoritmus

e vyuziti
— analyza chyby
— automatickeé zastaveni vypoctu



Error estimation framework (2/3)

00 Actual Error Images 0.5

“Error Threshold: 0.5

Error Threshold: 0.25

Error Threshold: 0.125

Error Threshold: 0.0625

0 1o 1000 8000
Pumber of Iterations
| — actual error -—90% - 50% |




Error estimation framework (3/3)

Noise/Bias Ratio

The ratio of the estimated bias and the estimated noise
bound in error estimation with 15M emitted photons. The red pixel
indicates the bias is dominant and the green pixel indicates the noise

Is dominant in the estimated error. The result for the flashlights
scene is in Figure 1.



Literatura

e Toshiya Hachisuka: "Progressive Photon
Mapping,

* Toshiya Hachisuka: Stochastic Progressive
Photon Mapping

e Toshiya Hachisuka: A Progressive Error
Estimation Framework for Photon Density
Estimation
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Déekuji za pozornost!
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