“As technology advances, the
rendering time remains constant.”
Jim Blinn

Sugarkovetés:
ray-casting, ray-tracing, path-tracing

Szirmay-Kalos Laszlo




Lokalis illuminacio:
rucskos feluletek, absztrakt fényforrasok
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Ambiens tag

Lokalis illuminacid + ambiens tag Globalis illuminacié

L(V) zzlel « f (L, N,V)-cost0™ +|k_= L




struct Ray {
vec3 start;

La, t h a tO, S a, g vec3 dir; //egységvektor

};
struct Hit {

pixel ‘III"
start

vec3 normal;

ray(t) = start+dir-t, t > 0

B vec3 position;

Hit() { t = -1;

bool out; //kivil? vagy ior

Material* material;

}

Hit firstIntersect (Ray ray) {
Hit bestHit;
for (Intersectable * obj : objects) {
Hit hit = obj->intersect(ray); // hit.t <0 ha nincs metszés

if(hit.t > 0 && (bestHit.t < 0 || hit.t < bestHit.t)) bestHit = hit;

}
if (dot(ray.dir, bestHit.normal) > 0) bestHit.normal *= -1;

return bestHit; , ,
Nézzen felénk!

} if (Nedir>0){N= —N;}




Objektum = Intersectable

struct Intersectable {
Material* material;
virtual Hit intersect(const Rayé& ray)

};

0;




Metszéspont szamitas gombbel

[\ o7y

_ Nincs gyok 1gyok 2 gyok
ray(t) = start + dir - t

lray(t) - c|? = (start + dir -t — c) - (start + dir -t — ¢) = R?
(dir - dir)t? + 2((start — c¢) - dir)t + (start — c¢) - (start —c) —R? = 0

Wanted: a pozitiv megoldasok kozul a kisebb

Fellleti normalis gombre: N = (ray(t) — c)/R




Sphere mint Intersectable

class Sphere : public Intersectable ({
vec3 center;
float radius;
public:
Hit intersect(const Rayé& ray) {
Hit hit;
vec3 dist = ray.start - center;
float a = dot(ray.dir, ray.dir)
float b = dot(dist, ray.dir) * 2;
float ¢ = dot(dist, dist) - radius * radius;
float discr = b *b - 4 * a * ¢c;
if (discr < 0) return hit; else discr = sqrtf (discr);
float tl = (-b + discr)/2/a, t2 = (-b - discr)/2/a;
if (tl <= 0) return hit; // tl >= t2 for sure
hit.t = (€2 > 0) ? t2 : t1;
hit.position = ray.start + ray.dir * hit.t;
hit.normal = (hit.position - center)/radius; // Only for
hit.material = material;
return hit;

sphere! !'!




Implicit felUletek

A felllet pontjai: f(r) =0
Sugar:ray(t)=s+d-t

Metszés paramétert™: f(s+d-t) =0
Metszéspont: r* = ray(t*) =s+d-t*
Normalvektor = Vf (")

Kvadratikus feliiletek: f(r) = [r,1] - Q - [r, 1]" = 0, (Q szimmetrikus)
Metszés paraméter:

s+d-t,1]-Q-[s+d-t,1]'=0
[d,0]-Q-[d,0]"t? +2[s,1]-Q - [d,0]"t + [s,1] - Q- [s,1]" =0

Normalvektor: Vf(r*) = Q - [r*,1]" elsé hdrom koord.




Haromszog (konvex sokszog)
n=@2-r1)x(r3—-ril) 3

\ r3
P r(uyz)=start+dir-t p

/ r2

rl (r—r1)-n =20 rl re
1. Sikmetszés: (ray(t) —r1) - n=0, t > 0 ;= (rl—start) -n
dir -n

2. A metszéspont a haromszogon belil van-e?
(r2—r)x(p—71r1)) - n > 0
(r3—1r2)x(p—712))-n >0
(r1—r3)x(p—713)) - n >0

Fellileti normalis: n
vagy arnyald normalok
(shading normals)




Haromszog metszés baricentrikus koordinatakban

r3
p(o,B,y) =a-r1+p3-1r2+7y-13

r2

a+pB+y =1 1 skalar egyenlet

rl o, B,y=>0

ray(t) = p(a,B,v)
start + dir -t =o-r1+p3-1r2+ y-r3 3skalaregyenlet

4 ismeretlen: o, 3,7, t
A megoldas utan ellenbrzés, hogy mind nem negativ-e



Sugarkovetés: Render

Virtualis vilag: szem+ablak Valds vilag: nézé+képernyé

Render( )

for each pixel p
Ray r = getRay( eye =» pixel p )
color = trace(ray)
WritePixel(p, color)
endfor
end




Kamera: getRay

YM-1

Normalizalt eszkoz koordinatak

p = lookat + a.-right + 3-up, o, BiIn[-1,1]
= lookat + (2(X+0.5)/XM-1) -right + (2(Y+0.5)/YM-1)-up

Ray: start = eye, dir =p —eye



-ray.dir=V
n N /
Yy, L

ray

No Shadow Shadow c=0:acne

vec3 trace (Ray ray) {

Hit hit = firstIntersect(ray)

if(hit.t < 0) return L_ ; //nothing

[r,N, k,, ky, Kk, shine] < hit;

vec3 outRad = Kk, *L,;

for (each light source ) {

Ray shadowRay (r + Ng, L)) ;

Hit shadowHit = firstIntersect (shadowRay) ;
if (shadowHit.t < 0 || shadowHit.t > |r—y)|)

outRad += Linl sk {kd'(l‘l ON)++kS-((HZON)+)Shme}

DirectLight ()
Shadow

}

return outRad;




Rekurziv sugarkovetés

Tort sugar

Takor
sugar ‘w ........ N

Arnyék sugar I
an>

DirectLight() -

ka 3 La + 2 Linl * {kd(Ll .N)'l' + kS .((HI.N)+)Shine}
L

F(VeN) + L"(R) + (1 = F(VaN)) * Li"(T)

/’/ ,I /Il‘l \
recnel|l [ Tukoriranybol | £ o 0| Toresiiranybol }
' Fresnel ! A 1 : srkezd fé
: ! érkezd fény \ ! érkezo feny

_____________

§
L) =«




trace

vec3 trace (Ray ray) { Y

Hit hit firstIntersect(ray); //[r N,nxk, kK, Kk,shine] < hit; = Ll
if(hit.t < 0) return L,; //nothing
vec3 outRad(0, 0, 0);

if (hit.material->rough) outRad = DirectLight (hit) ;

if (hit.material->reflective) {

Ray reflectRay(r+ Ng, reflect(ray.dir, N), ray.out);
outRad += trace(reflectRay) * Fresnel (ray.dir, N);
}
if (hit.material->refractive) {
ior = (ray.out) ? n.x : 1/n.x;
vec3 refractionDir = refract(ray.dir,N,ior);
if (length(refractionDir) > 0) {
Ray refractRay(r-Ng, refractionDir, !ray.out);

outRad += trace(refractRay)*(vec3(1l,1,1) - Fresnel(ray.dir, N));
}

}

return outRad;

ray




trace

vec3 trace(Ray ray, int d=0) { Y,
if (d > maxdepth) return L ;
Hit hit = firstIntersect(ray); //[r N,n kK, K, K,shine] < hit; = Ll
if(hit.t < 0) return L,; //nothing
vec3 outRad(0, 0, 0);
if (hit.material->rough) outRad = DirectLight (hit) ;

ray

if (hit.material->reflective) {
Ray reflectRay(r+ Ng, reflect(ray.dir, N), ray.out);
outRad += trace(reflectRay, d+1l) * Fresnel(ray.dir, N)
}

if (hit.material->refractive) {
ior = (ray.out) ? n.x : 1/n.x;
vec3 refractionDir = refract(ray.dir,N,ior);
if (length(refractionDir) > 0) {
Ray refractRay(r-Ng, refractionDir, !ray.out);
outRad += trace(refractRay, d+1l) * (vec3(1l,1,1l)-Fresnel(ray.dir, N));
}
}

return outRad;




typedef struct{double x,y,z}vec;vec U,black,amb={.02,.02,.02}, struct sphere{ vec cen,color;double rad,kd,ks,kt,kl,ir}*s,
*pest,sph[]={0.,6.,.5,1.,1.,1.,.9, .05,.2,.85,0.,1.7,-1.,8.,-.5,1.,5,.2,1.,.7,.3,0.,.05,1.2,1. 8.,-.5,.1,.8,.8, 1.,.3,.7,0.,0.,1.2,3.,-6.,15.,1.,
8,1.,7.,0.,0.,0.,.6,1.5,-3.,-3.,12.,.8,1,, 1.,5.,0.,0.,0.,.5,1.5,};yx; double u,b,tmin,sqrt(),tan();double vdot(A,B)vec A ,B;

{return A.x*B.x+A.y*B.y+A.z*B.z;}vec vcomb(a,A,B)double a;vec A,B; {B.x+=a* A.x;B.y+=a*A.y;B.z+=a*A.z;return B;}
vec vunit(A)vec A;{return vcomb(1./sgrt( vdot(A,A)),A,black);}struct sphere *intersect(P,D)vec P,D;{best=0;tmin=1e30;

s= sph+5;while(s-->sph)b=vdot(D,U=vcomb(-1.,P,s->cen)),u=b*b-vdot(U,U)+s->rad*s ->rad,u=u>0?sqrt(u):1e31,u=b-u>
le-77?b-u:b+u,tmin=u>=1e-7&&u<tmin?best=s,u: tmin;return best; }vec trace(level,P,D)vec P,D;{double d,eta,e;vec N,color;
struct sphere*s,*1;if(!level--)return black;if(s=intersect(P,D));else return amb;color=amb;eta=s->ir;d= -vdot(D,N=vunit(vcomb
(-1.,P=vcomb(tmin,D,P),s->cen )));if(d<0)N=vcomb(-1.,N,black),eta=1/eta,d= -d;I=sph+5;while(I-->sph)if((e=I ->kI*vdot(N,
U=vunit(vcomb(-1.,P,I->cen))))>0&&intersect(P,U)==I)color=vcomb(e ,I->color,color);U=s->color;color.x*=U.x;color.y*=
U.y;color.z*=U.z;e=1-eta* eta*(1-d*d);return vcomb(s->kt,e>0?trace(level,P,vcomb(eta,D,vcomb(eta*d-sqrt (e),N,black))):
black,vcomb(s->ks,trace(level,P,vcomb(2*d,N,D)),vcomb(s->kd, color,vcomb(s->kl,U,black))));}

main(){printf("%d %d\n",32,32);while(yx<32*32) U.x=yx%32-32/2,U.z=32/2-yx++/32,U.y=32/2/tan(25/114.5915590261),
U=vcomb(255., trace(3,black,vunit(U)),black),printf("%.0f %.0f %.0f\n",U); }/*minray!*/




Material
n, kappa

OO dekompozicio

ka, kd, ks, shine
reflective?
refractive?
rough?

reflect()
refract()

Fresnel ()
shade()

1

heterogeneous Scene
collection La
Intersectable | _ & build()
Hit intersect() objects render()
N A firstintersect()
trace()
Sphere Mesh Camera Light
center, radius eye, lookat, || pos, Lout, type
intersect() intersect() up, right, getLightDir()
XM, YM getInRad()
getRay() getDist()



../../../3DPrograms/GrafikaHazi/Programs/Raytrace/Skeleton.sln

“Bad programmers worry about
the code. Good programmes worry
about data structures.”

Linus Torvalds

Térparticionalo adatstrukturak

Szirmay-Kalos Laszl6

(a) CONFERENCE (282K triangles) (b) CRYTEK SPONZA (262K triangles)

(d) HAIRBALL (2.9M triangles) (e) POWER PLANT (12.7M triangles) (f) SAN MIGUEL (10.5M triangles)



Térparticionald modszerek

objektumok

Q S El6- Sugar
eldolgoza kdvetes
@ @ Terparticionalo|  gi¢4
adatstruktura metszéspont

Adatstruktura:
e Haismert a sugar, akkor a potencialis metszett
objektumok szamat csokkenti
e Ha a potencialisak kozul talalunk egyet, akkor a tobbi
nem lehet kozelebb



Befoglalo térfogat (Bounding Volume)

double IntersectBV( ray, object ) // <0 ha nincs
IF ( Intersect( ray, bounding volume of object) < 0) RETURN -1;
RETURN Intersect( ray, object );

END




AABB metszés vagassal

X=X X<Xmax Y= Ymin Y <Ymax Z=Zmin Z < Zmax

min




Regularis térhald

El6feldolgozas:
Minden cellara a metszett objektumok

komplexitas: O(n-c) = O(n?)

Sugarkovetés:

FOR each cell of the line // line drawing

Metszés a cellaban lévokkel

IF van metszés RETURN

ENDFOR
3//

/Yé atlagos eset komplexitas: O(1)




Nyolcas (oktalis) fa

Faépités( cella ):
' IF a cellaban kevés objektum van
‘ cellaban regisztrald az objektumokat
ELSE
cellafelezés: c1, c2, ..., c8
Faépités(cl); ... Faépités(c8);
ENDIF
Sugarkovetés:

FOR dOsszes sugar altal metszett cellara
Metszés a cellaban lévbkkel
2 IF van metszés RETURN

3 3 ENDFOR
Octree



Binary Space Partitioning fa (kd-fa)

Faépités( cella ):
‘ IF a cellaban kevés objektum van
‘ ‘ cellaban regisztrald az objektumokat
ELSE
/ sik keresés
cella felezés a sikkal: c1, c2
Faépités(cl); Faépités(c2);
/\ ENDIF
Sugarkovetés:
1 /\ FOR each cell intersecting the line
2 3 Metszés a cellaban lév6kkel

IF van metszés RETURN
kd-tree ENDFOR



kd-fa bejarasa

kdzeli 2 | tavoli 1

Bafokz|a|6 AABB
tavoli 1

while (stack nem ures) {
Pop(AABB)
while (nem levél) {
Ha van AABB-nek tavoli
Push(tavoli)
AABB = kozeli
}
Regisztralt objektumok metszése
Ha van metszéspont return



“Ugy szeretnék integrdlni.”
Kockaéder

Globalis illuminacio: Path tracmg
,‘ oy % \ ¥

Szirmay-Kalos Laszlo



Képszintézis

Local Global

IHlumination  illumination




Rendering equation
OutRad = DirectLight + 2. InRad * Reflection




A megoldas integralok sorozata

-

Ly o) =D, ") + f L(y", w")R(w",0"") dw"’
Qrr

Ly, w) =Dy w)+ > Ly, o")R(0", 0") do"

\
L(r,w)=D(r w) + f L(y, o )R(w,w") dw’
Q




Numerikus integralas

J )iz ~ %i £z

M minta

Atlago§ wlap Héron",lszégek
magassag szama

i1 s
Error=-L.2.y =2 = oM~}
2 M 2M



Magasabb dimenzidk: Megatkozva

A
y o © ©
e o o °
@) ® °
@ o o © ©
@ o o X) Véletlen mintak

n = VM minta egy dimenzioban
Hiba 2-dim = o(n™1) = o(M~9>)
Hiba D-dim = 0(n~1) = o(M~1/P)



Monte Carlo integralas:

Integral = varhato érteék
M
f(z) f(Z) 1O f(z)
(z)dz = (z)dz = ~ —
J 1 @Y T @] T M Lip@)
A becslo egy valoszinliségi valtozo:
- , , f(2) 3 X szorason beliil
Variancia = ¢“ =D p(z)| M 99.7% ‘konﬁdenciéval
3
Error < 30 = —D @
p(2)
—+ 30

36




Iranyok generalasa egyenletes valoszinliséggel

float random() { return (float)rand()/RAND_MAX; }

. +1,+1,+1
e 2
/ I vec3 p;
A’ \ do {
|, \ p.Xx = 2*random()-1;
® _/4 p.y = 2*random()-1;
. ‘ ~ p.z = 2*random()-1;
/‘ } while(dot(p, p) > 1);
1,-1-1 outDir = normalize (p) ;

pdf = 1.0/4.0/M PI;




Uniform

1 sample/pixel 10 samples/pixel 100 samples/pixel




Fontossag szerinti mintavétel

1 f(z0)
Becslg: LN/
M — p(z;)
f(z)/p(z) legyen lapos. Ahol f nagy, p is legyen nagy ®
A A
t fl ) fl
f P f P
P /
P
oD ©
> >
| |
10 rossz

hasonlo6 f /p hozzajarulasok Ritka, nagy f/p hozzajarulasok



Véletlen bolyongas

f L(y, w)R(w,w") dw’ =~
Q

* p(@) —nak az integrandusra kell hasonlitania (fontossag)
* AL(y, w') nem ismerjik, mert éppen szamoljuk
* p(®) legyen aranyos R(w, &)



Tukor: lrany diszkrét eloszlasu
(Diract-delta)

cos o = - (w-N)

&)

W Ww=w *+ 2N cos a

float SampleMirror (vec3 N, vec3 inDir, vec3& outDir) {
outDir = inDir - N * dot(N, inDir) * 2.0f;
return 1; // pdf

}




Diffuz: Irany cos eloszlassal

tN A p(®) dw = Prob{® in dw}
0 dow = Prob{q in dwcos(6)}
_ dw cos(0) Ha g egyenletes
q ~ kor teriilete eloszlasu
_ dw cos(6)
\ —
dwcos(0) "
p(0) = COS;E(H)




VT +1+1 Cos eloszlasu mintak N
o (
0

X,y
O

o / ©°1B
0
-1,-1

Elvetett mintak

float SampleDiffuse(vec3 N, vec3 inDir, wvec3& outDir) {

vec3 T = normalize (cross (N, vec3(1,0,0)));

vec3 B = cross(N, T);

float x, vy, z;

do { x = 2*random()-1; y = 2*random()-1; } while (x*x+y*y>1) ;
z = sqrtf(l - x*x - y*y);, // project to hemisphere

outDir = T * x + B * vy + N * z;

return z/M PI; // pdf




egyenletes

cosS + diszkrét

Fontossag szerinti mintavétel

1 sample/pixel 10 samples/pixel 100 samples/pixel



Megallas és visszaverddeés tipus: Orosz rulett

1. Monte Carlo integral:

, no s o [En®)kg cosT(O) L(y, ®)F6(w,,, ®)
jg Ly, @R, @) du’ = E[ 22(@) ]+E[ P (@) ]
Ri+ Ry, E[Ly] E[L,,]

2. Szamold E[L,4] -t s4 valdsziniséggel, E|L,,,] -t s,,, valosziniiséggel,
egyebkent 0
3. Kompenzalj s-sel osztassal
Varhato ertek OK:

SdE[Ld/Sd] + SmE[Lm/Sm] + (1 —Sq — Sm)o — E[Ld] + E[Lm]




A visszaverddes tipusanak kivalasztasa

Ly L(y,®)k,cos™(0) L(y,3) kg cost(6) L(y, &) kg

— — = , — , W) —

Sd Pa(W)sg Y cos(6) S Y Sd
- Sd

* Tukorirany valdszinlisége: s,,, = F luminance
* Diffuz irany valoszinilisege: s; = k m luminance
* Megallas valoszinilisege: 1 — s, — s4

0

¢ 0)()(,1
Sd Sm



Path Tracer

vec3 trace (Ray ray, int depth = 0) ({
Hit hit = firstIntersect(ray):
if (hit.t < 0 || depth >= maxdepth) return vec3(0,0,0);
[r,N, k, n, x] < hit;
vec3 outRad = DirectLight(hit);
rnd = random() ; // Russian roulette
Sy = Luminance(kdn); S, = Luminance (Fresnel (ray.dir ,/N));
if (rnd < sy) { // diffuse
pdf = SampleDiffuse (N, ray.dir, outDir) ;
inRad = trace(Ray(r + Ng, outDir), depth+l);
outRad += inRad * k; * dot (N, outDir) / pdf / S ;
} else if (rnd < s;+5S,) { // mirror
pdf = SampleMirror (N, ray.dir, outDir);
inRad = trace(Ray(r + Ng, outDir), depth+l);
outRad += inRad * Fresnel (ray.dir , N) / pdf / s,;
}

return outRad;




