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constant.h

#1fndef CONSTANT H_
#define _CONSTANT_H_

namespace edupt {

const double kPI = 3.14159265358979323846;
const double kINF = 1e128;

const double kEPS = le-6;

¥

#endif
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ppm.h

g1fndef PPM H_
gdefine PPM H_

ginclude <string=
ginclude =cstdlib=
#include =cstdio=
#include =vector=
#include "material.h"

namespace edupt {

inline double clamp(double x){

if (x = B.8)
return 0.0;

if (x = 1.8)
return 1.0;

return x;

Iy

inline int to_int(double x}{
return int{pow({clamp(x), 1/2.2) * 255 + 0.5);
-

vold save ppm_file(const std::string &filename, const Color *image, const int width, const int height) {
FILE *f = fopen{filename.c_str{), "wb");
fprintf(f, "P3Wn%d %dyn%din", width, height, 255);
for {int 1 = 8; i < width * height; i++)
fprintf(f,"sd %d %d ", to_int{imagel1].x)., to_int{imageli].y)., to_int{imagel1].z)}};
fclose(f);

gendif




save_ppm_file()
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vold save_ppm_file(const std::string &filename, const Color *1mage, const int width, const int height) {
FILE *f = fopen{filename.c_str(), "wb"});
fprintf(f, "P3\n%d %d\n%d\n", width, height, 255):
for {int 1 = ©; 1 < width * height; 1++)
fprintf(f,"%d %d %d ", to_int(imagel1].x). to_int{imagel1].y). to_int(imagel1l.z)):
fclose(f):




save_ppm_file()

® cduptliEppmER TIRTF
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vold save_ppm_file(const std::string &filename, const Color *image, const int width, const int height) {
FILE *f = fopen{filename.c_str(), "wb"};
fprintf(f, "P3%n%d %d\n%d\n", width, height, 255);
for (int 1 = ©; 1 < width * height; i++)
fprintf({f."%d %d %d ", to_int(imageli]l.x). to_int{imagel1l.y). to_int(imagel1].z)):
fclose(f):
T
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clamp() &to_int()
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inline int to int(double x){

}

inline double clamp(double x){
(
(

return 1n¥tpowiclamp[x]1 1/2.2) * 255 + B8.5);
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random.h

#1fndef _RANDOM_H_
#define _RANDOM_H_

#include <climits>
namespace edupt {

// Xor-ShiftiCLBEBT =R —4
class Xorshift {
unsigned int seed_[4];
public:
unsigned int next(void) {
const unsigned int t = seed_[0] ~ (seed_[0] << 11);
seed_[0] = seed_[1];
seed_[1] = seed_[2];
seed_[2] = seed_[3];
return seed_[3] = (seed_[3] ~ (seed_[3] >> 19)) ~ (t ~ (t >> 8));
}

double nextol(void) {
return (double)next() / UINT_MAX;
}

XorShift(const unsigned int initial_seed) {
unsigned int s = 1nitial_seed;
for (int 1 = 1; 1 <= 4; 1++){
seed_[1-1] = s = 1812433253U * (s~(s>>30)) + 1;
}
b
typedef XorShift Random;

#endaf




ALEX

o NA L —3 2D (FHERNRATIVIV LA
- TESFRBETEABNBEICRRD,
- BOEWVELEN RDOSN D,

o BUELE I IV L

— FBEaRE

— X)L AV RS — edupt T IIREDHEM = S RE. B
. IREDINS > IS XorshiftZz ELEY

—| Xorshift ER s UTER LTS

— Random123

— etc

JCRNL—S D ONELTFHILOBES ETOERCHENTND D, B2 TILE
SRDICEBNBR(CTTED, EETHILONEDER. LKDEARLTIILTUX
LZEDRS, BLEOEDDICERBVLENEIEWSEDZED CLEH D,



Xorshift
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intersection.h
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material.h
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scene.h
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vec.

[E1fndet VEC H_
define VEC H_

#include =cmath=
namespace edupt {

struct Vec {
double x, y. z:
Vec{const double x = B, const double y = ©, const double z = ©)
inline Vec operator+({const Vec &) const {
return Vec{x + b.x, ¥y + b.y, z + b.z);
H
inline Vec operator-{const Vec &) const {
return Vec{x - b.x, y - b.y. z - b.z);
H
inline Vec operator*{const double b) const {
return Vec{x * b, y * b, z * b);
h
inline Vec operator/{const double b) const {
return Wec{x / b, y / b, z / b);
H
inline const double length_squared() const {
return x¥x + y*y + z*z;
h
inline const double length() const {
return sqrii{length_squared(}};
H
1
inline Vec operator*{double f, const Vec &v) {
return v * f;
h
1nline Vec nommalize{const Vec &v) {
return v * (1.0 / v.length());

L
inline const Vec multiply{const Vec &1, const Vec &w2) {
return Vec{vl.x * v2.x, vl.y * v2.y, vl.z * v2.z);

h
inline const double dot(const Vec &vl, const Vec &w2) {
return vl.x * wv2.x + vl.y * v2.y + vl.z * v2.z2;

h
inline const Vec crossiconst Wec &vl, const Wec &v2) {
return Vec(
(vl.y * v2.z) - (vl.z * wv2.y),
(wl.z * v2.x) - (vl.x * v2.z2)
(vi.x * v2.y) - (vl.y * v2.x}}
h
I

lrendif

soxlx), yly), z(z) {}
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VeciBiE&
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inline Vec operator+{const Vec &b) const {
return Vec(x + b.x, y + b.y, z + b.z);

b

inline Vec operator-{const Vec &) const {
return Vec(x - b.x, y - b.y, z - b.z);

b

inline Vec operator*{const double b} const {
return Vec(x * b, y * b, z * b);

b

inline Vec operator/{const double b} const {
return Vec(x / b, v / b, z / b);

b

inline const double length_squared{) const {
return x*x + y¥*y + z¥z;

b

inline const double length{} const {
return sqrt({length_squared(});

¥




normalize()
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inline Vec normalize(const Vec &v) {
return v * (1.0 / v.length());
¥




multiply()
@ — DAY MLDERZ LDIA

inline const Vec multiply(const Vec &vl, const Vec &v2) {
return Vec{vl.x * v2.x, vl.y * v2.y, vl.z * v2.2):

I
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inline const double dot{const Vec &vl, const Vec &v2) {
return vl.x * v2.xX + vl.y * v2.y + vl.z * v2.z;

F




cross()
@ — DDA MLDIMERFTET S
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ARICEKDT. ZDDART MILDEES LEBERT BNRY MLHiEENS.
TOREFERSOHEGAMICIRD,

HBRDERSE |lu x| = ||[ullllv] sin6
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inline const Vec cross{const VYec &v1, const Vec &v2) {

return Vec |
(vi.y * v2.z) - (vl.z * v2.y),
(v1.z * wv2.x) - (vl.x * v2.z),

(vi.x * v2.y) - (vl.y * v2.x});
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ray.h
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#1fndef RAY H
#define RAY H_

#1nclude "wvec.h"
namespace edupt {
struct Ray 1
Vec org, dir;
Ray(const Vec &org, const Vec &dir) : orglorg), dir{dir) {}
hE

1

gendif
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sphere.

#ifndef SPHERE H_
#define SPHERE_H_

#include <cmath=

#include "wec.h"
zinclude "ray.h"
#include "material.h”
#include "constant.h"
#include "intersection.h”

namespace edupt {

struct Sphere {
double radius;
Vec position;
Color emission;
Color color;
ReflectionType reflection_type:

Sphere(const double radius, const Vec &position, const Color &emission, const Color &color, const ReflectionType reflection_type)
radius{radius), position(position), emission{emission), color(coler), reflection_typelreflection_type) {}

/A mra
/i oray&d = _?Lv-a rue, E-
bool 1ntersect[c0nst Ray &ray, Hitpoint *hltpolnt) const {
const Vec p_o = position - ray.org;
const double b = dot(p_o, ray.dir);
const double D4 = b * b - det{p_o, p_o) + radius * radius;

if (D4 = 0.6)
return false;

const double sqrt_D4 = sqri(D4);
const double t1 =b - sqri_D4, 12 = b + sqrt_D4;

1f (t1 = kEPS && t2 < KEPS)
return false;

if (t1 = kEPS) {
hitpoint-=distance
I else {
hitpoint-=distance = t2;
}

tl;

hitpoint-=position = ray.org + hitpoint-»distance * ray.dir;
hitpoint-=normal = nomalize{hitpoint-=position - position);
return true;

+;
+;

#endif




Spheref&i&k
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— HHCVEEAR position & 4% radius

— FIEEB emission
— EIZR color
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double radius;
Vec position;
Color emission;
Color color;

ReflectionType reflection_ type;

5%H) reflection_type

radius

position




material.h

® \VectBiE{4AZ{ED TColorZERHE
® A& ReflectionType & JEIFER
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#1fndef _MATERIAL_H_
#define _MATERIAL_H_

#include “vec.h'

namespace edupt {

typedef Vec Color;

enum ReflectionType {
REFLECTION_TYPE_DIFFUSE,
REFLECTION_TYPE_SPECULAR,

const double kIor = 1.5;

b

#endaf

REFLECTION_TYPE_REFRACTION, // 121807

/ EiRrZ(Index of refraction
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intersect()

o “ XL ENDHHRNZANWCHEDOFEZHE
- = O =DM SHBIRNZEND.
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=1EU. RayiBiEkoBmEDREIFUCTIEVWSHENRSSIEDOT d-d =1 [CRB.

bool intersect{const Ray &ray, Hitpoint *hitpoint) const {
const Vec p_o = position - ray.org;

const double b = dot(p_o, ray.dir);

const double D4 = b * b - dot{p_o. p_o) + radius * radius;

if (D4 < 0.0)
return false;

const double sqrt_D4 = sqri(D4);

HRRDET, MOBVEARE| |
return false;
ﬁﬁ b’ib\: t&%"*g-é if {tl = kEPS) {

hitpoint-=distance = t1;
T oelse {
hitpoint-=distance = t2;

1

hitpoint-=position = ray.org + hitpoint-=distance * ray.dir;
hitpoint-=normal = normalize(hitpoint-=position - position};
return true;




intersect()
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bool intersect{const Ray &ray, Hitpoint *hitpoint) const {
const Vec p_o = position - ray.org;
const double b = dot(p_o, ray.dir);
const double D4 = b * b - dot{p_o. p_o) + radius * radius;

if (D4 < 0.0)
return false;

const double sqrt_D4 = sqri(D4);
const double t1 = b - sqri_D4, t2 = b + sqri_D4;

if {t1 = kEPS && t2 = kEPS)
return false;

if (tl = kEPS) {

hitpoint-=distance = t1;
T oelse {
hitpoint-=distance = t2;

1

hitpoint-=position
hitpoint-=nomal
return true;

ray.org + hitpoint-=distance * ray.dir;
normalize(hitpoint-=position - position);
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bool intersect{const Ray &ray, Hitpoint *hitpoint) const {
const Vec p_o = position - ray.org;
const double b = dot(p_o, ray.dir);
const double D4 = b * b - dot{p_o. p_o) + radius * radius;

if (D4 < 0.0)
return false;

const double sqrt_D4 = sqri(D4);
const double t1 = b - sqri_D4, t2 = b + sqri_D4;

if {t1 = kEPS && t2 = kEPS)
return false;

if (tl = kEPS) {

hitpoint-=distance = t1;
T oelse {
hitpoint-=distance = t2;

1

hitpoint-=position
hitpoint-=nomal
return true;

ray.org + hitpoint-=distance * ray.dir;
normalize(hitpoint-=position - position);




intersect()

@ IIBENIE—DDfEIC DT
— t;KEPSEKDKENESE
° tl < tzfd:O)t“tZ:EKEPSCJ: Dj(o
o LA EERDIZZE (TR (TS
“RdDo
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—_ — bool 1nt Tl t Ray &ray, Hitpoint *hitpoint) t1
B DDT, IRRISIHEVEDD | i oo oo - rayroras oo

const double b = dot{p_o, ray.dir);

—_— N AT — _ ) . . .
2> ;El;ﬁ“\ g_rd\b-gtlb\/: ~ ;Elr\l_\__l\((— const double D4 = b * b - dot(p_o, p_o) + radius * radius;
7_\ if (D4 < 0.0)

d\é ° return false;

— tlb“kE PS; D’J\E b\ t g EEEE:E EEEE{: icllrz_gﬁl-:s:i;féz?)jﬂ =b + sqri_D4;

it (t1 < kEPS && t2 < KEPS)

P IDBIDIEBBRL TNBOT |
tz (j:kEPS(J: D j(% (/ \o hitpoint-=distance = t1;

} else {

W hitpoint-=distance = t2;
¢« LD ttzb\x%ﬂl—\:’\o !

hitpoint-=position = ray.org + hitpoint-=distance * ray.dir;
hitpoint-=normal = normalize(hitpoint-=position - position};
return true;




intersection.h

#ifndef INTERSECTION H_
#define INTERSECTION H_

Zinclude "wvec.h"
#include "constant.h"

namespace edupt {

struct Hitpoint {
double distance:
Vec normal:
Vec position;

Hitpoint(} : distance(kINF}, normal(). positien(} {}
T

struct Intersection {
Hitpoint hitpoint;
int object id:

Intersection{) : object_1d(-1) {}
T

1

#endif




Hitpointigi&{&

o L1 EMEDIRERDEMENFTIEZIZINT D
— L1 DI BRERFT CODEERE distance
— RERICH T DYMEZESR normal
— RERDT—)L REEEZXRTOILE position

L

_ normal
distance

position



IntersectiontBi& {4

o EFMIEER (HitpointiBiE() (CHIX.
PFEDIDHIEINT D

struct Intersection {
Hitpoint hitpoint:
int object id;

Intersection() : object id(-1) {}

I




intersect()
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const Vec p_o = position - ray.org;
const double b = dot(p_o, ray.dir);
const double D4 = b * b - dot{p_o. p_o)
if (D4 = 0.0)

return false;
const double sqrt_D4 = sqri(D4);

const double t1 =b -

if {t1 = kEPS && t2 = kEPS)
return false;

if (tl = kEPS) {

hitpoint-=distance = t1;
T oelse {
hitpoint-=distance = t2;

1

bool intersect{const Ray &ray, Hitpoint *hitpoint) const {

+ radius * radius;

sqri_D4, t2 = b + sqri_D4;

hitpoint-=position
hitpoint-=nomal

ray.org + hitpoint
normalize(hitpoint

-=distance * ray.dir;
-=position - position);

return true;
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scene.

#ifndef GCENE H_
#define _SCENE_H_

#include “"constant.h"
#include "sphere.h”
#include "intersection.h"

namespace edupt {

L LS T8 — T —4
const Sphere spheres[] = {

Sphere{le5, Wec({ 1le5+1, 40.8, 81.6), Color(}, Color{®.75, ©.25,
Sphere(1e5, Vec(-1e5+89, 40.8, 21.6),Color{}), Color{®.25, 8.25,
Sphere{le5, Vec(50, 408.8, le5}, Color(}, Color{®.75, B.75,
Sphere(1e5, VWec(50, 40.8, -1e5+2508), Color(}, Color(),

Sphere(le5, Wec(50, 1e5, 81.8), Color(}, Color{®.75, B8.75,
Sphere({le5, Vec(58, -1e5+81.6, 81.6},Color(}, Color(@.75, 8.75,
Sphere(20,Vec (65, 20, 20), Color(}, Color{®.25, B8.75,
Sphere(16.5,Vec(27, 16.5, 47}, Color(}), Color{®.99, ©.99,
Sphere(16.5,Vec(77, 16.5, 78}, Color(}), Color(@.99, ©.99,

Sphere(15.0,Vec(50.0, 90.0, 81.6), Color{(36,36,38), Color(),

+i

1 Ze— s EDAEESEBH
inline bool intersect_scene(const Ray &ray, Intersection *intersection) {
const double n = sizeof(spheres) / sizeof(Sphere);

/1 FIER(E
intersection-=hitpoint.distance =
intersection-=object_id = -1

kINF;

/] EBRER
for {int 1 =08; 1 < int{n); 1 +) {
Hitpoint hitpoint;
if (spheres[i].intersect{ray, &hitpoint)) {
if (hitpoint.distance = intersection-=hitpoint.distance) {
intersection-=hitpoint = hitpoint:
intersection-=object_id = i;

}

return {(intersection-=object_id != -1}

}
}:

#endif

[ R ]

DD Do

.25),
75),
.75),

75),

75},
25),
99),

.99},

REFLECTION TYPE_DIFFUSE), //
REFLECTION_TYPE_DIFFUSE), //
REFLECTION_TYPE_DIFFUSE), //
REFLECTION TYPE DIFFUSE), //
REFLECTION_TYPE_DIFFUSE), //
REFLECTION TYPE_DIFFUSE), //
REFLECTION_TYPE_DIFFUSE), //
REFLECTION TYPE_SPECULAR). // £#

REFLECTION_TYPE_REFRACTION), //FSZ
REFLECTION TYPE_DIFFUSE), //EE8R

ﬂﬁﬁlﬁ}ﬂt$rﬂﬂﬂ
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const Sphere spheres[] = {
Sphere(1e5, Vec{ 1e5+1, 40.8, 81.6), Color(), Color(@.75, ©.25, B©.25), REFLECTION TYPE_DIFFUSE), // E
Sphere(1e5, Vec{-1e5+99, 40.8, 81.8),Color(), Color(®.25, ©.25, 0.75), REFLECTION TYPE_DIFFUSE}, // &
Sphere(1e5, Vec(5®, 40.8, 1le5), Color(}, Color(®.75, ©.75, ©.75), REFLECTION TYPE_DIFFUSE}, // =
Sphere{les, Vec(30, 40.8, -1e5+230), Color(), Color(), REFLECTION TYPE_DIFFUSE), // &I
Sphere{le5, Vec(SP, 1le5, 81.6), Color(}, Color{@.75, ©.75, 0.75), REFLECTION TYPE DIFFUSE), // FE
Sphere{1le5, Vec({50, -1e5+81.56, 81.6).Colar(), Color{8.75, ©.75, ©.75), REFLECTION TYPE DIFFUSE), // F=H
Sphere{20,Vec (B85, 20, 208). Color(}, Color{8.25, ©.75, ©.25), REFLECTION TYPE DIFFUSE)., // &3E
Sphere{16.5,Vec(27, 16.5, 47}, Color(}, Color(©.589, ©.99, ©.99), REFLECTION_TYPE_SPECULAR). // &
Sphere(16.5,Vec{77, 16.5, 78), Color(}, Color(®.99, ©.99, 0.99), REFLECTION TYPE_REFRACTION}, //7153
Sphere(15.0,Vec(50.0, 90.0, B1.6], Color(36,36,36), Color(}, REFLECTION TYPE_DIFFUSE}, //E2ER

T
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intersect_scene()
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inline bool intersect_scene{const Ray &ray., Intersection *intersection) {

const double n = sizeof(spheres) / sizeof(Sphere);

// FIERE

intersection-=hitpoint.distance = KINF;
intersection-=object_id = -1;
/] EREE

for (int i = 0; i < int(n); i ++) {
Hitpoint hitpeint;
if (spheres[i].intersect{ray, &hitpoint)) {
if (hitpoint.distance < intersection-=hitpoint.distance) {
intersection-=hitpoint = hitpoint;
intersection-=object_id = 1;
1
h
k

return (intersection-=object id != -1};
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JDVIE =

o NBEFILICHED I DEREE
— EDYNIEEZIEIET DHNENSD D,
o IS th=FE (Radiometry)

—HIYE% (Photometry)



YR (Flux)

o H{URFEIDIED . HHMRZEIBEET D IA b
(IRILF—)

off-em XTSI



HEIE2E (Irradiance)
o BSIROEBEERE (BIEMES=D DHETER)
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s 81EE (Radiance)
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L(x, &) = dE, (x) W

]

dw m?-sr

dw
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s 81EE (Radiance)

® Lambert® 1Y Z AIKXDdAE, cos6 = dE

L(x. @) = dE(x)  d*®(x)
* @  dwcos@ dAdwcos6
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ADKISIRREESE = 2T, $RfA,, = A cos 0DIS
7 _ ¢ @
EIEE(BI-E“) A, Acos®0
®@ KO C. —f%ICE, cos8 = ERFxDIID,
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Ly(x,w)=L,(x,w)+ | fr-(x,0,0)L;(x,w")cosOdo(w")
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Ly(x,w)=L,(x,w)+ | fr-(x,0,0)L;(x,w")cosOdo(w")
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Ly(x,w)=L,(x,w)+ | fr-(x,0,0)L;(x,w")cosOdo(w")
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1 f(X;)
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edupt::render()ZMFNE I /21T

® radiance.h
HDHEH S DREHERE %15 D B#radiance(). /\A KL —2 >0 DAA > ANIE,

® render.h

Dﬁﬁy>7@@ﬂ4fbﬂ>7wﬁ%§HWD\mMmm%ﬁDT%Ebtwwﬁﬁmﬁﬁ%ﬁﬁiéﬁﬁ
render()o



main.cpp

® cdupt::render()ZZFATWDIET
—- LAY TRRERE
— A—=IN—B > T THRE
- SJEOvILHEnoY> T JE
« ZIEEIT D

#include <iostream=
#include "render.h’

int main(int argc, char **argv) {
std::cout <= "Path tracing renderer: edupt" =< std::endl == std::endl;

J/ BABX4ABOMER. (2x2) = 4 sample / pixel
edupt::render(648, 480, 4, 2);

¥




render.h

[¢ifndef _RENDER_H_
ledefine _RENDER_H_

rinclude <lostream=

[rinclude "radiance.h”
lrinclude “ppm.h"
lrinclude "random.h”

namespace edupt {

int render{const int width, const int height, const int samples, const int supersamples) {
/1 NASHE
const Vec camera_position = Vec(50.8, 52.8, 220.8);
const Vec camera_dir = normalize(Vec(0.8, -8.84, -1.8)):

const Vec camera_up vec(0.0, 1.8, 8.8);

/1 DI REERTOAL ) — DR ES

const double screen_width = 30.8 * width / height;

const double screen_height= 30.8:

[ A= ETOEE

const double screen_dist = 40.8;

1f AU —EEDIAD ML

const Vec screen_x = normalize{cross{camera_dir, camera_up)) * screen_width;
const Vec screen_y = normmalize{cross(screen_x, camera_dir}) * screen_height:
const Vec screen_center = camera_position + camera_dir * screen_dist;

Color *image = new Color[width * heightl;

std::cout << width << "x" << height =<

=< samples * (supersamples * supersamples) =< " spp" << std::endl:

/{ OpenMP
// #pragma omp parallel for schedule(dynamic, 1) num_threads(4)
for (int y = 0; y < height; y +) {
std::cerr << "Rendering {y = " << y << ") " <= (100.0 * y / (height - 1)) =< "%" << std::endl:

Random rnd{y + 1);:
for (int x = 0; x < width; x ++) {
const int image index = (height - y - 1) * width + x;
// supersamples x supersamples (DA—J{—H > TUA
for (int sy = @: sy < supersamples: sy ++) {
for (int sx = @; sx < supersamples; sx ++) {
Color accumulated_radiance = Coler();
M DO T EStLaiEDsanplesEH LT U TS
for {int s = 8; s < samples; s ++) {
const double rate = (1.8 / supersamples):
const double rl = sx * rate + rate / 2.0;
const double r2 = sy * rate + rate / 2.0;
/HADU—LOME
const Vec screen_position =
screen_center +
screen_x * ((rl + x) / width - 8.5) +
screen_y * ((r2 + y) / height- 8.5);
/1 LAEREZTAE
const Vec dir = normalize(screen_position - camera_position);

accumulated_radiance = accumulated_radiance +
radiance(Ray(camera_position, dir), &rnd, @) / samples / (supersamples * supersamples);

imagelimage_index] = image[image index] + accumulated_radiance;

H
H
}
/OER
save_ppm_file(std::string{"image.ppm”}, image, width, height):
return 8;
H
+s

lrendif
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int

render[cnnst int width, const int height, const int samples. const int supersamples) {

" " :‘:IJ"" _-’1_._
const Vec camera_position = Vec(56.8, 52.8, 2208.8);
const Vec camera_dir normalize(Vec(g.8, -0.84, -1.8)});

const Vec camera_up = Vec(0.0, 1.8, B8.8);

H D-ILFEERTOASU—ORES

const double screen_width = 30.0 * width / height;

const double screen_height= 30.0

I A9U—FTOEE

const double screen_dist = 40.0;

I A —EEBNG L

const Vec screen_x = nommalize(cross(camera_dir, camera_up)) * screen_width;
const Vec screen_y = nommalize(cross(screen_x, camera_dir)) * screen_helght;
const Vec screen_center = camera_position + camera_dir * screen_dist;
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2*screen_height

[V

int render{const int width, const int height, const int samples., const int supersamples) {

'l...‘l.. _‘—I "" _-’1_._|_

const Vec camera_position = Vec(56.8, 52.8, 2208.8);

const Vec camera_dir = normalize{Vec(®.®, -0.04, -1.8));
const Vec camera_up = Vec(0.0, 1.8, B8.8);

H D-ILFEERTOASU—ORES
const double screen_width = 30.0 * width / height;
const double screen height= 30.0;

I A — ETOEE
const double screen_dist = 40.0;

ALU—EEENI ML
const Vec screen_x = nommalize(cross(camera_dir, camera_up)) * screen_width;
const Vec screen_y = nommalize(cross(screen_x, camera_dir)) * screen_helght;
const Vec screen_center = camera_position + camera_dir * screen_dist;
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camera_up

camera_position

camera_dirxcamera_up

A

screen_y

screen_dist

screen_center

screen_X

f AASIE

const Vec camera_position
const Vec camera_dir
const Vec camera_up

Vec(0.0,
/I D—ILREERTOHAS ) —ORED
const double screen_height= 30.0;

{1 A — L ETOEE
const double screen dist = 40.0;

int render{const int width, const int height, const int samples., const int supersamples) {

Vec(50.0, 52.8, 220.0);
nomalize(vec(8.0, -9.84, -1.8));

1.8, 8.8);

const double screen_width = 30.0 * width / height;

[ A2 —mESNT ML

const Vec screen_x = nommalize(cross(camera_dir, camera_up)) * screen_width;
const Vec screen_y = nommalize(cross(screen_x, camera_dir)) * screen_helght;
const Vec screen_center = camera_position + camera_dir * screen_dist;
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ELTINY D7 ([CIRFI B,

Color *image = new Color[width * heightl]:

std::cout == width == "x" <= height == " " << samples * (supersamples * supersamples) =< " spp" =< std::endl;
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— Radiance (.hdr)

— OpenEXR (.exr)

* http://www.openexr.com/

— Floating point TTF
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iy E'F'EFIHP
/7 #pragma omp parallel for schedule(dynamic, 1) num_threads(4}
for {int y = ©; y = height; y ++) {
std::cerr =< "Rendering (y = " =< y =< "} " =< {(100.6 * y / (height - 1)) =< "%" =< std::endl;

Random rnd(y + 1);
for {int x = 0; % = width; x ++) {

const int image index = (height - y - 1) * width + x;
/! Suphraanplha x supersamples MXA—){—H T4
for {int sy = 8; sy = supersamples; sy ++) {

for {int sx = ©; sx < supersamples; sx ++) {
Cnlur accumulated_radiance = Colaor();
1 —2OHTE LB DsanplesEH L U LTS
for {int s = @; s < samples; s ++) {
const double rate = (1.8 / supersamples):
const double rl = sx * rate + rate / 2.8;
const double r2 = sy * rate + rate / 2.0;
[ ALV =2 FOATE
const Vec screen_position =
screen_center +
screen_x * ((rl + x) / width - 8.3) +
screen_y * ((r2 + y) / height- 8.53);
/LA ERIET AR
const Vec dir = nommalize(screen _position - camera_position);

accumulated radiance = accumulated radiance +
radiance(Ray(camera_position, dir), &rnd, @) / samples / (supersamples * supersamples);

b

image[image index] = image[image index] + accumulated radiance;




158 3% 5 B

® OpenMP
- TA LT« T&IEFEIT D ETREICTESE,
— edupt C(FEHRDITE E(ICRIZ DAL W RTUEE=ET
(/\50
® i FI{LDAL IR EE {37 (B3R L\ =R

— IRBANRLLETO] /7&*‘%(:100%@ FLT=0N,

/ OpenMP |
// #pragma omp parallel for schedule(dynamic, 1) num threads(4)
for (int y = 8; y < height; y ++) {
std:icerr <=

"Rendering (y = " <= y == ") " <= (108.0 * y / (height - 1)} == "%" =< std::endl:
Random rnd{y + 1);
for {int x = 0; x < width; x ++) {

const int image index = (height - y - 1) * width + x;

// supersamples x supersamples DA—/i—H. T4

for (int sy = 8; sy = supersamples; sy ++) {

CGDOL >AU>JFEDILEOUEN
SV el 070 e ¥ /el SN = Ya e a) A A

Cnlnr ac(umula‘t

J —oOH Tt

‘fnr (int s = B;
const doubl
const doubl
const doubl

const Vec s

for {int sx = @; sx <

supersamples; sx ++) {
ed_radiance = Color();
wtz)ldizDsamplesED 2 U 0T3
s = samplea s ++) {

e rate = (1.8 / supersamples);
e rl = sx * rate + rate / 2.0;
e r2 =sy* rate + rate / 2.0;

/1 A= EOMIE

creen_position =

128, FEB(CTINE LT UVEREE LT

screen_center +

screen_x * ({rl + x) / width - @.5) +
screen_y * ({r2 + y) / height- 8.5);
I LAERETAE
const Vec dir = normalize(screen_position - camera_position);

MBNTND, TDIZEH., CDXKDICE
%m?4DOF47%—‘FE?5FH :
TESHELIINE=N. BRICHHFT | B

accumulated_radiance = accumulated_radiance +
radiance(Ray({camera_position, dir), &rnd, 8) / samples / (supersamples * supersamples):

imagelimage_index] = imagelimage_index] + accumulated_radiance;
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EHHRDFEITIICDOWT, EFH

BROITE EICTINE SN D AIEEMEN B D Tesh. 1T LICELEE
i FIRRE U TIER9 B,

BEROITZ X CWTELREREEHBE T D LMmahFEEL TaR
REMNLLIED S D,

® image_indexh'ColorBeHICHT DTV IR

OpenMP
/ @hragma omp parallel for ccheduleldynamic 1) oum threads{d)
for (int y = 8; y < height; y ++) {
std::cerr <= "Rendering (y = " << y =< ") " =< (100.0 * y / (height - 1)) =< "%" << std::endl:

Random rnd{y + 1);
for {int x = 0; x < width; x ++) {
const int image index = (height - y - 1) * width + X
'/ supersamples x supersamples DA—/i—H L
for (int sy = 8; sy = supersamples; sy ++) {
for {int sx = ©; sx < supersamples; sx ++) {
Cnlnr accumulated_ radlance = Color();
/i —oOH ALz DeanplesE L U LTS
for {int s = 8; s = samples; s ++) {
const double rate = (1.8 / supersamples);
const double rl = sx * rate + rate / 2.0;
const double r2 = sy * rate + rate / 2.0;
) A= D
const Vec screen_position =
screen_center +
screen_x * ({rl + x) / width - @.5) +
y * ({r2 + y} / height- 8.5);

£/ g
const Vec dir nomalize{screen_position - camera_position);
accumulated_radiance = accumulated_radiance +

radiance(Ray({camera_position, dir), &rnd, 8) / samples / (supersamples * supersamples):
¥

imagelimage_index] = imagelimage_index] + accumulated_radiance;
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H>TJU>O8 (CoAmicLTr=RIELTESNE

' | mEEECOVTIEITLOBETS)

// OpenMP
[/ #pragma omp parallel for schedule(dynamic. 1) num_threads(4)
for (int y = 8; y < height; y ++) {
std::cerr <= "Rendering (y = " =< y =< ") " =< (108.0 * y / {height - 1)} =< "%" << std::endl:

Random rnd{y + 1);
for {int x = 0; x < width; x ++) {
const_int image index = (height - y - 1) * width + X;
// supersamples x supersamples (DA—/{—H 7%
for (int sy = 8; sy = supersamples; sy ++) {
for (int sx = 8; sx < supersamples; sx ++) {
Color accumulated_radiance = Color();
/i —2OHTESE gz DsanplesBH L F UL ITS
for (int s = 8; s < samples; s +) {
const double rate = (1.8 / supersamples);
const double rl = sx * rate + rate / 2.0;
const double r2 = sy * rate + rate / 2.0;
,, _’/“U /I/‘
const Vec screen posrtmn =
screen_center +
screen_x * ({rl + x) / width - @.5) +
screen_y * ({r2 + y) / height- 8.5);
I LAERETAE
const Vec dir = normalize(screen_position - camera_position);

accumulated_radiance = accumulated_radiance +

radiance(Ray({camera_position, dir), &rnd, 8) / samples / (supersamples * supersamples):
¥

imagelimage_index] = imagelimage_index] + accumulated_radiance;
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{SREE Bk

O AV V-2 ETHOEY>TY D adDhiiE

— EO1)LZHEkEsupersamplesiE (C 2,
DEUEE/N\EGR =T Eot)lobibEY > TUS D
REUTCEDMNEZKRDD,

TOAIENS LA ZFS. TOEIIILDEEEZETREI DL
VAN

OpenMP
ragma omp parallel for schedule(dynamic, 1} num_threads(4
for (int y = 8; y < height; y ++) {
std::cerr <= "Rendering (y = " << y =< ") " =< (100.0 * y / (height - 1)) =< "%" << std::endl:

Random rnd{y + 1);
for {int x = 0; x < width; x ++) {
const int image_index = (height - y - } * width + X
'/ supersamples x supersamples DA—/i—H L
for (int sy = 8; sy = supersamples; sy ++) {
for {int sx = ©; sx < supersamples; sx ++) {
Cnlnr accumulated_ radlance = Color();
¢ —DmBEStEILEDsanplesEH L UL ATS
fnr (nt s = 0: amples: ) I
const double rate = (1.8 / supersamples);
const double rl = sx * rate + rate / 2.0;
const double r2 = sy * rate + rate / 2.0;
) A= D
const Vec screen_position =
screen_center +
screen_x * ({rl + x) / width - @.5) +
y * ({r2 + y} / height- 8.5);

El
const Vec dir nomalize{screen_position - camera_position);

accumulated_radiance = accumulated_radiance +

radiance(Ray({camera_position, dir), &rnd, 8) / samples / (supersamples * supersamples):
¥

imagelimage_index] = imagelimage_index] + accumulated_radiance;
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e > JUITEIRMhREODIESEDSEEICLA
Z2mRIEL. €DAREHSDIEHERE Z radiance()(C
KDOTCEBD
— radiance() (FHEXRRIRRLNRD TREZ ST,

— B UAmEICDULYTsamplesElradiance()ZEiTL. D3
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/ OpenMP
I/ #D ’ac\na omp parallel for schedule(dynamic. 1) num_threads(4
for (int y = 8: y < height; y ++) {
std::cerr <= "Rendering (y = " << y =< ") " =< (100.0 * y / (height - 1)) =< "%" << std::endl:

Random rnd{y + 1);
for {int x = 0; x < width; x ++) {
const int image_index = (height - y - 1} * width + X
'/ supersamples x supersamples QZ—/{—H U
for (int sy = 8; sy = supersamples; sy ++) {
for (int sx = 8; sx < supersamples; sx ++) {
lated radiance = Color{):
/ > Szl NsamplesEH > U LITS
for {ant s ; s < samples; s ++) {
const double rate = (1.8 / supersamples);
const double rl = sx * rate + rate / 2.0;
const double r2 = sy * rate + rate / 2.0;
/1 ALV —2 b0y
const Vec screen_position =
screen_center +
screen_x * ({rl + x) / width - @.5) +
screen_y * ({r2 + y) / height- 8.5);
/o LTERIETAE
const Vec dir = normalize(screen_position - camera_position);

accumulated_radiance = accumulated_radiance +
radiance(Ray({camera_position, dir), &rnd, 8) / samples / (supersamples * supersamples):

1

imagelimage_index] = imagelimage_index] + accumulated_radiance;
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radiance()

® radiance()(&L 1 DA RS DOBEHEEEZETE
g DEEX
—LAES—CODOREZXETDEL, (x, —0) DIEZKED
niEknC ERDnsd
— L, (FE>FHILOBDIC KD TKREDD Tradiance()E
FEXRIREZRCIRD ENWD

w
radiance()

L,(x,w) =L,(x,w)+ | f-(x,0,w")L;(x,w")cosOdo(w")
Qy

L>AU>ORER



radiance ) D7 I JVUX L

o BIlO—R (JXAML—2320(CKBL DEEERICLTWNDS)
® radiance(x, w) : fliEx(CwAEH 5 < DHEHERE
1. xhBohAmEicLA -0, RERZXETD
2. OMS1DEHEIDELEZ S Cqg EDOR/NEE
1. qRlErRSreturn L(x, &) & UTHIFRT
2. SERITNEZDOIRFUIBZHAT
3. UBx'ZzhhEUle¥sktTc1iAmy>JU>2o, (2T
JUSHERZE R pdf(CIED &9 D)
4., BNEY> I ZETD
5. O={UEx' ([CHITDEMRED MDA T H

fr(x',@,6" )radiance(x’ @) cos 8 1
pdf(w’) q

6. return L, (x', @) +



radiance.

[FiTndel RADIANCE H_
| #define “RADIANCE H_

include <algorithms

=include “ray.h
zinclude “scene.h”
include “sphere.h”
[#include “intersection.h”
#include *random.h”

namespace edupt {
const Color kBackgroundColor

const int kepth =
const int kDpethLimit

Color(6.6, 6.8, B
b= Ly RTITSHS

S

/1 rayAEnSORSRETR0D
Color radiancelconst Ray &ray. Random *rnd. const int depth) {
Intersection intersection;
12— &
if (lintersect szens[ray &intersection))
return kBackgroundColors

const Sphere &now_object = spheres[intersection.object_idl;

const Hitpoint &hitpoint = intersection.hitpoint;

mal = dot(hitpoint.normal . ray.dir} < 8. ? hitpoint.normals
. S

72
DRIBI R EDIRET

1/ RSB —E
if (depth = kDpsthLurut)
russian_roulette_probability *= pow(8.5, depth - kDpethLimit);

T Il— Loy NODBE

BEEITSYBNEINEHEHT 3.

LD [
if (depth » kDepth) {
if (rnd->nextOl() >= russian_roulette_probability)

return now_object.emission
} else
russian_roulette_probability = 1.8; // OZFZ)L—L-w I

Coler incoming_radiance;
Color weight =

switch (now_object.reflection_type) {
GEE

/7 orienting_normal B
Vec w, u, v
W - orienting_normal;

TAED. 0

u = normalize(cross(Vec(0.6, 1.
else

u = normalizelcross(Vec(1.8, 0.6, 0.8), w)):
v = crossiw, u):
= 2 ) BIHL U T
const double r1 =2 * kPT * rnd-=next®l():
const double r2 = rnd->next@l(}, r2s = sqrtlr2);
Vec dir = normalizel{

u * cos(rl) * ras +

v ¥ sin(rl) * r2s +

wor sqre(1.0 - r2)));

incoming_radiance = radiance(Ray(hitpoint.position, dir), rnd, depth+1):
1 VA THE A
z g

weight < now sbject fotar / russian_rouletts_probability;
T break;

(-1.0 = hitpoint.normal); //

Tl Ly b
double russian roulette probability - std: max(now object.color.x, std:maxinow object.color.y, now_object.color.z}]s

]

TRERATROLAZRET.

if (fabs{w.x) > KEPS) // ~4 MIWEEZT B~ ML i_‘ (£, w.xolCiEL RS LTI TRVWEE L TEING MLEERS.
0, 8.0), wi):

. outgoing_radiance = weight * incoming_radiance.

FEACEEATHA VA, pdf ()T

<E
case REFLECTION_TYPE_: SPECULAR {
SE

weight = now_object.color / russian_roulette probability;
} break:

orATR

case REFLECFIDN TYPE_REFRACTION: {

const bool into = dot(hitpoint.normal, orienting_normal) > 0.8; // L-77AJ

/7 SnelldERl
const double nc
const double nt
const double nnt = into 7 ne 7 nt -

const double ddn = dot(ray.dir, orienting_nomal};

const double cos2t = 1.6 - nnt * nnt * (1.0 - ddn * ddn);

if (cos2t < 0.0) { //
incoming_radiance = radiance(reflection_ray, rd, depth+l};
weight = now_cbject.color / russian_roulette_probability:
break;

EHfOAE
const Ray refraction_ray = Ray(hitpoint.position,
nomalize(ray.dir * nnt - hitpoint.nomal * (into 7 1.8 : -1.0) * (ddn * nnt + sqrt{cos2t))));

/7 SchlickiCdBFresn,
const double a = nt - nc nt +
const double RO = (a * a) / (b = h)

const double ¢ = 1.0 - (into ? -ddn : dot(refraction_ray.dir. -1.0 * unentmg nomal))
const double Re = RO + {1.€ - RE) * powlc, (0

const double nnt2 = powlinto ? nc / nt : é
const double Tr = (1.0 - Re) * nnt2; // [EH7/

2T =L V\L
const double probabi
if (depth > 2) {
if (rnd-=nextel() < probability) { // &E&f
incoming_radiance = radiance(reflection_ray, rnd, depth+l) * Re;
weight = now_object.color / (probability * russian_roulette_probability):
Y else { // B
incoming_radiance - radiance(refraction_ray, rnd, depth+1) * Tr;
weight = now_object.color / ({1.0 - probability) * russian_roulette_probability);

3
1 else { /7 BHEE
incoming_radiance
radiance(reflection_ray, rd, depth+l) * Re +
radiance(refraction_ray, rd, depthel) * Tr:
weight = now_cbject.color / (russian._roulette_probability):

8.25 + 0.5 * Re;

} break:
H

return now_object.emission + multiply(weight, incoming_radiance)s

}:

jrendif

Incoming_radiance — radisnce(Ray(nifpoint position. ray.dir - hitpoint.nomal < 2.0 * dot(hitpoint.nomal, ray.dirl), rnd, depthel);

const Ray reflection_ray = Ray(hitpoint.position, ray.dir - hitpoint.nomal * 2.6 * dot(hitpeint.nomal, ray.dir)):
i)

B0 ABON




radiance()

eraySMICL 1 ML—220 UTCREREHE
—~REURMOIEEERERELURELT
Backgroundcolorzik U CTH#& T,

Colpr_radiancalconst Rav &rav. Random *rad, const int depth) {

T

if {!intersect_scene(ray, &intersection))
return kBackgroundColor;

const Sphere &now_object

const Hitpeint &hitpeint

orienting_
BAm

spheres[intersection.object_idl:

intersection.hitpoint;

dot({hitpoint.normal , ray.dir) < 0.6 ? hitpoint.normal: {-1.8 * hitpoint.normal); // %
Fl—Lw hTHES
T il— Ly SORIEIRSE: =) FEHES e LB

double russian_roulette_probability = std::max(now_object.color.x, std::max(now_object.color.y, now_object.color.z)):

if {depth = kDpEthLilTllt))
russian_roulette_probability *= pow(@.5, depth - kDpethLimit);

(RFwoA—)(—270—

=) — Ly
L:Def DEHHFFE
if (depth = kDepth) {
if (rnd-=nextel{) == russian_roulette_probability)
return now_object.emission;
} else
russian_roulette_probability = 1.6; // OZ72Il—Lw FEFTL

Color incoming_radiance;
Color weight = 1.0




radiance()

® orienting_normal

— LA DOEEEYMRNERORNIEZETE I D3 ETZDDONRT MNLDL T BDcosdhH'E
BTEd, COERICE O TLADYMURICHNSEZET DONENSEZET DD
MEHTETSE. LA (I DiEfHRorienting_normalzzig 5113,

hitpoint.normal=orienting_normal hitpoint.normal

L

orienting_normal

S BEERI DT —X RS ERT DT —X

/¢ rayREDSOREEEETRDS
Color radiance(const Ray &ray, Random *rnd, const int depth) {
Intersection intersection;
1 2= ETERE
if (lintersect stenelray &intersection))
return kBackgroundColor;

const Sphere &now_object = spheres[intersection.object_idl:
onst Mitpoint Lhitpnint = intercection hitpoint:

const Vec orientin nunﬂal = dnt[hnpumt nnrma'l ray.dir) < 0.6 ? hitpeint.nomal: (-1.8 * hitpoint.nomal); //

SEsnBu.
‘max(naw, _object.color.x, std::max(now_object.colar.y, now_object.color.z)):

/0 REEEL—EN LA a0 P L~y MOEEES FREES. (Rv oA~/ (—J0-—#HR)
if (depth = kDpethLimit)
russian_roulette_probability *= pow(@.5, depth - kDpethLimit);

hig] fild
U‘ {depth = kDepth) {
if (rnd-=nextel{) == russian_roulette_probability)
return now_object.emission;
} else
russian_roulette_probability = 1.8; // OZ-724L

Color incoming_radiance;
Color weight = 1.9;




radiance()
eO=>72II—LY b
— BEBIRICRB30ZBE 0O 7> )L— Ly NI
- LA EZELEAT ST FORSREORNGEAOEDZO 7>

JL—L v hOOMESR(CT B,
REIENKETITNEZDEROBIROEBEELEE VA DONSUIRZIT S S
BeEs T, REEN NS FIUEZOROBIROBEHEEES S H S0
BZEFI 5 dERZ LTS5,
— AV O A—)\—=TO—FHK TDepthLimitElX LBIZLIZS5FT5
tdHERZ LIS,
— WIS NICLTH. DepthEIDOBIRIIMRET B,

7 ray s SOREREE EZRDS
Color’ radiance( t Ray &ray Random *rnd, const int depth) {

eeeeeeeee

ene(ray,
return kBackgroundColor

cons‘t Sphere &now_object = spheres[intersection.object_idl:
nst Hitpeint &hitpeint = intersection.hitpoint
o .

/1 OSF L~y MOBERERR SeLDBL.
double russian_roulette_probabili ject.color.x, std::max(now_object.color.y, now_object.color.z)):

/1 REIEEN—EM EICR RS0 TV IL— Ly MOBEZREESES. (RPyoA—/(—J0—HF)
if (depth = kDpethLimit)
russian_roulette_probability *= pow(@.5, depth - kDpethLimit);

/BT Ly rEEFUEHESUIBA EDNEHIRT 3.
LDepthEDEHHHRET -
f [d p‘th kD pth){

f (rnd-=nextdl{) == russi oulette_probability)
return now ob]ect emission;
} else
oulette_probability = 1.0; // O F7IL—Lw FEFLELORE
Color incoming_radiance

Colar wemh‘t 1.0;

ray.dir) = 0.0 7 hitpoint.nomal: (1.8 * hitpoint.nomal): // SEMEOEE GIELNSOLAOINEETEE)
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radiance()

O REFLECTION_TYPE_DIFFUSE
~ SERHLANE
- ROREIBEEY > TU I T BRENGD.

— orienting_normalDAM7ZE#E L U CIEREREEZ/ED . ST
DFEEATHTU DT3B,

orienting_normal=w

Color inceming_radiance;
Color weight = 1.8;

switch (now_object.reflection_type) {

== i
case REFLECTION_TYPE_DIFFUSE:
W // orienting_normaldZE JREE

Vec w, u, v;
w = orienting_normal;
if (fabs{w.x) = kEPS) // ~% MWEETTEAL MILEES. w.dil
u = normalize(cross(Vec(6.8, 1.8, 8.8), w)):
else
u = normalize({cross{Vec(1.0, 0.8, 8.0), w));
v = cross{w, u);
/1 DY VEEED

BT

const double rl =2 * kPI * rnd-=nextel();
const double r2 = rnd-=next0l{), r2s = sqrt(r2);
Vec dir = normalize((

u * cos(rl) * r2s +

v * sin(rl) * r2s +

w ¥ sqri(1.0 - r2)));

ion, dir), rnd, depth+l);
. outgoing_radiance = weight * incoming_radiance

ICBFETIYAE, pdf(

ViFH > T AR

/s
/f £oT. wed !
weight = now_object. color / russian_roulette probability;
} break;
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N
.1 X;
I :—z fX0) fr(x', @, w)radiance(x',w") cos 6
N L pdf (X)
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— radiance() (&3R4,
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STEILBEICHITDA IR—F X8> TU>D
(J=72DE8)

cos 6

o MEREERIL pdf(0,¢) = —
o RMEDMRIF(0,¢) == [ cosf dw

1 (¢ (9
F(6,¢) = py j cosB'sin8'd6’ d¢'
0

0

1 (¢ 0
= — dqb’j cos 6’ sin 0’ d6’
T Jo 0

¢ [ cos? 9’]0
T 0

2

¢
—%(1—c0529)

F(¢) =%,F(9) =1 —cos? 6




SEILBECHBITIA R—F>XB>2TUSD

o TEREERM pdf(0,¢) = — i

® Dpdf(CE>THEZEY>TU>T9 D%
_ —DEZDASA ROBEZEBBFOVEBEEZD &

¢; = 2muy

0; = cos™! \u;
1212 Ly, u, (00N S 1SR FIDELEK

o O ICWL TCEI=ZE>TH> T, MBEEERE> TREAM
dirzst&9 .

const double r1 = 2 * KPI * rnd-=nextBl();
const double r2 = rnd-=next8l(), r2s = sqrit(r2);
Vec dir = normalize((

u * cos{rl) * r2s +

v * sini{rl) * r2s +

w * sqri(1.0 - r2)));




SEILBECHBIFIAR—F>XB>2ITUSD

o TERMERIEN GTBRDFb\‘%T@GJTH%%H@ Cradiance()
MR I D&

1
Lo(x',w) + o - radiance(x’, &") - =

Q

O— REEE

incoming radiance = radiance(Ray(hitpoint.position, dir), rnd, depth+l});
welght = now object.color / russian_roulette probability:

return now_object.emission + multiply(weight, incoming_ radiance};
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radiance()

O REFLECTION_TYPE_SPECULAR
- SRR
— RORSTAENFEHEIC AGHE 5 LW\ S B D5

> =
L

D

/f TEEEE

case REFLECTION TYPE_SPECULAR: {
/! TEREEROTL- ORSESEIEREN.
O Fl—Lv MOEETRETIOELEAL.
incoming_radiance = radiance(Ray({hitpoint.position, |ray.dir - hitpoint.normal * 2.8 * dot{hitpoint.nomal, ra}f.dir}}ld rnd, depth+1):;
welght = now_object.color / russian_roulette probabiliTy:;

1 break;




radiance()

O REFLECTION TYPE REFRACTION
N> AM|
JEITER (I material.hdklor

® I SnellDFEICK DO TREIFT 55 ZRDB

- B9 AMIICKL>TFEIMECST . AFTUANE TR
N3IERGMEECD. (ZOHEETEER R CULE(CRD)

/i EREKIormASA
case REFLECTION_TYPE_REFRACTION: {
const Ray reflection_ray = Ray(hitpoint.position, ray.dir - hitpoint.normal * 2.0 * dot(hitpoint.nomal, ray.dir));

const bool into = dot(hitpoint.normal, orienting normal) = 0.0: // L-HATc 2R sES0n. AB0OH
/1 SnelldiEEl

const double nr: =1.0; // EZDERE

const double nt = kIor: // AT=TH5 HOEFTE

const double nnt into 7 nc / nt : nt / nc;
const double ddn = dot{ray.dir, orienting_normal);
const double cos2t = 1.0 - nnt * nnt * (1.0 - ddn * ddn);

if (cos2t = 0.0) { // =35
incoming_radiance = radiance({reflection_ray. rnd, depth+l);
weight = now_object.color / russian_roulette probability:
break;
}
Iy |— Tv.-— Jr-.‘
const Ray refraction_ray = Ray({hitpoint.position,
nomalize{ray.dir * nnt - hitpeint.normal * (inte ? 1.8 : -1.8) * {(ddn * nnt + sqri(ces2th)));
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SnellD;EH

o ASTHIOYMADIEITEZn,. AFROYMRDIEITEZn, &

x|

=~

n,sin@; = n, sinf, (Snelld;EHl)

2

n S 2

c05282=1—(—1> (1-(=D-N))
n;

BONOERBG(CIRDIEE. 0,N0EZBXIE
WS ZET. kb,

/7 snellayERl

const double nc = 1.0; // EZOEFTE

const double nt = kIor; // ATz 4 HOERE

const double nnt = 1nto ? nc / nt : nt / nc;

const double ddn = dot{ray.dir, orienting_normal);

const double cos2t = 1.8 - nnt * nnt * (1.0 - ddn * ddn);:

if (cos2t < 0.8) { // 2FE&
incoming radiance = radiance{reflection_ray, rnd, depth+1);
weight = now object.color / russian_roulette probability;
break;

1
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SnellD;EH

EHTDF (A

/! I
const Ray refractien_ray = Ray(hitpoint.position.
normalize{ray.dir * nnt - hitpoint.normal * {inte 7 1.0 : -1.8) * (ddn * nnt + sqrit{cos2t)})):

ﬁ -
A R
01) 6, ny n n
—> 1= 1 /=2 — —
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FresneldD™

® ZH e DIENTEDEIS [EFresnel DTNICHEDS
® Schlick DRl B< {EhHhnsd

— ABH(CH T DREIADENEDEISE.(0) [CDWLWT AFAEDE
e LU TE,

R

E.(6,) =Fy+(1—-Fy( —cosb,)>

~l

ny > n,DEE(IE(0) = Fy + (1 — Fy)(1 — cos 6,)°

FolSEEAHCHITDIRFDET
_ (ny —ny)?

Fn =
° 7 (g +1ny)?




FresnelD™
o ZHIFEMDiEMNICDEIS

E(6,) =Fy+(1—-Fy( —cosb;)>

ny >n,DEE(IE(0,) = Fy + (1 — Fy)(1 — cos 6)°

const double Tr = (1

- Re) * nnt2;

£ Schldckl bAFresnel M SHESOALEHES

const double a = nt - nc, b = nt + nc;

const double RB = (a * a) / (b * b);

const double ¢ = 1.8 - {inte ? -ddn : dot{refraction_ray.dir, -1.@ * orienting_normall)):

const double Re = RO + (1.8 - RB) * powlc, 5.0): // ESAROEH RS -?,_' v der"ﬁI"’]" TElS .
const double nnt2 = pow Into 7 nc /S nt :nt /S nc, 2.0} e I I F== g

/1 BFFAORSERL Tray. der"iI'"J

2le




FresnelD3\

® [EIRSEDENKDEIS

HARW(C(I1 - E(8,)

° l/*f HYE/ND (IS EE
— IEEE (FfEIFTDRIE TIENZEL T B,
— IENEE QB ARSI D DIETRDONIER,

g

BB ORENEE = (22) EITER ORI

// SchlickiC L BFresnelOESHEROELEEDS
const double a = nt - nc, b = nt + nc;
const double RB = {3 * a) / (b * b);

const double ¢ = 1.8 - {into ? -ddn : dot(refraction_ray.dir, -1.0 * orienting_normall);

ronet doghle Be — BB o (15 - BRY * pole 5 opY. gy RS 'l-‘-tw%fr‘-:ar O o U B o £ W L A = = P =28 e Y v =l 00 PR SO

const double nnt2 = pow(into ? nc / nt : nt /onc, 2. D} ! LT R NEEE IR EOEG S TER T o L. BIREOLRO_EOOEITELTS-
const double Tr = (1.8 - Re) * nnt2; // EFRAROEGSERLT ra‘;‘.clirﬁCEr':]:- BREE
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o RIS HEEIRARDMAHSERIBEHEEZFTEIT S
WEDHHS
— MAICX LU Tradiance()ZE1T I D EL A HIEHNCIBEX D2 -HF
EEN—TEMU 50272 )L— Ly hE> TEINE I,
- O>7>2)L— L v hOMER(IR G FEDESNEDES(CE DUV CIE
HITRD Do

FOEESH—AEERNTD. (TERVEEINICLMTERSD)

k]l

H —EE b1 ZEHUsEREER
S/ Oz )—L-w PTRET 2.
const duuhle probability = 0.25 + 8.5 * Re;
if (depth = 2) {
if (rnd->next®l() < probability) { // EE&I
incoming_radiance = radlance[reflectlnn ray, rnd, depth+l) * Re;
weight = _now  object.color / (probability * russian_roulette probability);
}else { // B
incnming_radiance = radiance(refraction_ray, rnd, depth+l) * Tr;
weight = now object.color / ((1.8 - probability) * russian_roulette probability);

ks
} else { /7 BiInEREOEATIESF
incoming_radiance =
radiance({reflection_ray, rnd, depth+l) * Re +
radiance{refraction_ray, rnd, depth+l) * Tr;
weilght = now object.color / {russian_roulette probability);

T
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O REN—EHUTRSEEICL 1 ZIEDN

— RETAME. EBIABEOENZENDSERKDINNEEZET
HI DEHCENENDAEICradiance()ZZE1T.

— Fresnel DTN K D 9 TICETRIBEH DRI SEDE SNEDE]
S ERITIHEOEINNDEEZ ENENICERET D,

1 —ERELMEERUESEREEFOESSH—ARERNTS. (TERVEEINICLMHHERSD)
HOZF o)=Ly TRET B-
const double probability = ©8.25 + 8.5 * Re;
if (depth = 2) {
if (rnd->next®l() < probability) { // EE&I
incoming_radiance = radlance[reflectlnn ray, rnd, depth+l) * Re;
weight = _now  object.color / (probability * russian_roulette probability);
}else { // B
1ncnm1ng_radlance = radiance(refraction_ray, rnd, depth+l) * Tr;
weight = now object.color / ((1.8 - probability) * russian_roulette probability);

1
} else { // BinEREOEATIES
incoming_radiance =
radiance({reflection_ray, rnd, depth+l) * Re +
radiance{refraction_ray, rnd, depth+l) * Tr;
weilght = now object.color / {russian_roulette probability);

° ]
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