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render.h

render_by reference_pathtracirty

i3 AHY X 7T OAdAANYI A 4T AL G T AN MAd YT
I
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int render_by_refernce pathtracing(const Camera &camera, const int num_threads) {
const int width = camera.image width_px:
const int height = camera.image_height_px;
const int spp = camera.samples_per_pixel;

std::vector<Color= image_buffer(width * height);
#1ifdef USE_OPENMP

omp_set_num_threads{num_threads);
#endif

for (int sample = ©; sample < spp; +sample) {
std::cerr << "Rendering (" << (sample + 1) == " samples/pixel) " << (180.8 * (sample + 1) / spp) =< "%" << std::endl:

#pragna omp parallel for schedule(dynamic, 1)
for {int y = 0: y < height: ++y) {
Random random(y * spp + sample);
for (int x = ©; x = width; ++x} {
Vec position_on_imagesensor, position_on_objectplane, position_on_lens;
double P_Image, P_lens;
camera.sample_points(x, y, &random, &position_on_imagesensor, &position_on_objectplane, &position_on_lens, &F_Image, &_lens);

/7 7R
const Vec dir = normmalize(position_on_objectplane - position_on_lens);
S L(x0 =- x1 L{xI <- xB) = L(xB =<- xV))

const Color L = radiance_no_recursion{Ray(position_on_lens, dir), &random);
if (!is_valid_value(L)) // ESEZRATES
continue;

const Vec xB_xI = positlon_on_imagesensor - position_on_lens;
const double coefficient = pow(dot{normalize(-1.0 * camera.imagesensor_dir), normalize(x@_ xI}}, 2.@) / x@_xI.length_squared(); // Z2H LD

image_bufferly * width + x] = image_bufferly * width + x] +
camera.W * L * coefficient / (P_Image * P_lens);

}

/B TIETEHD + EAl
std::vector<=Color= finale_buffer{width * height);
for (int y = ©; y < height: ++y)
for {int x = 0: x < width: +x)
finale_bufferly * width + x] = image_buffer[y * width + (width - x - 1)1 / spp:
/i h

save_ppm_file("image_ref_pt.ppm", &finale_buffer[®], width, height);

return @;




render.h

S TR BN B T R B B
i AdMA T 0T AN MY YINA T " NI AdNT

P T T N d A g |

Al &
"9 ‘O ®(@N )0 N c‘o)—i QE)D ©

int render_by_refernce_pathtracing{const Camera &camera, const int num_threads) {
const int width = camera.image_width_px:
const int height = camera.image_height_px:
const int spp = camera.samples_per_pixel;

std::vector<Color=> image buffer(width * height):
#1fdef USE_OPENMP

omp_set_num_threads (num_threads);
#endif

for (int sample = ©; sample < spp; ++sample) {
std::cerr << "Rendering {" << (sample + 1) << " samples/pixel) " << (100.0 * (sample + 1) / spp) =< "%" << std::endl;

#pragma omp parallel for schedule(dynamic, 1)
for (int y = @: y < height: ++y) {
Random random(y * spp + sample);
for (it x = 00 2 < width ) —
Vec position_on_imagesensor, position_on_objectplane, position_on_lens:
double P_Image, P_lens:

lens, S0 Inage, P lancis

/r AR
const Vec dir = normalize(position_on_objectplane - position_on_lens);
JFLIx0 - x1) (= L(xT =- x@) = L(xB =- xv))

sion{Ray(position_on_lens, dir), &random);
ElFENTE

const Color L = radiance_ni
if (!is_valid_value(L}) //
continue;

const Vec x@_xI = position_on_imagesensor - position_on_lens;
const double coefficient = pow{dot{normalize(-1.0 * camera.imagesensor_dir), normmalize(x@_xI))., 2.8} / x@_xI.length_squared(}:

image_bufferly * width + x] = image bufferly * width + xI +
camera.W * L * coefficient / (P_Image * P_lens):

}

1 BETNETEHD + £
std::vector<Color> finale_buffer{width * height);
for (int y = ©; y < height; ++y)
for (1nt x = @; x = width; +x)
finale_buffer(y * width + x] = image_buffer[y * width + (width - x - 1)1 / spp;
b5

save_ppm_file("image_ref_pt.ppm”, &finale_buffer[e], width, height):

return 8;
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int render_by_refernce_pathtracing{const Camera &camera, const int num_threads) {
const int width = camera.image_width_px:
const int height = camera.image_height_px:
const int spp = camera.samples_per_pixel;

std::vector<Color=> image buffer(width * height):
#1fdef USE_OPENMP

omp_set_num_threads (num_threads);
#endif

for (int sample = ©; sample < spp; ++sample) {
std::cerr << "Rendering {" << (sample + 1) << " samples/pixel) " << (100.0 * (sample + 1) / spp) =< "%" << std::endl;

#pragma omp parallel for schedule(dynamic, 1)
for {int y = @; y < height; ++y) {
Random random(y * spp + sample);
for {int x = 0; x = width: +x) {
Vec position_on_imagesensor, position_on_objectplane, position_on_lens;
double P_Image, P_lens:
camera.sample_points(x, y, &random, &position_on_imagesensor, &position_on_objectplane, &position_on_lens, &F_Image, &°_lens);

/r AR
const Vec dir = normalize(position_on_objectplane - position_on_lens);
JFLIx0 - x1) (= L(xT =- x@) = L(xB =- xv))

sion{Ray(position_on_lens, dir), &random);
ElFENTE

const Color L = radiance_ni
if (!is_valid_value(L}) //
continue;
—

const Vec x@_xI = position_on_imagesensor - position_on_lens;
const double coefficient = pow{dot{nomalize(-1.0 * camera.imagesensor_dir), normalize(x@_xI)), 2.8) / x6_xI.length_squared(): // 224

image_bufferly * width + x] = image bufferly * width + xI +
camera.W * L * coefficient / (P_Image * P_lens):

}

1 BETNETEHD + £
std::vector<Color> finale_buffer{width * height);
for (int y = ©; y < height; ++y)
for (1nt x = @; x = width; +x)
finale_buffer(y * width + x] = image_buffer[y * width + (width - x - 1)1 / spp;
b5

save_ppm_file("image_ref_pt.ppm”, &finale_buffer[e], width, height):

return 8;
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int render_by_refernce_pathtracing{const Camera &camera, const int num_threads) {
const int width = camera.image_width_px:
const int height = camera.image_height_px:
const int spp = camera.samples_per_pixel;

std::vector<Color=> image buffer(width * height):
#1fdef USE_OPENMP

omp_set_num_threads (num_threads);
#endif

for (int sample = ©; sample < spp; ++sample) {
std::cerr << "Rendering {" << (sample + 1) << " samples/pixel) " << (100.0 * (sample + 1) / spp) =< "%" << std::endl;

#pragma omp parallel for schedule(dynamic, 1)
for {int y = @; y < height; ++y) {
Random random(y * spp + sample);
for {int x = 0; x = width: +x) {
Vec position_on_imagesensor, position_on_objectplane, position_on_lens;
double P_Image, P_lens:
camera.sample_points(x, y, &random, &position_on_imagesensor, &position_on_objectplane, &position_on_lens, &F_Image, &°_lens);

/r AR
const Vec dir = normalize(position_on_objectplane - position_on_lens);
JFLIx0 - x1) (= L(xT =- x@) = L(xB =- xv))

const Color L = radiance_ni
if (!is_valid_value(L}) //
continue;

sion{Ray(position_on_lens, dir), &random);
ElFENTE

const Vec x@_xI = position_on_imagesensor - position_on_lens;
const double coefficient = pow{dot{nomalize(-1.0 * camera.imagesensor_dir), normalize(x@_xI)), 2.8) / x6_xI.length_squared(): // 224

image_bufferly * width + x] = image bufferly * width + xI +
camera.W * L * coefficient / (P_Image * P_lens):

}

1 BETNETEHD + £
std::vector<Color> finale_buffer{width * height);
for (int y = ©; y < height; ++y)
for (1nt x = @; x = width; +x)
finale_buffer(y * width + x] = image_buffer[y * width + (width - x - 1)1 / spp;
b5

save_ppm_file("image_ref_pt.ppm”, &finale_buffer[e], width, height):

return 8;
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int render_by_refernce_pathtracing{const Camera &camera, const int num_threads) {
const int width = camera.image_width_px:
const int height = camera.image_height_px:
const int spp = camera.samples_per_pixel;

std::vector<Color=> image buffer(width * height):
#1fdef USE_OPENMP

omp_set_num_threads (num_threads);
#endif

for (int sample = ©; sample < spp; ++sample) {
std::cerr << "Rendering {" << (sample + 1) << " samples/pixel) " << (100.0 * (sample + 1) / spp) =< "%" << std::endl;

#pragma omp parallel for schedule(dynamic, 1)
for {int y = @; y < height; ++y) {
Random random(y * spp + sample);
for {int x = 0; x = width: +x) {
Vec position_on_imagesensor, position_on_objectplane, position_on_lens;
double P_Image, P_lens:
camera.sample_points(x, y, &random, &position_on_imagesensor, &position_on_objectplane, &position_on_lens, &F_Image, &°_lens);

/r AR
const Vec dir = normalize(position_on_objectplane - position_on_lens);
JFLIx0 - x1) (= L(xT =- x@) = L(xB =- xv))

const Color L = radiance_ni
if (!is_valid_value(L}) //
continue;

sion{Ray(position_on_lens, dir), &random);
ElFENTE

const Vec x@_xI = position_on_imagesensor - position_on_lens;
const double coefficient = pow{dot{nomalize(-1.0 * camera.imagesensor_dir), normalize(x@_xI)), 2.8) / x6_xI.length_squared(): // 224

image_bufferly * width + x] = image bufferly * width + xI +
camera.W * L * coefficient / (P_Image * P_lens):

}

1 BETNETEHD + £
std::vector<Color> finale_buffer{width * height);
for (int y = ©; y < height; ++y)
for (1nt x = @; x = width; +x)
finale_buffer(y * width + x] = image_buffer[y * width + (width - x - 1)1 / spp;
b5

save_ppm_file("image_ref_pt.ppm”, &finale_buffer[e], width, height):
=

return 8;
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void sample_points(
const int imagebuffer_x, const int imagebuffer_y, Random *random,
Vec *position_on_imagesensor, Vec *position_on_objectplane, Wec *position_on_lens,
double *P_Image, double *P_ lens) const {
1 AA—TE A — FTH LTI

I ’ltwr‘;”m, |Zimagebuffer_x,

/1 ESIUADEE. [0, 110EE
const double u_on_pixel = random-=nextBl();
const double v_on_pixel = random-=nextOl();
/1 AA-TEA FOEE. [-0,5. 0.510EE (0,0)0 4 A HBRETRY.
const double u_on_imagesensor = {(imagebuffer_x + u_on_pixel) / image width_px - 0.5);
const double v_on_imagesensor = ((imagebuffer_y + v_on_pixel) / image height_px - 8.3):
*position_on_imagesensor =
imagesensor_center +
u_on_imagesensor * imagesensor_u +
v_on_imagesensor * imagesensor_v; // xI

/AT L T L FOEETE
const double ratio = focal_length / imagesensor_to_lens_distance:
const double u_on_objectplane = -ratle * u_on_imagesensor;
const double v_on_objectplane = -ratlo * w_on_imagesensor;
*position_on_objectplane =

objectplane_center +

u_on_objectplane * objectplane_u +

v_on_objectplane * objectplane_v; // =V

/LA ETH AR (-1, 1]
const double e = sqrt[random =nextf1());
const double rl = random-=next@l() * 2.0 * kPI;
const double u_on_lens = r@ * cos(rl);
const double v_on_lens = r@ * sin(rl);
*position_on_lens =

lens_center +

u_on_lens * lens_u +

v_on_lens * lens_v; // =B

*P_Image = 1.0 / (pixel_width * pixel height);
*P_lens = sampling_pdf_on_lens(): // LA Ldm—
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TATHTRACTNG 7,
“PATHTRACING H_
anespace edubpt
olor radsance_no_recursion Ray Eray,
Ray nou_ray
Color weight
double pdf =
Intorsection intersection
if (1intersect, o (
L=L+ t pdt
now_ray.dir) < 0.9 2 hitpoiat.nomals (

* hitpoint.nomal|

tor(nov_ray.dir, hitpoint.nomal)

Tylweight
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[FiTndef GAWPLING H_
lrdefine _SAMPLING_H_

namespace edubpt {

/!

) SREE AL TES

return std::max(dot(normal, dir), ©.8) / kPI;
i

Vec w = normal, u, v;
if (fabs{w.x) > KEPS) // <47 bwEERT B3RS MLEES. w.
u = normalize(cross(Vec(B.0, 1.0, 0.0}, wl);
else
u = normalize(cross(Vec(1.8, 8.8, 0.0}, w));
v = cross(w, u);
11 I EEES R Y
const double r1 = 2 * kPI * rnd- >nextDll):
const double r2 = rnd-=next@l(), r2s = sqrt(r2);
Vec dir = normalize((
u * cos(rl) * r2s +
v * sin(rl) * r2s +
w* sqre(l.0 - r2))):

*pdf_omega = sample_hemisphere_pdf_omega(nomal, dir):

return dir;

i

// EBROBE LIS —SZH T

inline double sample_sphere_pdf_A(const double R} {
return 1.6 / (4.0 * kPI * R * R);

+
vec sample_sphere{const double R, Random *rnd, double *pdf_a) {
const double z = rnd-=nextBl() * 2.0 - 1.8;
const double sz = sqrt{l - z*z);
const double phi = rnd-=next@l(} * 2.0 * kPI;

*pdf_A = sample_sphere_pdf_A(R):
return R * Wec(sz * cos(phi), sz * sin(phi), z}:
+EREE

RETD
double russian rnule‘tte[mnst Sphere &sphere) {

// ASAET. EETEEE (1 - reflection_probabilit
const double reflection_probability =

+:

leendif

inline double sample_hemisphere_pdf_omega{const Vec &normal, const Vec &dir) {

Vec sample_hemisphere_cos_term(const Vec &nommal, Random *rnd, double *pdf_omega) {

return sphere.emission.length_squared{) > @ ? 1.8 : std::max(sphere.color.x, std::max(sphere.color.y, sphere.calor.z})}

A9
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specular.h

RHNRD MIVDT5 A2 15D BEEN,

[Bif S Rasd Rz

[Fifndet SPECULAR A_
ledefine _SPECULAR H_

keinclude “material.h”
anclude “vec.h"

namespace edubpt {

FLtfin

L ormal

7/ BB AL SHEETS. HEATNL

Vec reflection_vector{const Vec &in, const Vec &nomal) {
return nomalize(in - nomal * 2.8 * dot(nomal, 1n));

/4 truefisREt + B
bool check_refraction(
const bool into,
const Vec& position,
const Vec &in,
const Vec &normal,
const Vec &orienting_normal,
vec *reflection_dir,
Vec *refraction_dir,
double *fresnel_reflectance,
double *fresnel_transmittance) {
*reflection_dir = reflection_vector(in, normal);

/4 SnelldmiERI

const double nnt = into 7 refractive index_of_wvaccum / refractive index_of_object :
const double ddn = dot(in, orienting_normal);

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

if {cos2t = 0.0) { // =
#*refraction_dir =
*fresnel_reflectance = 1.0;
*fresnel_transmittance =
return false;

K
// EROIE
*refraction_dir =
normalize(in * nnt - normal * (into ? 1.8 : -1.8) * (ddn * nnt + sqrt{cos2t)l):
// SchlicklckBFresnelmmEsd
const double a = refractive index_of_object - refractive index_of_vaccum:
const double b = refractive index_of_object + refractive index_of_vaccum;
const double RE = (& * a) / (b * b);

HOiEEE S

const double ¢ = 1.0 - (into ? -ddn : dot(*refraction_dir,
*fresnel_reflectance = R8 + (1.8 - RB) * pow(c, 5.8); // &
*fresnel_transmittance = 1.8 - *fresnel_reflectance; //

return true;
i

+

endif

refractive_index_of_object / refractive_index_of_vaccum;
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pathtracing.h
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I generate_vertices_by pathtracing
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double total_pdf A = P_lens;
Color MC_throughput(1, 1, 1);

Ue( posltmn on J.magesensor posltmn on ob]e(tplane posltwn on_ 1ens
I AA—SEIBELYZ EhSBAOSEY S T ULY

double P_Image, P_lens;
camera.sample_points(imagebuffer_x, imagebuffer_y. rnd, &position_on_imagesensor, &position_on_objectplane, &position_on_lens, &F_Image, &P_lens):

! L Z EOIES (x0) ERSUR OB
vertices.push_back(Vertex(position_on_lens, camera.normal_on_lens, camera.normal_on_lens,

ipagebuffar o Bandop sopd otd.yectorcyertars Avertices) {

/1 PTOIRGE. SR 2M—422AE (brdf &h\D6EDIE)

-1, Vertex::0BIECT_TYPE_LENS, total_pdf_A, MC_throughput)):

Ray now_ray(position_on_lens, normmalize(position_on_cbjectplane -
double now_sampled_pdf_omega = 1.0:

position_on_lens)):

Vec previous_normal = camera.normal_on_lens;
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Ray now_ray(position_on_lens, normmalize{position_on_objectplane - position_on_lens));

w B /1 n \4 \.I \.I \I double now_sampled_pdf_omega = 1.0;

Vec previous_normal = camera.normal_on_lens;

Q) ~ for ot now verfex dd o Lo enog verfex id) L
? N Intersection intersection:
U w 1f (!intersect_scene(now_ray. &intersection))
break:
\
const Sphere &now_object = spheres[intersection.object_idl;
(A) const Hitpoint &hitpoint = intersection.hitpoint;
const Vec orienting_normal = dot(hitpoint.normal , now_ray.dir) < 8.8 7 hitpoint.normal: (-1.8 * hitpoint.nomal); //

const double russian_roulette_probability = russian_roulette(now_object);

Jf OZF2l—Lw
if (rnd-»nextel{) == russian_roulette_probability) {
break:

14V

=
total_pdf_A *

HiH U A EN
= russian_roulette probability;

const Vec between = now_ray.org - hitpoint.position;
if (now_vertex_id ==

const Vec xB_xI =
const Vec xB_xV = positilon_on_objectplane - position_on_lens:

position_on_imagesensor - position_on_lens:

const Vec xB_x1 = hitpoint.position - position_on_lens:
const double PA_x1 = camera.P_Image to_PA_x1(P_Image, x0_xV, x0_x1, orienting_normall);
total_pdf_A *= PA_xI;

MC_throughpu DALEE)

1/ EEETERCLD (DX
(D MC_throughput = camera.W dash(x8 xV, x8 xI xD x]) * MC_throughput;
Tetse |

11 L &t SETOERED LTI IR
const double now samp'led pdf_A
total_pdf_A *= now_sampled_pdf_A:

TOREES

now_sampled_pdf_cmega * (dot{normalize(between), orienting_nomal) / between.length_squared(}):
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camera.P_image to PA x{{ - _ 7.

Qis

Ray now_ray{position_on_lens, nomalize(position_on_objectplane - position_on_lens)};
double now_sampled_pdf_omega = 1.0;
Vec previous_normal = camera.normal_on_lens;

5 N for (int now_vertex_id = 1:; ++now_vertex_id) {

U w Intersection intersection:

if (!intersect_scenel(now_ray, &intersection))
break;

Q) const Sphere &now_object = spheres[intersection.object_idl;

const Hitpoint &hitpeint = intersection.hitpoint;
const Vec orienting_nomal = dot{hitpoint.normal , now_ray.dir) < 8.0 ? hitpoint.normal: (-1.8 * hitpoint.nomal); // 3%
const double russian_roulette_probability = russian_roulette(now_object);

=Ly
1f [rnd =nextdl() =»= russian_roulette_probability) {

break;
14d4M -
1/ FUWERAHLIU S ENE
total_pdf_A *= russian_roulette_probability;

const Vec between

now_ray.org - hitpoint.position;
if (now_vertex_id 1)

{
ENERCRE
= position_on_imagesensor - position_on_lens:
const Vec = position_on_objectplane - positien_on_lens;
const Vec x0_x1 = hitpoint.position - position_on_lens;
— const double PA_x1 = camera.P_Image_to_PA_x1(P_Image, x0 xV, x0_x1, orienting_normal);
total pdf A *= PA x1;
N // EBIC. MC_throughpu ETE D (1>
w MC_throughput = camera.W_dash(x8_xV, x8_xI, xD xl) e, throughput
Toelse {
5 \ 1/ FUWERER SET T T BEEQEISEHT
const double now sampled pdf_A uw_sampled_pdf_umega * (dot(normalize(between), orienting_normal) / between.length_squared()):
U (D total_pdf_A *= now_sampled_pdf_A;

ifh




(2L —S P& BH S TUSIDH

9 9T " ds T 9T DT AN dAnANAT AT
ST T xde N T T
T A7 77 NdNAdN "0 @ AY dAnAaVvA

~ 7 7 'I'

d kd 2 2 - N , , - .|.

i AYT d4AnA4VvA 5) A ,

~

Ray now_ray{position_on_lens, nomalize(position_on_objectplane - position_on_lens)};
double now_sampled_pdf_omega = 1.0;
Vec previous_normal = camera.normal_on_lens;

for (int now_vertex_id = 1:; ++now_vertex_id) {

5 \

U w Intersection intersection:
if (!intersect_scenel(now_ray, &intersection))

break;
\
Q) const Sphere &now_object = spheres[intersection.object_idl;

const Hitpoint &hitpeint = intersection.hitpoint;
const Vec orienting_normal = dot{hitpoint.normal , now_ray.dir) = 0.0 ? hitpoint.normal: {-1.8 * hitpoint.normal); // FHEDN S DL D

const double russian_roulette_probability = russian_roulette(now_object);

m} =Ly
1f [rnd =nextdl() =»= russian_roulette_probability) {
break;

i
14V /1 E S LTS IENE
£

.t.n‘tallipdfj russian_roulette_probability;

const Vec between = now_ray.org - hitpoint.position;
if (now_vertex_id ==

{

£7 XIS HICTAD

const Vec x0_xI = position_on_imagesensor - position_on_lens:

const Vec xB_xV = positlon_on_cbhjectplane - position_on_lens:

const Vec x@_x1 = hitpeint.position - position_on_lens;

— const double PA_x1 = camera.P_Image_to_PA_x1(P_Image, x0 xV, x0_x1, orienting_normal);
total_pdf_A *= PA x1;

// EBIC. MC_throughput TETRRICZD (A o
w MC_throughput = camera.W_dash(x@_xV, x8_xI, x@_x1) * MC throughput
Toelse {
5 \ 1/ FUWEREBREOT. 5 =
const double now sampled pdf A ow_sampled_ pdf omega * (dot(normalize(between), orienting_normal) / between.length_squared(}):
U (D total_pdf_A *= now_sampled_pdf_A;

i‘I.
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Ray now_ray{position_on_lens, nomalize(position_on_objectplane - position_on_lens)};
double now_sampled_pdf_omega = 1.0;
Vec previous_normal = camera.normal_on_lens;

for (int now_vertex_id = 1:; ++now_vertex_id) {
Intersection intersection:
if (!intersect_scenel(now_ray, &intersection))
break;

const Sphere &now_object = spheres[intersection.object_idl;

const Hitpoint &hitpeint = intersection.hitpoint;

const Vec orienting_nomal = dot(hitpoint.normal , now_ray.dir) < 8.8 ? hitpoint.nommal: {-1.8 * hitpoint.normal); //
const double russian_roulette_probability = russian_roulette(now_object);

FHEN S DL

m} =Ly

1f [rnd =nextdl() =»= russian_roulette_probability) {
break;

T

/i vl AV 7 gh
total_pdf_A *= russian_roulette_probability;

const Vec between = now_ray.org - hitpoint.position;
if (now_vertex_id ==

{
£7 XIS HICTAD
const Vec x0_xI = position_on_imagesensor - position_on_lens:
const Vec xB_xV = positlon_on_cbhjectplane - position_on_lens:
const Vec x0_x1 = hitpoint.position - position_on_lens;
const double PA_x1 = camera.P_Image_to_PA_x1(P_Image, x0 xV, x0_x1, orienting_normal);
total_pdf A *= PA x1;
// EBIC. MC_throughput TETRRICZD (A o
MC throughput = camera.W_dash(x@_xV, x0_xI, x@_x1) * MC throughput
H

17 U ESEERDT. E
const double now_sampled_ pdf A ow_sampled_ pdf omega * (dot(normalize(between), orienting_normal) / between.length_squared(}):
total_pdf_A *= now_sampled_pdf_A;

i‘I.
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Telse {
/] FUWESEECOT. SETO
const double now_sampled_pdf_A
total_pdf_A *= now_sampled_pdf_A;

-}
now_sampled_pdf_omega * {(dot(normalize(between), orienting_normall / between.length_squared(}):

1

{ TARARIE—L
const double G dot{normalize(between), orienting_normal) * dot{normalize(-1.0 * between), previous_nomal} / between.length_squared(};:
MC_throughput = G * MC_throughput;

/1 ABCEw MLzs CEH#T (AEORAESCOTHICLTREL
1f (now_object.emission.length_squared() = &) {
vertices.push_back(Vertex(hitpoint.position, orienting_normal, hitpeint.normal, intersection.object id, Vertex::0BJECT_TYPE_LIGHT, total_pdf_A, MC_throughput)):
const Color result = multiply(MC_throughput, now_object.emission) / total_pdf_a;
return PathtracingResult({result, imagebuffer_x, imagebuffer_y, true);

0. T EmiBEFEETMC_throughput f P OIS, #

DEOTEEL)

h
/1 FUWERZRERUX WIEE]
vertices.push_back(Vertex(hitpoint.position, orienting_normal, hitpoint.normal, intersection.object_id,

now_object.reflection_type == REFLECTION_TYPE_DIFFUSE ? Vertex::0BJECT_TYPE_DIFFUSE :Vertex::0BJECT_TYPE_SPECULAR,
total_pdf A, MC_throughput)}:
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/f TEEE

case REFLECTION TYPE_DIFFUSE: {
const Vec dir = sample_hemisphere_cos_term({orienting_normal, rnd, &now_sampled_pdf_cmega):
now_ray = Ray(hitpoint.position, dir);

MC_throughput = multiply(now_object.color / kPI, MC_throughput):
¥ break;

ZE(d0iracDsBEHD

ZEBN. AREFrILEND

now_sampled_p :omega = 1.0;
now_ray = Ray(hitpoint.position, reflection_vector(now_ray.dir, hitpoint.normal}):

DiracDsEEEFr o TILTHRD.

533. (Zo®skhldLighttracing

I/ NZADSE
MC_throughput
T break;
/1 ASA
case REFLECTION TYPE_GLASS: {
const bool into = dot(hitpoint.normal, orienting_nommal) = 8.0; // L-HATZT4 MrsHImON

SER
= multiply(now_object.color / dot(nomalize(to_next vertex), orienting_normal), MC_throughput);

Vec reflection_dir, refraction_dir;
double fresnel_reflectance, fresnel_transmittance:
if (check_refraction(
into, hitpoint.pesition, now_ray.dir, hitpoint.nomal, orienting_normal,
&reflection_dir, &refraction_dir, &fresnel_reflectance, &fresnel_transmittance)) {
/R + RE
if (rnd-=next@l() < reflection_probability) { // &&7
now_sampled pdf omega = 1.0:
now_ray = Rayl(hitpoint.position, reflection_dir);
MC_throughput = fresnel_reflectance * multiply(now_object.color / dot{normalize(to_next_vertex), orienting_normal), MC_throughput);
total_pdf_A *= reflection_probability;
} else { // EH
const double nnt2 =
pow(into ?
refractive_index_of_vaccum / refractive_index_of_object :
refractive_index_of_object / refractive_index_of_vaccum, 2.8);
now_sampled_pdf_omega = 1.6;
now_ray = Rayl(hitpoint.position, refraction_dir);
MC_throughput = nnt2 * fresnel_transmittance * multiply(now_object.color / dot{normalize(to_next_vertex)
total_pdf_A *= 1.0 - reflection_probability:

. orienting_normall, MC_throughput):

n‘uwﬁsamp‘lsdipdfiumsga =1.06;

now_ray = Ray(hitpoint.position, reflection_dir);

MC_throughput = multiply{now object.color / dot({normalize{to_next_vertex), orienting_nommal), MC_throughput):
break:

}
T break;
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/f TEEE

case REFLECTION TYPE_DIFFUSE: {
const Vec dir = sample_hemisphere_cos_term({orienting_normal, rnd, &now_sampled_pdf_cmega):
now_ray = Ray(hitpoint.position, dir);

MC_throughput = multiply(now_object.color / kPI, MC_throughput):
break;

ZE(d0iracDsBEHD

ZEBN. AREFrILEND

now_sampled_p :omega = 1.0;
now_ray = Ray(hitpoint.position, reflection_vector(now_ray.dir, hitpoint.normal}):

DiracDsEEEFr o TILTHRD.

533. (Zo®skhldLighttracing

DESTEER
MC_throughput = multiply(now_object.color / dot(normalize(to_next_wertex). orienting_normal), MC_throughput):

T break;
/1 ASA
case REFLECTION TYPE_GLASS: {
const bool into = dot(hitpoint.normal, orienting_nommal) = 8.0; // L-{dATzHMhaHIO0. AS0h0.

Vec reflection_dir, refraction_dir;
double fresnel_reflectance, fresnel_transmittance:
if (check_refraction(
into, hitpoint.pesition, now_ray.dir, hitpoint.nomal, orienting_normal,
&reflection_dir, &refraction_dir, &fresnel_reflectance, &fresnel_transmittance)) {
/R + RE
if (rnd-=next@l() < reflection_probability) { // &&7
now_sampled pdf omega = 1.0:
now_ray = Rayl(hitpoint.position, reflection_dir);
MC_throughput = fresnel_reflectance * multiply(now_object.color / dot{normalize(to_next_vertex), orienting_normal), MC_throughput);
total_pdf_A *= reflection_probability;
} else { // EH
const double nnt2 =
pow(into ?
refractive_index_of_vaccum / refractive_index_of_object :
refractive_index_of_object / refractive_index_of_vaccum, 2.8);
now_sampled_pdf_omega = 1.6;
now_ray = Rayl(hitpoint.position, refraction_dir);
MC_throughput = nnt2 * fresnel_transmittance * multiply(now_ object.coler / dot(normalize(to_next_vertex), orienting_normal). MC_throughput):
total_pdf_A *= 1.0 - reflection_probability:

n‘uwﬁsamp‘lsdipdfiumsga =1.06;
now_ray = Ray(hitpoint.position, reflection_dir);

MC_throughput = multiply{now object.color / dot({normalize{to_next_vertex), orienting_nommal), MC_throughput):
break:

}
T break;
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/f TEEE

case REFLECTION TYPE_DIFFUSE: {
const Vec dir = sample_hemisphere_cos_term({orienting_normal, rnd, &now_sampled_pdf_cmega):
now_ray = Ray(hitpoint.position, dir);
MC_throughput = multiply(now_object.color / kPI, MC_throughput):

s

/f TEEEA
case REFLECTION TYPE_MIRROR: {
LA Al

FEEER

ZE(d0irac

DEEREAD

ZEBN. AREFrILEND

now_sampled_p :omega = 1.0;
now_ray = Ray(hitpoint.position, reflection_vector(now_ray.dir, hitpoint.normal}):

DiracDsEEEFr o TILTHRD.

533. (Zo®skhldLighttracing

MC_throug|

DESTER
hput = multiply(now_object.color / dot(nomalize(to_next vertex), orienting_normal), MC_throughput);
} break;

THIA
case REFLECTION TYPE_GLASS: {

const bool into = dot(hitpoint.normal, orienting_nommal) = 8.0; // L-{dATzHMhaHIO0. AS0h0.

Vec reflection_dir, refraction_dir;
double fresnel_reflectance, fresnel_transmittance:
if (check_refraction(
into, hitpoint.pesition, now_ray.dir, hitpoint.nomal, orienting_normal,
&reflection_dir, &refraction_dir, &fresnel_reflectance, &fresnel_transmittance)) {
/R + RE
if (rnd-=next@l() < reflection_probability) { // &&7
now_sampled pdf omega = 1.0:
now_ray = Rayl(hitpoint.position, reflection_dir);

MC_throughput = fresnel_reflectance * multiply(now_object.color / dot{normalize(to_next_vertex), orienting_normal), MC_throughput);
total_pdf_A *= reflection_probability;

} else { // EH
const double nnt2 =
pow(into ?
refractive_index_of_vaccum / refractive_index_of_object :
refractive_index_of_object / refractive_index_of_vaccum, 2.8);
now_sampled_pdf_omega = 1.6;
now_ray = Rayl(hitpoint.position, refraction_dir);

MC_throughput = nnt2 * fresnel_transmittance * multiply(now_ object.coler / dot(normalize(to_next_vertex), orienting_normal). MC_throughput):
total_pdf_A *= 1.0 - reflection_probability:

n‘uwﬁsamp‘lsdipdfiumsga =1.06;

now_ray = Ray(hitpoint.position, reflection_dir);

MC_throughput = multiply{now object.color / dot({normalize{to_next_vertex), orienting_normal), MC_throughput)
break:

}
T break;
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case REFLECTION TYPE_DIFFUSE: {
const Vec dir = sample_hemisphere_cos_term({orienting_normal, rnd, &now_sampled_pdf_cmega):
now_ray = Ray(hitpoint.position, dir);
MC_throughput = multiply(now_object.color / kPI, MC_throughput):

s

/f TEEEA
case REFLECTION TYPE_MIRROR: {
LA Al

FEEER

ZE(d0irac

DEEREAD

ZEBN. AREFrILEND

now_sampled_p :omega = 1.0;
now_ray = Ray(hitpoint.position, reflection_vector(now_ray.dir, hitpoint.normal}):

DiracDsEEEFr o TILTHRD.

533. (Zo®skhldLighttracing

MC_throug|

DESTER
hput = multiply(now_object.color / dot(nomalize(to_next vertex), orienting_normal), MC_throughput);
} break;

P
case REFLECTION TYPE_GLASS: {
const bool into = dot(hitpoint.normal, orienting_nommal) = 8.0; // L-HATZT4 MrsHImON

Vec reflection_dir, refraction_dir;
double fresnel_reflectance, fresnel_transmittance:
if (check_refraction(
into, hitpoint.pesition, now_ray.dir, hitpoint.nomal, orienting_normal,
&reflection_dir, &refraction_dir, &fresnel_reflectance, &fresnel_transmittance)) {
/R + RE
if (rnd-=next@l() < reflection_probability) { // &&7
now_sampled pdf omega = 1.0:
now_ray = Rayl(hitpoint.position, reflection_dir);

MC_throughput = fresnel_reflectance * multiply(now_object.color / dot{normalize(to_next_vertex), orienting_normal), MC_throughput);
total_pdf_A *= reflection_probability;

”n, N N N } else { // EH
Q w N (D N (D const double nnt2 =
pow(into ?
refractive_index_of_vaccum / refractive_index_of_object :
refractive_index_of_object / refractive_index_of_vaccum, 2.8);
now_sampled_pdf_omega = 1.6;
now_ray = Rayl(hitpoint.position, refraction_dir);

MC_throughput = nnt2 * fresnel_transmittance * multiply(now_ object.coler / dot(normalize(to_next_vertex), orienting_normal). MC_throughput):
total_pdf_A *= 1.0 - reflection_probability:

n‘uwﬁsamp‘lsdipdfiumsga =1.06;

now_ray = Ray(hitpoint.position, reflection_dir);

MC_throughput = multiply{now object.color / dot({normalize{to_next_vertex), orienting_nommal), MC_throughput):
break:

}
T break;




SR | ’__44’ Twn™ = T

n4\ A" X -~ 7 Ty
total_pdf A - I xo I

R | n- A4 X

apnnt2P~ M4 ny VA ) |

(0p13

/1 ROBSES > TUITBOI, FULLADARIE
switch (now_object.reflection_type) {

/f TEEE

case REFLECTION TYPE_DIFFUSE: {

const Vec dir = sample_hemisphere_cos_term({orienting_normal, rnd, &now_sampled_pdf_cmega):
now_ray = Ray(hitpoint.position, dir);
MC_throughput = multiply(now_object.color / kPI, MC_throughput):

I break;

ZE(d0iracDsBEHD

ZEBN. AREFrILEND

now_sampled_p :omega = 1.0;
now_ray = Ray(hitpoint.position, reflection_vector(now_ray.dir, hitpoint.normal}):

DiracDsEEEFr o TILTHRD.

533. (Zo®skhldLighttracing
/! AZADEET

MC_throughpu =7mu1up'lytnowiabject‘co'lor / dot(nomalize(to_next_vertex), orienting_normal), MC_throughput);
i

ik
11 ASR
case REFLECTION TYPE_GLASS: {
const bool into = dot(hitpoint.normal, orienting_nommal) = 8.0; // L-{dATzHMhaHIO0. AS0h0.

Vec reflection_dir, refraction_dir;
double fresnel_reflectance, fresnel_transmittance:
if (check_refraction(
into, hitpoint.pesition, now_ray.dir, hitpoint.nomal, orienting_normal,
&reflection_dir, &refraction_dir, &fresnel_reflectance, &fresnel_transmittance)) {
/R + RE
if (rnd-=next@l() < reflection_probability) { // &&7
now_sampled pdf omega = 1.0:
now_ray = Rayl(hitpoint.position, reflection_dir);
MC_throughput = fresnel_reflectance * multiply(now_object.color / dot{normalize(to_next_vertex), orienting_normal), MC_throughput);
total_pdf_A *= reflection_probability;
} else { // EH
const double nnt2 =
pow(into ?
refractive_index_of_vaccum / refractive_index_of_object :
refractive_index_of_object / refractive_index_of_vaccum, 2.8);
now_sampled_pdf_omega = 1.6;
now_ray = Rayl(hitpoint.position, refraction_dir);
MC_throughput = nnt2 * fresnel_transmittance * multiply(now_ object.coler / dot(normalize(to_next_vertex), orienting_normal). MC_throughput):
total_pdf_A *= 1.0 - reflection_probability:

n‘uwﬁsamp‘lsdipdfiumsga =1.06;
now_ray = Ray(hitpoint.position, reflection_dir);

MC_throughput = multiply{now object.color / dot({normalize{to_next_vertex), orienting_nommal), MC_throughput):
break:

}
T break;
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Ray now_ray(position_on_lens, normalize(position_on_objectplane - position_on_lens));
double now_sampled_pdf omega = 1.8;
Vec previous_normal = camera.normal_on_lens;

i ettt e e
Intersection intersection;
if (!intersect_scene(now_ray, &intersection)

brﬂ‘

const Sphere &now_object = spheres[intersection.object_idl;

const Hitpoint &hitpoint = intersection.hitpoint;

const Vec orienting_nomal = dot(hitpoint.normal , now_ray.dir) < 8.0 ? hitpoint.normal: (-1.8 * hitpoint.nomal); // &
const double russian_roulette_probability = russian_roulette(now_object);

ff OZF )~y b
if (rnd-=next®l() == russian_roulette_probability) {
break;

fF FUWVERAY LU e
total_pdf_A *= russian_roulette_probability;

const Vec between = now_ray.org - hitpoint.position;
if (now_vertex_id ==

EEROSHEIRRICRS
position_on_imagesensor - position_on_lens;
const Vec xB_x! position_on_objectplane - position_on_lens:
const Vec x0_x1 = hitpeint.position - position_on_lens:
const double PA_x1 = camera.P_Image_to_PA_x1(P_Image, x@ xV, x@_x1, orienting_normall);:
total_pdf_A *= PA_xI:

1 XA FEEE
const Vec xB_x

/1 EBIC. MC_throughputd 23 (HASEDOIIE)
MC_throughput = camera.W_ dash[xo XV, x0_xI, xB_x1) * MC_throughput;
}oelse {
/1 FLVEREEROT. $ETCORREVL I ITHHE
const double now_sampled_pdf_aA
total_pdf_A *= now_sampled_pdf_a

EDRETEHT
nuw_samp'led_pdf_umega * (dot(normalize(between), orienting_normal) / between.length_squared()):
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’ N Ray now_ray(position_on_lens, normalize(position_on_objectplane - position_on_lens));
U (L) double now_sampled_pdf omega = 1.8;

A} Vec previous_normal = camera.normal_on_lens;

for (int now_vertex_id = 1;; ++now_vertex_id) {
Intersection intersection;
if (!intersect_scene(now_ray, &intersection))
break;

const Sphere &now_object = spheres[intersection.object_idl;

const Hitpoint &hitpoint = intersection.hitpoint;

const Vec orienting_nomal = dot(hitpoint.normal , now_ray.dir) < 8.0 ? hitpoint.normal: (-1.8 * hitpoint.nomal); // &
const double russian_roulette_probability = russian_roulette(now_object);

ff OZF )~y b
if (rnd-=next®l() == russian_roulette_probability) {
break;

[ FUWIRRSY LTSO8
total_pdf_A *= russian_roulette_probability;

const Vec between = now_ray.org - hitpoint.position;
if (now_vertex_id ==

DA EAERCED

position_on_imagesensor - position_on_lens;

const Vec xB_x! position_on_objectplane - position_on_lens:

const Vec x0_x1 = hitpeint.position - position_on_lens:

const double PA_x1 = camera.P_Image_to_PA_x1(P_Image, x@ xV, x@_x1, orienting_normall);:
total_pdf_A *= PA_xI:

[ ARG FEERE
const Vec xB_x

// ESIC. MC_throughputd 5E 125 (DASEDOGIUE)
MC_throughput = camera.W_dash(x®_xV, x0_xI, x8_x1)} * MC_throughput;

/1 FLVAREEROT. $ETOR
const double now_sampled_pdf_aA
total_pdf_A *= now_sampled_pdf_a;

REH LTI T BREEORITERT
now_sampled_pdf_cmega * (dot(normalize(between), orienting_normal) / between.length_squared()):
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lighttracing.h
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/1 FELICO > IILsER (ye)
double pdf_A on_light;
const Vec position_on_light = spheres[LightID].position + sample _sphere({spheres[LightID].radius, rnd, &df_A_on_light};
const Vec normal_on_light = normalize(position_on_light - spheres[LightID].position);

double total_pdf_a = pdf_A_on_light; // BEEZE0EZFEE (EEAECHETIEEEE)

/1 EREICERENEEREERY X MMOEN
vertices.push_back(vertex(position_on_light, normal_on_light, nommal_on_light, LightID, Vertex::0BJECT_TYPE_LIGHT, total_pdf_A, Color{@, 8, 8))):

'm«hrsﬁﬁmi S, SEIE
o —JEOME (spheres[LightID].emission) [Cf3%-
Color MC ~_throughput = spheres[ngh‘tID] emission;

/] FETEABZRELTVSOT, Diffuse@ICBIF3Y L TULIFESALEDZ 202 TROAEZRDD
double now_sampled_pdf_omega:

const Vec next_dir = sample_hemisphere_cos_temm{normal_on_light, rnd, &now_sampled_pdf_omegal:
Ray now_ray(position_on_light, next_dir):

Vec previous_normal = normal_on_light;




Ca

=4
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\J

LighttracingResult generate ver‘tlces _by lighttracingl{const Camera &camera, Random *rnd, std::vector<Vertex= &vertices) {

1 FEELICH L LR
double pdf_A_on_light;

const Vec pesition_on_light = spheres[LightID].position + sample_sphere(spheres[LightID].radius, rnd, &df_A_on_light);
1

const Vec normal_on_light = normalize(position_on_light - sph
double total_pdf_aA = pdf_A_on_light; // EZEZEOEZFEE (EEAEC

KRB LIcEmENERERZERRY X MIEN

I

vertices.push_back(Vertex(position_on_light, normal_on_light, nomal_on_light, LightID, Vertex::

)T

T DT, S
Color ! MC throughput spheres[ngh‘tID] ElﬂlSSJ.Dn

/! EETHARZTRELTVEOT. ffuseACE a0 UL IaESALED
double now_sampled_pdf_omega:
const Vec next_dir = sample_hemisphere_cos_term{normal_on_light. rnd. &now_sampled_pdf_omega):

R Bl s ke o o e L o
Vec previous_nomal = normal_on_light;

OBJECT_TYPE_LIGHT, total_pdf_a, Color(, 8, 8)));
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Intersection intersection;
const bool scene hit = intersect scene(now_ray, &intersection):

/LR ETE
Vec position_on_lens, position_on_objectplane, position_on_imagesensor, uv_on_imagesensor;
const double lens_t = camera.intersect_lens(now_ray, &position_on_lens, &position_on_objectplane, &position_on_imagesensor, &uv_on_imagesensor);
if (kEPS < lens_t & lens_t = intersection.hitpoint.distance) {
1AL X v W
const Vec x0_xI = position_on_imagesensor - position_on_lens;
const Vec x_xV = position_on_objectplane - position_on_lens;
const Vec x8_x1 = now_ray.org - position_on_lens;

{int)uy_on_imagesensor.
int y = (int)uv_on_imagesensor.
clamp(x, @, camera.image_width_px);
clamply, ©, camera.image_height_px);

1 L ADEDROY ST IR
const double nowﬁsampledipdfj
total_pdf_A *= now_sampled_pdf_

]
now_sampled_pdf_eomega * (dot(normalize(x©_x1), normalize(camera.imagesensor_dir)) / x@_x1.length_squared());

1dM

1 TAA NS
const double G = dot(normalize(x8_x1), normalize(camera.imagesensor_dir)) * dot(normalize(-1.0 * x@_x1), previous_normal) / xB_x1.length_squared(}:
MC_throughput = G * MC_throughput;

/Ly AR ENERERRUR B )
vertices.push_back(vertex(position_on_lens, normahze(:amera imagesensor_dir), normalize(camera.imagesensor_dir), -1, Vertex::OBJECT_TYPE_LENS, total_pdf_A, MC_throughput));

/1 B HE + Bt I EFAESBEULTES T O L TR
const Color result = (camera.W_dash(x@_xV, x0_xI, x0_ xl) * < ~_throughput) / tntal _pdf_a;
return LighttracingResult(result, x, y, true);

W b e it
AnM\NJ N
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for (;:) {
Intersection intersection:
const bool scene_hit = intersect_scene(now_ray, &intersection):

1 LEE
5 y Vec position_on_lens, position_on_objectplane, position_on_imagesensor, uv_on_imagesensor;
const double lens_t = camera.intersect_lens{now_ray. &osition_on_lens, &position_on_objectplane, &position_on_imagesensor, &uv_on_imagesensor):
U (w ) if (KEPS < lens_t & lens_t = intersection.hitpoint.distance) {
1 LABL TR Ty BT v

const Vec x0_xI = position_on_imagesensor - position_on_lens;
const Vec x_xV = position_on_objectplane - position_on_lens;
const Vec x8_x1 = now_ray.org - position_on_lens;

{int)uy_on_imagesensor.
int y = (int)uv_on_imagesensor.
clamp(x, @, camera.image_width_px);
clamply, ©, camera.image_height_px);

1 L ADEDROY ST IR
const double nowﬁsampledipdfj
total_pdf_A *= now_sampled_pdf_

]
now_sampled_pdf_eomega * (dot(normalize(x©_x1), normalize(camera.imagesensor_dir)) / x@_x1.length_squared());

1dM

1 TAA NS
const double G = dot(normalize(x8_x1), normalize(camera.imagesensor_dir)) * dot(normalize(-1.0 * x@_x1), previous_normal) / xB_x1.length_squared(}:
MC_throughput = G * MC_throughput;

/Ly AR ENERERRUR B )
vertices.push_back(vertex(position_on_lens, normahze(:amera imagesensor_dir), normalize(camera.imagesensor_dir), -1, Vertex::OBJECT_TYPE_LENS, total_pdf_A, MC_throughput));

/1 B HE + Bt I EFAESBEULTES T O L TR
const Color result = (camera.W_dash(x@_xV, x0_xI, x0_ xl) * < ~_throughput) / tntal _pdf_a;
return LighttracingResult(result, x, y, true);

('scene hit)
break;

e
e
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if (!scene_hit)
break;

const Sphere &now_object =
cunst anumt &hltpumt = mtersectwn hltpumt
en _

=Ty (SMER S A DA BT ES)

pomal (1.0 - bifpoint nomal)

cunst double russian_rou Ette prual 1ty = russian_rou ette now_object);

[ OZF =Ly
if (rnd-=next®l() »= russian_roulette_probability) {

break;
/1 FUWRESOH YT USSENEDT. —2ILOBEEERICEETS
total pdf *= russian_roulette_probability:

const Vec to_next_vertex = now_ray.orq - hitpeint.position;
FF FUWEREY S T T S O OREE R AR CET 350 TH 2ok, TNEERAECET SEED Zi
const double now_sampled_pdf ampled_pdf_omega * (dot(nommalize(to_next_vertex). orienting_ normal) / to_ next vertex.length_squared()):
/I ETORESREYTULITS z

total_pdf_A *= now_sampled_pdf_a

(GIE)
const double G dot{normalize(to_next_vertex), orienting_normal) * dot{normalize(-1.0 * to_next_vertex), previous_nomal) / to_next_vertex.length_squared();
MC_throughput = G * MC_throughput:

3 =Y MTENT S
vertl:es push back(Vertex(hitpoint.position, orienting_nomal, hitpoint.normmal, intersection.object_id,
now_object.reflection_type == REFLECTION_ TYPE_DIFFUSE ? Vertex::0BJECT_TYPE_DIFFUSE :Vertex::0BJECT_TYPE_SPECULAR.

total_pdf_A, MC_throughput}):
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I
| 1 nnt2 R A

0 H UL\ D RE
h [nuw _object.reflection type) {
==
case REFLECTION TYPE DIFFUSE: {
1 ROREES Y TUT
const Vec dir = sample_hemisphere_cos_ter(orienting_normal, md, &now_sampled_pdf_omega);
now_ray = Ray(hitpoint.position, dir);
/1 Zb—Fw MEE (dir <- hitpoint.position <- —fE@ OEELFES
MC_throughput = multiply{now_object.color / kPI, MC_throughput);
} break;

S TWSOTBROFFHETZS)

// REEE

case REFLECTIDN TYPE_MIRROR: {
/ EROTLA DR
/i ZAAFSE| F\,Tf.\‘:“/ju‘ RE
now_sampled_pdf_omega = 1.
now_ray = Ray(hitpoint. puslllun reflection_vector(now_ray.dir, hitpoint.normal)):

/D1 racmsiE:

2 LB BT v ILEND R,

LT&W. now_sampled_pdf omega = 1

pdf_omegald: YT BELTRBTENBIDESIRD

/ & 2
MC. thmuthut mulnp'ly[nnw nh]s(t color / dot(normalize(to_next_vertex), orienting nnmal) MC_throughput);

} break;
/1 A2
case REFLECTION_TYPE_GLASS: {
const bool into = dot(hitpoint.normal, orienting_normal) = 0.8: // L-HATZTHSHIMN. ADON

Vec reflection_dir, refraction_dir;
double fresnel_reflectance, fresnel_transmittance:
if (check_refraction(
inte, hitpoint.positien, now_ray.dir, hitpeint.nomal, orienting_normal,
&reﬂs(tlnnidlr. &refraction_dir, &fresnel_reflectance, &fresnel transmittance)) {
[Eif + FE&1
1f (rnd-=nextdl() < reflection_probability) { // R&F
now_sampled_pdf_omega = 1.9;
now_ray = Ray(hitpoint.position, reflection_dir);
MC_throughput = fresnel_reflectance * multiply(now_object.color / dot(normalize(te_nexti_vertex), orienting_nomal), MC_throughput):
total_pdf_A *= reflection_probability;
Y else { /7 BiF
const double nnt2 =
pow(into ?
refractive index of object / refractive index of vaccum :
refractive_index_of_vaccum / refractive_index_of_cbject, 2.8);
now_sampled_pdf omega = 1.0:
now_ray = Ray(hitpoint.position, refraction_dir);
MC_throughput = nnt2 * fresnel_transmittance * multiply(now_object.coler / dot(nomalize(to_next_vertex), orienting_normal), MC_throughput):
total pdf_A *= 1.0 - reflection_probability;

nuw}amplsd_pdf_umega =1.0;
now_ray = Ray(hitpoint.position, reflection dir):
MC_throughput = multiply(now object.color / dot{normalize(to_next wertex), orienting nommal), MC_throughput);

break:
}
} break;

i
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BidirectionalPathtracingResult bidirectional_pathtracing{const Camera &camera, const int imagebuffer_x, const int imagebuffer_y. Random *rnd)} {
BidirectionalPathtracingResult bpt_result;

std::vector<Vertex= eye_vs, light_vs;
const PathtracingResult pt_result =

generate_vertices_by pathtracing{camera, imagebuffer_x, imagebuffer_y. rnd, eye vs}:
const LighttracingResult 1t_result

generate_vertices_by lighttracing(camera, rnd, light_vs):

// num_light_vertex == 0M&=, A
if (pt_result.is_light_hit) {

const double mis_weight = calc_mis_weight(camera, eye_vsleye vs.size()-1l.total_pdf_A, eye_vs, light_vs, (const intleye_vs.size(), 8}
const Color result = mis_weight * pt_result.value;

bpt_result.samples.push_back(BidirectionalPathtracingResult::Sample(imagebuffer_x, imagebuffer_y, result, true)};

w BLTWE, TN E0EEERAT 5.

// num_eye_v

if {1t_result.is_lens_
const double mis_weight = calc_mis_weight(camera, light_vs[light_vs.size()-1].total_pdf_A, eye_vs, light_vs, O,
const 1nt 1x = lt_result.imagebuffer_x. ly = 1t_result.imagebuffer_y;
const Color result = mis_welght * 1t_result.value;

bpt_result.samples.push_back(BidirectionalPathtracingResult::Sample{lx, ly, result, false));

DJ AR L2 AT

v RUTVWNIE, ZNZZ0FEERTS.-

(const int)light_ws.size());
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BidirectionalPathtracingResult bidirectional_pathtracing{const Camera &camera, const int imagebuffer_x, const int imagebuffer_y. Random *rnd)} {
BidirectionalPathtracingResult bpt_result;

std::vector<Vertex= eye_vs, light_vs;
const PathtracingResult pt_result

generate_vertices_by pathtracing{camera, imagebuffer_x, imagebuffer_y. rnd, eye vs}:
const LighttracingResult 1t_result

generate_vertices_by lighttracing(camera, rnd, light_vs):

// num_light_vertex — BM& =, DA
if (pt_result.is_light_hit) {
const double mis_weight = calc_mis_weight(camera, eye_vsleye vs.size()-1l.total_pdf_A, eye_vs, light_vs, (const intleye_vs.size(), 8}
const Color result = mis_weight * pt_result.value;
bpt_result.samples.push_back(BidirectionalPathtracingResult::Sample(imagebuffer_x, imagebuffer_y, result, true)};

w BLTWE, TN E0EEERAT 5.

v RUTVWNIE, ZNZZ0FEERTS.-

_eye_v DJ AR L2 AT
if {1t_result.is_lens_
const double mis_weight = calc_mis_weight(camera, light_vs[light_vs.size()-1].total_pdf_A, eye_vs, light_vs, @, (const int)light_vs.size{)};
const 1nt 1x = lt_result.imagebuffer_x. ly = 1t_result.imagebuffer_y;
const Color result = mis_welght * 1t_result.value;
bpt_result.samples.push_back(BidirectionalPathtracingResult::Sample{lx, ly, result, false)});
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// light *7./; U7
for (int num_eye vertex = num eye vertex <= eye vs.sizel): ++num_eye vertex) {
for (int num_light_ vertex = 1; num_light_vertex == light_vs.size(); ++num_light_vertex) {
int target_x = imagebuffer_x, target_y = imagebuffer_y;
const Vertex &eye_end = eye vs[num_eye vertex - 1];
const Vertex &light_end = light_vs[num_light_vertex - 1];

I =&)L ZEHE
const double total_pdf_A = eye_end.total_pdf_aA * light_end.total_pdf_a;
if (total_pdf_A = @)

continue;

/1 MCRL—Ty b
Color eye_throughput = eye_end.throughput;
Culur light thrnughput hght end. throughput;

if (num_light_vertex »q

light_throughput = spheres[light_vs[@].objectID].emission;

ESETLA M-I 2L THEL

Intersection intersection:

const Vec light_end_to_eye end = eye end.position - light_end.position;

const Ray test_ray = Ray(light_end.position, normalize(light_end_to_eye_end));
intersect_scene(test_ray, &intersection);

I/
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/1 SR

/7 gl
for (int nun_eye_vertex = 1; num_eye vertex <= eye vs.size(); ++nun_eye_vertex) {
for (int num_light_vertex = 1; num_light_vertex <= light_vs.size(); +snum_light_vertex) {
int target x = imagebuffer x. Target y = imagebuffer y;:
const Vertex &eye_end = eye vs[num_eye_vertex - 11;

1 D=5 LD ]
const double total_pdf_a = eye_end.total_pdf_A * light_end.total_pdf_A;
if (total pdf A — 0)

continue;

I MCOL=_ T

Color eye_throughput = eye_end. throughput;

Color light_throughput - light_end.throughput;
Xat

R

if (num_light_vertex — 1) {
Light_throughput = spheres[light vs[6].objectIDI.emission;

1) BERETLA PL—22 L THL.
Intersection intersection
const Vec light_end_to_eye_end - eye_end.position - light_end.position;

const Ray test_ray = Ray(light_end.position, nomalize(light end to_eye end)):
intersect_scene(test_ray, &intersection):
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ST
for (int nun_eye vertex - L: nim_eye vertex < eye ve.size(); ++nun_eye vertex) {
for (int num_light_vertex = 1; num_light_vertex <= light_vs.size(); +snum_light_vertex) {
int target x = imagebuffer x. Target y = imagebuffer y;:
const Vertex &eye_end = eye vs[num_eye_vertex - 11;
const Vertex &light_end = light_vsTnum_light_vertex - 11;

1/ h=SIL0E

HE=
const double total pﬂf A = eye_end.total_pdf_A * light_end.total_pdf_A;
if (total pdf A — 0)

continue;

1 MCL—Tw b
Color eye_throughput = eye_end. throughput;
Color Tight_throughput = Light_end.throughput;
1/ T 3

color i 2,1, D

7/ num light =2 SSLEEOEED
enissionOfEZ ANS.

MCRUL—T v MAVE(ET B Tedbeiled

L&A
1% (rum_ Light vertex == 1) |
Light_throughput = spheres[light vs[6].objectIDI.emission;

1/ BERTLA PL—2 2oL THL.

Intersection intersection;

const Vec light_end_to_eye_end - eye_end.position - light_end.position;
const Ray test_ray = Ray(light_end.position, nomalize(light end to_eye end)):
intersect_scene(test_ray, &intersection):
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for (int nun_eye_vertex = 1; num_eye vertex <= eye vs.size(); ++nun_eye_vertex) {
for (int num_light_vertex = 1; num_light_vertex <= light_vs.size(); +snum_light_vertex) {
int target x = imagebuffer x. Target y = imagebuffer y;:
const Vertex &eye_end = eye vs[num_eye_vertex - 11;
const Vertex &light_end = light_vsTnum_light_vertex - 11;

1 =% ==

const double total_pdf_A = eye_end.total_pdf_a * light_end.total_pdf_A;
if (totalpdf_A = 0)
continue;

Coler eye_throughput = eye_end. throughput;
Color light_throughput
1/ T TRTLTH X

Color connectien_throughput(1, 1, 1):

7/ num_1. Ty MIEET 3N

NS (BT R
1 SEIE L&A
if (num_light_vertex
Light_throughput

1/ BETLA BL—2250
Intersection intersection
const Vec light_end_to_eye_end - eye_end.position - light_end.position;

const Ray test_ray = Ray(light_end.position, nomalize(light end to_eye end)):
intersect_scene(test_ray, &intersection):
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BIDIE:
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connection_throughput BRDF

-

41

'--IFi'w_x_rSE* BNEDH
tion.hitpoint.position

sys end. puslnun) Tength() == kEPs) {

continue;

break:

CUBJELT_TTEL
i ABMIEnum_ 1DEESE
{
14 lightbJ)IREEEL Y AICDRF 5/ (8->
Vec position_on_lens, position_on_objectplane, position_on_imagesensor, uv_on_imagesensor;
const double lens_t = camera.intersect_lens(test_ray, &position_on_lens, &position_on_objectplane, &position_on_imagesensor, &uv_on_imagesensor):
if (kEPS = lens_t && lens_t = intersection.hitpeint.distance) {
1 LABLYACkEy b A—T BTy b
const Wec xB_xI = position_on_imagesensor - position_on_lens;
const Vec x8_xV = position_on_objectplane - position_on_lens;
const Wec x@_x1 = test_ray.org - position_on_lens;
target_x = (int)uv_on_imagesensor.x:
target_y = (int)uv_on_imagesensor.y;
clamp(target_x, @, camera.image width_px);
clamp(target_y, @, camera.image_height_px):
connection_throughput = camera.W_dash(x@_xV, x@_xI, x@ x1) * connection_throughput;
T oelse {
11 UightBdIAEBEL VAICDRFLD S Lihf, ERShz DA A—Tt ST o 3BA.
continue;

br’eak;

case Vertex :DEJECT TYPE LIGHT:

case Vertex::0BJECT_TYPE_SPECULAR:
continue;

}
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ase vertex
connection_throughput = multlply[wﬂnectlun throughput, spheres[eye end.objectIDl.coler / kPI);
1 BEREEDROME TERSN SN ESHEHET 3. ERSN TLzo
if ((intersection.hitpoint.position - eye end.position). Isngth(
continue;

= kEPS) {

break:

AL ‘UEJEL\ilTI’tiLEE.
1/ ZTIEABMIEnun_eye_vertex == 1MEEFLT
{

14 lightbJ)IREEEL Y AICDRF 5/ (8->
Vec position_on_lens, position_on_objectplane, position_on_imagesensor, uv_on_imagesensor;
const double lens_t =
if (kEPS = lens_t && lens_t = intersection.hitpeint.distance) {
1 AR ATy PRI A—TEHITEY b
const Wec xB_xI = position_on_imagesensor - position_on_lens;
const Vec x8_xV = position_on_objectplane - position_on_lens;
const Wec x@_x1 = test_ray.org - position_on_lens;

target_x = (int)uv_on_imagesensor.x:
target_y = (int)uv_on_imagesensor.y;
clamp(target_x, ©, camera.image width_px);
clamp(target_y, @, camera.image_height_px):

connection_throughput = camera.W_dash(x@_xV, x@_xI, x@ x1) * connection_throughput;

T oelse {
1 UightBdIAZBEL VAICDRFLD S Lihf, ERShzDA A—TtoHcky LMo RIBE.
continue;
}
break:

HHEOIR 0/ (R2FEOESEEOICRBOT.

1/ eyt T CADRESH AN,
case Vertex::0BJECT_TYPE_LIGHT:
case Vertex::0BJECT_TYPE_SPECULAR:

continue;

}

camera.intersect_lens(test_ray. &position_on_lens. &position_on_objectplane, &position_on_imagesensor,

. #E0n.

&uv_on_imagesensor)
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connection_throughput

I
switch (eye_end.type) {
case Vertex::0BJECT_TYPE_DIFFUSE:

A TERSN AN ESNEHET 3. B
tion.hitpoint.position - eye_end. puslnun) 'lsngt () == kEPS) {

connection_throughput = multiply(connection_ thruughput. spheres[eye end.objectIDl.coler / kPI);

ase Vertex :OBJECT_TYPE_LENS:
ABDiEnum_

IEER

14 lightbJ)IREEEL Y AICDRF 5/ (8->
Vec position_on_lens, position_on_objectplane, position_on_imagesensor,
const double lens_t =
if (kEPS = lens_t && lens_t = intersection.hitpeint.distance) {
1 LABLYACkEy b A—T BTy b
const Wec xB_xI = position_on_imagesensor - position_on_lens;
const Vec x8_xV = position_on_objectplane - position_on_lens;
const Wec x@_x1 = test_ray.org - position_on_lens;

target_x = (int)uv_on_imagesensor.x:
target_y = (int)uv_on_imagesensor.y;
clamp(target_x, ©, camera.image width_px);
clamp(target_y, @, camera.image_height_px):

connection_throughput =

camera.intersect_lens(test _ray, &position_on_lens,

uv_on_imagesensar;

&position_on_objectplane, &position_on_imagesensor,

camera.W_dash(x@_xV, x@ xI, x0_x1) * connection_throughput:

T oelse {
11 UightBdIAEBEL VAICDRFLD S Lihf, ERShz DA A—Tt ST S BE
continue;
Y a5 = V4 ST cam e PR e e R 5222 o

&uv_on_imagesensor)

case Vertex::0BJECT_TYPE_LIGHT:

case Vertex::0BJECT_TYPE_SPECULAR:
continue;

}
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switch (eye_end.type) {
case Vertex::0BJECT_TYPE_DIFFUSE:

connection_throughput = multiply(connection_ throughput, spheres[eye end.objectIDl.coler / kPI);
i A TERSN AN E SN EHET 3. ERT
tion.hitpoint.position - eye end.position). 'lsngt () == kEPS) {

continue;

break:
case Vertex :OBJECT_TYPE_LENS:

1 ABO{Enum_ 1DEET
{
14 lightbJ)IREEEL Y AICDRF 5/ (8->
Vec position_on_lens, position_on_objectplane, position_on_imagesensor, uv_on_imagesensor;
const double lens_t = camera.intersect_lens(test_ray, &position_on_lens, &position_on_objectplane, &position_on_imagesensor
if (kEPS = lens_t && lens_t = intersection.hitpeint.distance) {
1 LABLYACkEy b A—T BTy b
const Wec xB_xI = position_on_imagesensor - position_on_lens;
const Vec x8_xV = position_on_objectplane - position_on_lens;
const Wec x@_x1 = test_ray.org - position_on_lens;
target_x = (int)uv_on_imagesensor.x:
target_y = (int)uv_on_imagesensor.y;
clamp(target_x, @, camera.image width_px);
clamp(target_y, @, camera.image_height_px):
connection_throughput = camera.W_dash(x@_xV, x@_xI, x@ x1) * connection_throughput;
T oelse {
11 UightBdIAEBEL VAICDRFLD S Lihf, ERShz DA A—Tt ST S BE
continue;
}

ase Vertex :DEJECT TYPE LIGHT:

ase Vertex::0BJECT_TYPE_SPECULAR:
continue;

. &uv_on_imagesensor)
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case Vertex::0BJECT TYPE_DIFFUSE:
connection_throughput = multiply({connection_throughput. spheres[light_end.objectIDl.colar / kPI):
break;
CasE verter. onJeet

/1 FEIRDEE

case Vertex::0BJECT_TYPE_LENS:

case Vertex::0BJECT_TYPE_SPECULAR:
continue;

H
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I ligh Yt AmiRS =1
switch (light_end.type) {
case Vertex::0BJECT_TYPE_DIFFUSE:

connection_throughput = multiply({connection_throughput. spheres[light_end.objectIDl.colar / kPI):

hmb
case Vertex::0BJECT TYF’E LIGHT:
/ FERORE [ Z/I“H/ AR, BEOE=MHIAE LT
/¢ num_light CASTLBT&EEL.
break-

R P A S Py S g T
case Vertex: :0BJECT_TYPE_LENS:
case Vertex::0BJECT_TYPE_SPECULAR:
continue;
H
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/1 light4 71t 2
switch (light_end.type) {
case Vertex::0BJECT_TYPE_DIFFUSE:
connection_throughput = multiply({connection_throughput.
break;
case Uerter :0BJECT TYF’E LIGHT:

£

case Vertex: .DBJECT_TYPE_LENS
case Vertex::0BJECT_TYPE_SPECULAR:
continue;

—/i“H/ =M EHOERL

spheres[light_end.objectID].color / kPI):

FHEFE L IC]]
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const double G = {
std::max{dot{nomalize(-1.0*1ight_end to_eye end), eye end.orienting normal), 0.0) *
std::max(dot(nomalize(light_end_to_eye end), light_end.orienting_nommall), ©.8}) /
light_end_to_eye_end.length_squared{):

connection_throughput = G * connection_throughput:

/1 MISOEHZHETS-
const double mis_weight = calc_mis_weight{camera, total_pdf_A, eye wvs, light_ws, num_eye vertex, num_light_wertex);

1t {_isnani{mis_weight}) {
continue;
1

/1 BERNBELFALODL MBI -3 = B _ ) . . ] ) _ -
/f VISEH * EREBRd 3 THUCEBAESNSE * eyeB T2 UL w b * light8 7/ UL—TFw - 7 IROY T T EESEORET
const Color result = mis_welght * multiply(multiply{connection_throughput. eye throughput)., light_throughput) / total A

17 e

_pdf_
bpt_result.samples.push_back(BidirectionalPathtracingResult::Samplel{target_x, target_y., result, num_eye vertex == fals

: truel);
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double calc_mis_weight(const Camera &camera, const double total_pdf_A, const std::vector<Vertex= &eye vs, const std::vector<Vertex= &light_vs, const int num_eye vertex, const int num_light_vertex) {
std::vector<const Vertex*» vs(num_light_vertex + num_eye vertex);
std::vector<double= pil pi(num_eye vertex + num_light vertex);

const double PA_y@ = sample_sphere_pdf_A(spheres[LightID].radius); // HELOU LTI LIEE
const double PA_x@ = camera.sampling_pdf_on_lens(}; // L-»Z b7l 2%
s[1] = y1, ... wslk-11 = x1, vslk]l = x@

const int k um_eye_vertex + num_light_vertex - 1:

for {int 1 = B; i < num_light_vertex; ++1)
vs[i] = &light_vs[il:

for (int i = num_eye vertex - 1; i == 0; --1i)
vs[num_light_vertex + num_eye vertex - 1 - i] = &eye vs[i];

/O P 2il—l-y MOBEEEZENTICANSD.
p1l_pi[@] = PA_y@ / (calc_pdf_A(camera, vs, 2, 1, 0} * russian_roulette(spheres[vs[@]->0bjectID]}};
for {int 1 =1; 1 =< k; ++1) {

const double a = calc_pdf_Alcamera, vs, 1 - 2, 1 - 1, i):

const double b = calc_pdf_Alcamera, vs, 1 + 2, i+ 1, i):

pil pilil = a / b;

pil pilk] = (calc_pdf_A{camera, ws, k - 2, k - 1, k} * russian_roulette(spheres[vs[k]->objectID]}) / PA xB;

[ pEERDD
std::vector<double> p{num_eye_vertex + num_light_wvertex + 1);
plnum_light_vertex] = total_pdf_A:
for {int 1 = num_light_vertex: 1 == k: ++i) {
pli + 11 = plil = pil_pilil:

for {int i = num_light_vertex - 1; i »=8; --i) {
plil = pli + 1] / pil_pilil:

/¢ Specularilig
for (int 1 = 8; 1 < ws.size(}; ++i) {
if (vs[il-»type == Vertex::0BJECT_TYPE_SPECULAR}
plil = 8.8:
pli + 1] = 0.8;

-

}

// Power-heuristic

double mis_weight = ©.8;

for {int 1 = 0; 1 < p.size(}; ++1) {
const double v = plil / plnum_light_vertex]:
mis_weight += v * v; // beta = 2

return 1.8 / mis_weight:
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s——— ” —— seye_vs, const std::vector<Vertex- &light_vs, const int num_eye_vertex, const int num_light_vertex) {
std::veCtor=const Vertex*> vs(num_Light_vertex + num_eye_vertex):
std: :vector<double> pil_pi(mum_eye_vertex + num_light_vertex) ;

const double PA_y0 = sanple_sphere_pdf_A(spheres [L1ghtID]. radius) ;
const double PA X0 = camera.sanpling_pdf_on_lens(): // LA E0r

3.
[

¥o. vslll = y1 vslk-11 = X1, vs
const int k = num_eye_vertex + nun_light_vertex -
for (int i=0; i < nun_Light_vertex; ++1)
vs[i] - &light_vs[il;
for (int i = num_eye vertex - 1;
s loun 1

i>= 6 --i)
e b o o]

Tex s cve

1/ D27~y NORERENT ICAN3.

PA_Y® / (calc_pdf_A(camera, vs, 2, 1, @ * russian_roulette(spheres [vs[6]-»0bjectID])):
i<k +L

const double a = calc_pdf_A(camera, vs, i - 2, i - 1, i);

const double b = calc_pdf_A(camera, vs, i +2, i+ 1, i);

pilpilil =a / b;

}
pil_pilkl = (calc_pdf_A(canera, vs, k - 2, k - 1, k) * russian_roulette(spheres [us[k]->abjectD])) / PA_x0;

/ 05
std::vector<doubles p(num_eye_vertex + num_light_vertex + 1);
plnum_Tight_vertex] = total_pdf_A;
For (Int i = nun_light_vertex;

pli+ 11 = plil * pilpilil;

i) {

For (int i = nun_light_vertex - 1; i == 0; --i) {
plil = pli + 11 / pil pilil:

ularfiiE
;i< vs.size(); ++1) {
Vertex: :0BJECT_TYPE_SPECULAR) {

1/ 5
for (int i
if (vslil-=type

plil = 0.0;
pli+ 11 - 0.0;

1

/7 Po ristic
double mis_weight = 0.0;
for (int i-0; i<p.size(); ++1) {
const double v = p[i] / plnum_light_vertex];
mis_weight 4= v * v; // beta = 2

¥
return 1.0 / mis_weight;
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dnuble calc_mis_weight(const Camera &camera, const double total pdf_A, const std::vector<Vertex- &eye_vs, const std
orzconst Vertex*> vs(num_Light_vertex + num_eye_vertex];
Std vactaradaubles pit pi (. ey varta » s LIGht.verton);
const double PA_yo = sanple_sphere_pdf_A(spheres[Ligh?ID]. radius);
const double PA X0 = camera.sanpling_pdf_on_lens(): SR

vs[0 1 vslk vsIk
Const st K = num_eye vertex + num Light_vertex -
for (int 1= 0; 1< i Light vertax: ++1)

vs[i] - &light_vs[il;
for (int i = num_eye vertex - 1; i >= 8 --i)

vs [num_Light_verfex + nun_eye vertex - 1 - i] = seye_vs[il:

= 72)—Ly NOEEEENT [CANS.
Ip)l pile] = PAyO / (calc_pdf_A(camera, vs. 2, 1, 8) * russ;an,ruulette(sphereg[vg[o]»nmsum]));I

const double a =
const double b
pilpilil =a / b;

alc_pdf_A(camera, vs, i - 2, i - 1, i);
alcpdf_Alcamera, vs, i+ 2, i+ 1, i);

pil_pilkl = (calc_pdf_A(canera, vs, k - 2, k - 1, k) * russian_roulette(spheres [us[k]->abjectD])) / PA_x0;

std::vector<doubles p(num_eye_vertex + num_light_vertex + 1);
plnum_light_vertex] - total_pdf_
For (int 1 = nun_Light_vertex: 1 < ks ++i) {

pli+ 11 = plil * pilpilil;

For (int i = nun_light_vertex - 1; i == 0; --i) {
plil = pli + 11 / pilpilils

Specularfli
for (int i=0; i< vs.size(); ++i) {
if (vs[il-=type == Vertex: :0BJECT_TYPE_SPECULAR) {

plil = 0.0:
pli+ 1] =

r-heurist:

double mis_weight = 0.0;

for (int i-0; 1< 9129[)‘ +1) {
const daube v = piL1 / [nun_Ligne_vertesd;
nis_weight += v * v; B

¥
return 1.0 / mis_weight;

vector<Vertex= &light_vs, const int num_eye_vertex, const int num_light_vertex) {
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double calc_mis_weight(const Camera &camera, const double total_pdf_A, const std
vector=const Vertex*> vs(num_Light_vertex + num_eye_vertex];
std: :vector=double pilpilnun_eye vertex + nun_light_vertex):
anple_sphere_pdf_A(spheres[LighTID]. radius);
anera. sanpling_pdf_on_lens(): SR L0

vs yo. vs[1] = y1 vsIk-11 = x1, vs[k
const int k = num_eye_vertex + nun_light_vertex -
for (int i=0: 1 < num_light_vertax: +1)
vs[i] - &light_vs[il;
for (int i = nun_eye vertex - 1; i »= 0;
vs[num_light_vertex + nun_eye_vertex -

1)
1- il = Geye vslil:

A3,

oulette(spheres [vs[]->0bjectID]) ) :

for (int 1=1; 1<k +) {
const double a = calc_pdf_A(camera, vs, i - 2, i - 1, i);
const double b = calc_pdf_A(camera, vs, i +2, i+ 1, 1);
pilpilil = a / b;

pil pilkl = (calc_pdf_A(canera, vs. k - 2. k

std::vector<doubles p(num_eye_vertex + num_light_vertex + 1);

plnum_Tight_vertex] = total_pdf_A;

For (Int i = nun_light_vertex;
pli+ 11 = plil * pilpilil;

i) {

For (int i = nun_light_vertex - 1; i == 0; --i) {
plil = pli + 11 / pil pilil:

Speculai
for (int i
if (vslil-=type

;i< vs.size(); ++1) {
Vertex: :0BJECT_TYPE_SPECULAR) {

plil = 0.0;
pli+ 11 - 0.0;

Pover-he c
double mis_weight = 0.0;
for (int i-0; i<p.size(); ++1) {
const double v = p[i] / plnum_light_vertex];
nis_weight += v a2

¥
return 1.0 / mis_weight;

-1, k) * russian_roulette(spheres[vs[k]-»objectID])) / PA_X0;

vector<Vertex- &eye_vs, const std::vector<Vertexs &light_vs, const int num_eye_vertex, const int num_light_vertex) {
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dnuble calc_mis_weight(const Camera &camera, const double total pdf_A, const std
orzconst Vertex*> vs(num_Light_vertex + num_eye_vertex];
vector=double> pilpilnum_eye_vertex + nun_light_vertex);
sRble sphere paf Alspheres(LighiID  radius)
anera. sanpling_pdf_on_lens(): SR DY

vector<Vertex> feye_vs, const std

vs[0 1 vslk stk
Const ant K = num_eye vertex 1 num Light vertex - 1
for (int 1= 0; 1< i Light vertax: ++1)
vs[i] - &light_vs[il;
for (int i = num_eye vertex - 1; i >= 8 --i)
vs[num_light_vertex + nun_eye_vertex - 1 - il = seye_vs[il;

O3 72l—Ly bk 24 AN3.
pilpilel = PAYE / [zal( pdf Alcamera, vs, 2, 1, ©) * russian_roulette(spheres [vs[6]->abjectIDI));
for (int i=1; 1<k +i)
const double a = calc_pdf_A(camera, vs, i - 2, i - 1, i);
const double b = calc_pdf_A(camera, vs, i +2, i+ 1, i);
i1 pilil — =y b

Ip)l)l[k] = (calc_pdf_Alcanera, vs, k - 2, k - L, k) * russian_roulette(spheres [vs[k]-»0bjectID])) / PA_xo; I

std::vector<doubles p(num_eye_vertex + num_light_vertex + 1);
plnum_light_vertex] - total_pdf_
For (int 1 = nun_Light_vertex: 1 < ks ++i) {

pli+ 11 = plil * pilpilil;

For (int i = nun_light_vertex - 1; i == 0; --i) {
plil = pli + 11 / pilpilils

Specularili®
for (int 1= 0; i< vs.size(); ++i) {
if (vs[i]->type = Vertex: :0BJECT_TYPE_SPECLLAR) {
plil = 0.0;
pli+ 1

0.0;

r-heurist:
double mis_weight = 0.0;
for (int i-0; 1< 9129[)‘ +1) {
const daube v = piL1 / [nun_Ligne_vertesd;
nis_weight += v * v; B

return 1.0 / mis_weight;

vector<Vertex> &light_us,

const int num_eye_vertex, const int nun_light_vertex) {
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dnuble cale_mis_weight(const Camera &camera, const double total_pdf_A, const std::vector<Vertex- &eye_vs, const std::vector<vertex> &light_vs, const int num_eye_vertex, const int num_light_vertex) {
orzconst Vertex*> vs(num_Light_vertex + num_eye_vertex];
St vactoredaubler pil_pilnun_eye_vertex + nun_light_vertex):
const double PA_yo = sanple_sphere_pdf_A(spheres[Ligh?ID]. radius);
const double PA X0 = camera.sanpling_pdf_on_lens(): SR

vs[0 1 vslk vsIk
Const st K = num_eye vertex + num Light_vertex -
for (int 1= 0; 1< i Light vertax: ++1)
vs[i] - &light_vs[il;
for (int i = num_eye vertex - 1; i >= 8 --i)
vs[num_light_vertex + nun_eye_vertex - 1 - il = seye_vs[il;

O3 72l—Ly bk 24 AN3.
pilpilel = PAYE / [zal( pdf Alcamera, vs, 2, 1, ©) * russian_roulette(spheres [vs[6]->abjectIDI));
for (int i=1; 1<k +i) {

const double a = calc_pdf_A(camera, vs, i - 2, i - 1, i);

const double b = calc_pdf_A(camera, vs, i +2, i+ 1, i);

pilpilil =a / b;

pil_pilk] = (calc_pdf_A(canera, vs, k - 2, k - 1, k) * russian_roulette(spheres [us[k]->abjectD])) / PA_x0;

std::vector<doubles p(num_eye_vertex + num_light_vertex + 1);
plnum_light_vertex] - total_pdf_
For (int 1 = nun_Light_vertex: 1 < ks ++i) {

pli+ 11 = plil * pilpilil;

For (int i = nun_light_vertex - 1; i == 0; --i) {
plil = pli + 11 / pilpilils

SpecularfliE
for (int i=0; i< vs.size(); ++i) {
if (vs[il-=type == Vertex: :0BJECT_TYPE_SPECULAR) {

plil = 0.0:
pli+ 1] =

r-heurist:
double mis_weight = 0.0;
for (int i-0; 1< 9129[)‘ +1) {
const daube v = piL1 / [nun_Ligne_vertesd;
nis_weight += v * v; B

¥
return 1.0 / mis_weight;
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TNOEHOEIZAST 2LENHD
0ubTe <ale pdf Alconst Camers Geamers, const stds:vectoreconst Vertex® Gvs. const nt prev_from_idx, const int From_idx. const int next_ide) €

const Vertex &from_vertex = *vs[from_idx];:

const Vertex &next_vertex = *vs[next_idx];:

Vertex const *prev_from_vertex = NULL;

if (8 <= prev_from idx & prev_from_idx < vs.size())

prev_from_vertex = vs[prev_from idxl;

const Vec to = next_vertex.position - from_vertex.position;
const Vec normalized_to = nomalize(to):
double pdf =

11 E=fronpAT T4 b
switch (from_vertex.type) {

case Vertex::0BJECT_TYPE_LIGHT:
0BJECT_TYPE_DIFFUSE:
pdf = sample_hemisphere_pdf_cmega(from_vertex.orienting_normal, normalized_to):
b

TR=DY > T AT

OBJECT_TYPE_LENS:

S EOEERSL IV ITEE
1 AX-SE N L DROY T U IR EREICERT 3.
const Ray test_ray{next_vertex.position, -1.8 * normalized_to);

Vec position_on_lens, position_on_objectplane, position_on_imagesensor, uy_on_imagesensor;

const double lens_t = camera.intersect_lens(test_ray, &position_on_lens, &position_on_objectplane, &position_on_imagesensor,
if (kePS « lens_t) {

const Vec xB_xI
const Vec x0_xV
const Vec x6_x1

&uv_on_imagesens

pesition_on_imagesensor - position_on_lens;
pesition_on_objectplane - position_on_Llens;
test_ray.org - position_on_lens:

const double P_Inage = 1.8 / (camera.imagesensor_width * camera.inagesensor_height);
const double PA x1 = camera.P_Inage_to PA x1(P_Image, X8 xV, x0_x1, next_vertex.orienting nomal);:
return PA_x1:

¥
return 0.9;
¥
break:
case Vertex::0BJECT_TYPE_SPECULAR:

if (spheresl from_verfex.objectIn] ,reflection_type
188 D=h e T

R, FEDBOT

if (prev_from_vertex l NULL) {
/1 fromEROU ESFID MELCADRATNDON. ZNEEHT e
const Vec inta_from_vertex_dir - normalize(fron_vertex.pesition - prev_from_vertex->position):
const bool into = dot(into_from_vertex_dir, from_vertex.object_nomal) < 8.8: // p
const Vec from_new_orienting notmal = into ? from_vertex.object_normal : -1.0 * from vertex.object_ nomal

AN ML RAF T S

\[s( rsﬂs(tlun dir, refraction_dir;

double fresnel_reflectance, fresnel_transmittance:

if (check_refraction(
into, from_vertex.position, into_from_vertex_dir, from_vertex.object_normal, from_new_orienting_normal,
&reflection_dir, &refraction_dir, &fresnel_reflectance, &fresnel_transmittance))

/1 BS or B
pdf = dot(from_new_orienting nomal, nomalized to) > 0.0 7 reflection probability : 1.0 - reflection probability;
T oelse {

THATRDD
next_vertex.object_nomal) < 6.0 ? next_vertex.object normal : -1.0 * next_vertex.object_nomal;
TEICEE

sEHEICET SEEEEE IR :
return pdf * mm 1.6 * nomalized_to, next_new_orienting_nomal) / to.length_squared());

or);

CABD:
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L J <
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TSI DURES:

BBR5. TNEND 5.
iouble calc_pdf_A(const Canera &camera, const std::vector<const Vertex'> &s, const int prev_fron_idx.
const Vertex &fron_vertex = *vs[fron_idx];
const Vertex gnext_vertex = *vsnext idxl:
ertex const *prev_fron ) pertex - Wl
£ (6 <o prev_ fron”iox & prev_fron.id < vs.size())
prev_fron_vertex = vs[prev_fron_idxl;

const Vec to = next_vertex.position
const Vec normalized,
double pdf =

- fron_vertex.position;
i to - nomalize(to);

switch (from_vertex. type
case Vertex: :0BJECT_TYPE_LIGHT:
Case Vertex: :0BJECT_TYPE_DIFFUSE:
pdf = sanple_henisphere_pdf_omega (fron_vertex.orienting_nomal, nomalized_to):

o iy ey

1 LA LD SIYOTBLEOmENE
11 A3 -Se S EOR DY TS =

5.
t Ray test_ray(next_vertex. pasnmn -1.0 * nomalized_t
Vec position.on, Lens. position on_objeciplane, position on-ikagesensor, wv_on_inagesen

= position_on_inagesensor - position_on_lens;
position_on_ubjectplane - position_on_Lens:
test_ray.org - position_on_len

const Vec xU X1 =

const double P_1mage = 1.0 / (canera.insgesensor_width = caners.inagesensor. eight):
const double PA =

}
return 0.0;

case Vertex: BIECT_TYPE SPECLLIR:
if (spheres[fron. x.objectID] . reflectio
AR U
PRS0 T > T8
if (prev_from_vertex

= REFLECTION_TYPE_GLASS) {
TG R

AHEIZADRAATY

BN, TNEGHTTONEHET

const Vec into_fron_vertex_dir = nomalize(fron_vertex.position - prev_fron_vertex- position);
const bool inta = dot (into_fron_vertex_dir, fron_vertex.object normal) < 0.0; // pr
const Vec fron_new_orienting_nomal = into ? fron_vertex.object_nomal : -1.0 *

/ TS
Ve reflection. r. refractia

ir;
double fresnel_reflectance, fresnel_transmittance:
if (check_refraction(

into, from_vertex.position, into_fron_vertex_dir,

paf = dot(from_new orienting nomal, nomalized to) » 6.0 7 reflection probability
¥ else {

/1 RORSDERE.

const int from_idx, const int next_idx)

\_x1 = canera.P_Inage_to_PA_x1(P_Inage, xo_xV, X0_xl, next_vertex.orienting_normal);
return PA X1:

RECLTHY TS IS LST

Sfron_vertexAd<S MU, AN
fron_ e ehject parms

from_vertex.object_nomal, fron_new_orienting_nomal,
Lreﬂe:unn dJr &refraction_dir, &fresnel_reflectance, &fresnel_transmittance)) {

1.0 - reflection_probability:

TEDT:

(m\st Yo next nes nr)snung nomal ertex un,m nomal) < 6.0 7 next_vertex.object_normal
5

3
feturn pdf * (dot(-1.6 * nomalized to, next new or)snung nomal) / to.length_squared());

-1.6 * next_vertex.object_nomal

sor
const double lens_t = camera. intersect_lens(test_ray, &position_on_lens, &position_on_objectplane, &position_on_imagesensor, &uv_on_inagesensor)
if (KPS < lens_t) {

KT ABON
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From: T OLEZE IR

b
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/7)/7!i IRDRS, TNENOR

1835
ouitc catc ot Aiconst comers Geanera: :ons( std::vector<const Vertext> &vs, const int prev_fron_idx. const int fron_idx, const int next_idx) {
const Vartex &fron_vertex = *vs[fron_idx];
tex = *us[next_ mxy.
Vertex const *prev_fron_ vertex ~ ML
£ (6 <o prev_ fron”iox & prev_fron.id < vs.size())
prev_fron_vertex = vs [prev_fron_idxl;

;5
g

Const Vec to = next_vertex.position
const Vec nomalized

- from_vertex.position;
double pdf = 0.0;

to = normalize(to) ;

MDATSTH MOBRCLOT. ZDRDIES
Switeh (frnm vertex. type)

case Vertex: :0BJECT_TYPE_LIGHT:

case Vertex: :0BJECT_TYPE_DIFFUSE:

pdf = sanple_henisphere_pdf_onega (fron_vertex.orienting_nomal, nomalized_to):

case Vertex: :0BJECT_TYPE_LENS:
4

1 LS EDEN ST~ ke > ITHE EOTRAE
11 AX=SE B LORDYT T S TRERRERICEAT 5.
const Ray test_ray(next_vertex.position, -1.0 * normalized_t
Vec position.on, Lens, position on_objeciplane, position on-agesensor, uy_on_inagesensor
const double lens_t = camera. intersect_lens(test_ray, &position_on_lens, &position_on_objectplane, &position_on_imagesensor, &uv_on_inagesensor)
if (KEPS < lens 1) {

= position_on_inagesensor - position_on_lens;
position_on_ubjectplane - position_on_Lens:
test_ray.org - position_on_len

IEETETHE.

const Vec x0_; sl

const double P_1mage = 1.0 / (canera.insgesensor_width = caners.inagesensor. eight):
const double PA_x1 = canera.P_Inage_to_PA_x1(P_Image, xo_xV,
return PA_x1;

X0_x1, next_vertex.orienting_nomal);
3
return 0.0;

3
break;

if (spheres[fro.
spheres{fror

FELTE

TU

if (prev_fron vsrlex ML)
FrnEZD0 L SRORREINT, MECADRATIION, ZNESHTH DN EHIETS.

Const Vec into_ fron_ver<ex_di malize(fron_vertex.position - prev_fron_vertex->position);

const bool inta = dot (into_fron_vertex_ dir, from_vertex.object normal) < 0.8; // prev_fron_vertexi'3fron vertexadAs MLA, 2

const Vec fron_new_orienting_nomal = into fron_vertex.object_noma

OERER

~ REFLECTION TYPE sLAss)
T 1

{
ko THYTUSTENE

? fron_vertex.object_nomal : -1.0 *

/1 SRELTUBON. LTORLONESE
Vec reflection_dir, refraction_dir:

double fresnel_reflectance, fresnel_transnittance;
if (check_refraction(

into, fron_vertex.position, into_fron_vertex_dir, fron_vertex.object_nomal, fron_new_orienting_nomal,
&reﬂe:unn dir, drefraction dir, &fresnel_reflectance, &fresnel_transmittance

pdf dnt[frum new_orienting_nomal, nomalized_to) > .0 7 reflection_probability :
¥ else {

1.0 - reflection_probability:

ERE. BEORRNSOBENY MUCESVTEOTRY
(m\st vee next new nr)snung nomal dotito. ne

ertex. un,m nomal) < 6.0 7 next_vertex.object_normal

-1.6 * next_vertex.object_nomal

3
feturn pdf * (dot(-1.6 * nomalized to, next new orienting_nomal) / to.length_squared()):
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BBR5. TNENDTDND BB 53,
ouite eatc _pdf_Alconst Canera Lcamera :ans( std: :vector<const Vertex> &vs, const int prev_fron_idx
onst Vertex &fron_vertex = *vs[fron_idx];
Congt Vertex Snoxt-vertex - nalnext 1dx].
ertex const *prev_fron_vertex = NAL;
m = prev. fron”idx E.prev_from_idx < vs.size())
rev_fron_vertex = vs[prev_fron_idxl:

, const int from_idx, const int next_idx) {

Const Vec to = next_vertex.position
const Vec normalized

- fron_vertex.position;
double pdf =

to = normalize(to) ;

/1 BEfrondA TSI MNOBRICEST

switch (from_vertex. typel

case Vertex: :0BJECT_TYPE_LIGHT:

Case Vertex: :0BJECT_TYPE_DIFFUSE:
pdf = sanple_hemisphere_pdf_onega (fron_vertex.orienting_nomal, nomalized_to):

reak;
case Vertex: :0BJECT_TYPE_LENS:
4

PP

B & EOERAME!
et HES] /T D,

nst Ray test_ray(next_vertex.position, -1.0 * nomalized_t

Vec position on Lens. pEsstion ondbjeciplane. position on-inagesensor. uy_on_iagesensor;

const double lens_t = camera.intersect_lens(test_ray, &osition_on_lens, &position_on_objectplane, &position_on_imagesensor, &uv_on_imagesensor);
if (KPS < lens_t) {

= position_on_inagesensor - position_on_lens;
position_on_ubjectplane - position_on_Lens:
test_ray.org - position_on_len

const Vec xD X1 =

const double P_1mage = 1.0 / (canera.insgesensor_width = caners.inagesensor. eight):
const double PA_x1 =

canera.P_Inage_to_PA_x1(P_Inage, x0_xV, X_x1, next_vertex.orienting_nomal);
return PA X1:

}
return 0.0;

= REFLECTION TYPE_GLASS) {
FUvs . REC&o THYTUSIENENELST

AEADBATIBON. BNESHTIT DN EH
const Vec into_from_vertex_dir malize(from_vertex.position - prev_from_vertex- >vv51uwv).
const bool ints = dot (into_ fron_vertex dir, fron_vertex.object_nomal) < 0.8; // pr

const Vec fron_new_orienting_nommal = into ? fron_vertex.object_nomal : -1.6 *

=5

fro from_vertexAd~<Z ML, ZAF
Tram orten.chject; marms

vec reflec(mn Or. retraction dir;
double fresnel_| reflectance. fresnel_transnittance:
if (check_refractior

nto, fron.vertex.position, into_fron_vertex dir, fron_ vertex.bject_nomal, fron_new_orienting_nomal,
1

Lreﬂe:unn d)r &refraction_dir, &fresnel_reflectance, &fresnel_transmittance

4ot (Tron_new orienting nomal. nomalized_to) > 0.6 7 reflection probability : 1.0 - reflection probabilitys

vertex un,m nomal) < 0.0 ? next_vertex.object_normal

3
feturn pdf * (dot(-1.6 * nomalized to, next new or)snung nomal) / to.length_squared());

R0 8% o7
const Vec ot e, nr)snung nomal

-1.6 * next_vertex.object_nomal
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3Lz @

BBRB. TNENDROON BB 53,
ouble calc_pt_A(conss Canera Scamers, const std:svector<const Vertex> &vs, const int prev._fron_idx
const Vertex &fron_vertex = *vs[fron_idx];
= rvslnext_idd];
ertex const *prev_fron_vertex = NAL;
m = prev. fron”idx E.prev_from_idx < vs.size())
rev_fron_vertex = vs[prev_fron_idxl:

, const int from_idx, const int next_idx) {

Const Vec to = next_vertex.position
const Vec normalized

- fron_vertex.position;
double pdf =

to = normalize(to) ;

/1 BEfrondATITH MNOBRC LS T, ZOROTR:
switch (from_ vertex-type
case Vertex: :0BJECT_TYPE_LIGHT:
Case Vertex: :0BJECT_TYPE_DIFFUSE:
pdf = sanple_hemisphere_pdf_onega (fron_vertex.orienting_nomal, nomalized_to):

reak;
case Vertex: :0BJECT_TYPE_LENS:
4

prev_from

SIYOTBLEOmENE
5270 #73.

nst Ray test ray(next vertex.| pasnmn -1.0 * nomalized_t

Vec position.on, Lens. position on_objeciplane, position on-ikagesensor, wv_on_inagesen

sor
const double lens_t = camera. intersect_lens(test_ray, &position_on_lens, &position_on_objectplane, &position_on_imagesensor, &uv_on_inagesensor)
if (KPS < lens_t) {

= position_on_inagesensor - position_on_lens;
position_on_ubjectplane - position_on_Lens:
test_ray.org - position_on_len

const Vec xU X1 =

const double P_1mage = 1.0 / (canera.insgesensor_width = caners.inagesensor. eight):
const double PA_x1 =

canera.P_Inage_to_PA_x1(P_Inage, x0_xV, X_x1, next_vertex.orienting_nomal);
return PA X1:

3

return 0.0;

eak;
case Vertex:

BIECT_TYPE_SPECULAR:

39 (@507 anpZa- s il g
11 R0 S
if (prev_from_vertex
MECADRATISON, TNEGHTH DN EHET
Const Vec anto_fron_ver<ex d

malize(from_vertex.position - prev_from_vertex- >vv51uwv).
const bool ints = dot (into_ fron_vertex dir, fron_vertex.object_nomal) < 0.8; // pr
const Vec from_new_orienting_normal

Sfron_
into 7 from_vertex.object_nomal : -1.6 * fron_ e abject_noma

\len refle((mn d)r, ref actior r:

double fresnel_ reﬂectan(s fresnel_transmittance;

if (check_refractior
nto, fron.vertex.position, into_fron_vertex dir, fron_ vertex.bject_nomal, fron_new_orienting_nomal,
Lreﬂe:unn dJr &refraction_dir, &fresnel_reflectance, &fresnel_transmittance)) {

i am(frum,m,memmgrnum\, nomalized_to) » 6.0 7 reflection_probability : 1.0 - reflection_probability:
¥ else {

Y i
// #E
pdf =

break;

11 ROBEDER o7
onst vec aoxt nes nr)snung nomal

TEOT
ertex un,m nomal) < 6.0 7 next_vertex.object_normal
3
Fetun 01 + (dot(.1.0  nomalized o, next new orienting_normal) / to.length squared());

-1.6 * next_vertex.object_nomal
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Jtouble calc_pdf_Alconst Camera Scaners, const std: ivector<const Vertext> &vs, const int prev_fron_idx. const int fron_idx, const int next_idx)
const Vartex &fron_vertex = *vs[fr s
Z reetnot mx]

Vertex const *prev_fron_vertex = NAL;
if (6 <= prev.fron id E.prev_fron_idx < vs.size())

prev_fron_vertex = vs [prev_fron_idxl;

const Ve £0 = next_vertex.position - fron_vertex.position:

const Vec nomalized_to = namalize(to

double p

" MDATSTH MOBRCLDT. REOY>TY = 3
westen (hromvareen, type)

case Vertex: :0BJECT_TYPE_LIGHT:
case Vertex: :0BJECT_TYPE_DIFFUSE:

pdf = sample_hemisphere_pdf_onega(fron_vertex.orienting_nomal, nomalized_to):
bre

eak;:
case Vertex: :0BJECT_TYPE_LENS:
4

11 LR LDEN B~ EDERY ST U I T S E S DRRMEICET SRR
11 AX=SE B LORDYT T S TRERRERICEAT 5.
canst Ray test_ray(next_vertex.position, -1.0 * omalized_ m,
Vec position_on_lens, pasition
Canst double Lens 1 - camora. ntersott. lons(test. ray. Gposition on 1ens. Sposition on obyectplane, Gposition on inagesensor, Suv_on_ inagesensor):
if (KPS < lens_t) {

= position_on_imagesensor - position_on_lens;
position_on_ubjectplane - position_on_Lens:
test_ray.org - position_on_len

const double P Inage = 1.0
X1 = came

prev_from

XV
const Vec xU X1 =

* caner: ~_height);
const double P e »_Inage_to_PA_x1(P_ !maqe. xﬂ XV, ¥0_x1, next_vertex.orienting_nomal);
return PA X1:

}
return 0.0;

break;
case Vertex: :0BJECT_TVF

'/ ROT fﬁﬁ}?u /0

e CXapmpaZ o s
3f (prev_from_vertex 1= NULL) {

7/ TR0 LOBOBACESL T, MEADLAT SO, BT ONTAET S
const Vec into_fron_vertex_ normalize( fron_vertex.posi prev_fron_vertex->positiof
Const baol intd = dot(into_ fron_vertex.dir, fran vertex.object. normal) < 6.3; 1/ prev_fron Ve texh S ron_vertexndAL MU, XAF2S
const Vec fron_new_orienting_nomal = T

into 7 from_vertex.object_nomal : -1.0 * fron_vertex.object_noma

PRI ANE SR o
/ SRELTUBON. LTLRLDLE:
Vec reflection_dir, refraction_dir:

double fresnel_reflectance, fresnel_transnittance;
if (heck, refraction(

fron_vertex.position, into_fron_vertex dir, fron_vertex.object_nomal, fron_new_orienting_nomal,
&reﬂe:uun gir. Grefraction dir, &frasnel_reflectance, &fresnel_transnittance)) {

1.0 - reflection_probability:

/1 ROBROERE. FEOEAN OB NLICES TR TRD
onst vac noxt new arfanting sorsal

3
dut(to, naxt varter.chjoct narmal) < 0.0 7 naxt_vertax.chject marmal

-1.6 * next_vertex.object_nomal
//
retun paf * (4ot

"6 = nomalized. o hext new arienting_ normal) / to.length squared());
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dousle calepis_ vedgnt(const Caners dcanera, const double total pdf A, const std:svector<verter defe_vs. Const std::uectorslertex: Slght ve, const int mm_eye vertex. const int run_Light vertex) {
torsconst Vertex+> vs(num_Light_vertex + nun_eye_vertex;
vector=double> pilpilnum_eye_vertex + nun_light_vertex);
sRble sphere paf Alspheres(LigNEID] . radius): / HELOY T U OEE
anera_sanpling_pdf_on_lens(): // X EGH>T

/ vslo 1 vslk stk
Const ant K = num_eye vertex 1 num Light vertex - 1
for (int 1= 0; 1< i Light vertax: ++1)
vs[i] - &light_vs[il;
for (int i = num_eye vertex - 1; i >= 8 --i)
vs[num_light_vertex + nun_eye_vertex - 1 - il = seye_vs[il;

/] O3 72—y hOBREESNT ICANS,
pil pilo] = PAYB / (calc_pdf A(camera, vs, 2, 1, @) * russian_roulette(spheres [us[0]->0bjectID])):
for (int i=1; 1<k +i)

const double a = calc_pdf_A(camera, vs, i - 2, i - 1, i);

const double b = calc_pdf_A(camera, vs, i +2, i+ 1, i);

pilpilil =a / b;

pil_pilkl = (calc_pdf_A(canera, vs, k - 2, k - 1, k) * russian_roulette(spheres [us[k]->abjectD])) / PA_x0;

std::vector<doubles p(num_eye_vertex + num_light_vertex + 1);
plnum_light_vertex] - total_pdf_
For (int 1 = nun_Light_vertex: 1 < ks ++i) {

pli+ 11 = plil * pilpilil;

For (int i = nun_light_vertex - 1; i == 0; --i) {
plil = pli + 11 / pilpilils

larflE
for (int i=0; i< vs.size(); ++i) {
if (vs[il-=type == Vertex: :0BJECT_TYPE_SPECULAR) {

plil = 0.0:
pli+ 1] =

/7 Pover-heurist

double mis_weight = 0.0;

for (int i-0; 1< 9129[)‘ +1) {
const daube v = piL1 / [nun_Ligne_vertesd;
nis_weight += v * v; // feta=

¥
return 1.0 / mis_weight;
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dnuble cale_mis_weight(const Camera &camera, const double total_pdf_A, const std::vector<Vertex- &eye_vs, const std::vector<vertex> &light_vs, const int num_eye_vertex, const int num_light_vertex) {
tor=const Vertex*> vs(num_Light_vertex + num_eye_vertex:
St vactoredaubler pil_pilnun_eye_vertex + nun_light_vertex):
const double PAy0 ~ saple_sphers_pdf_A(spherss[LightID]. radius); // 8 LB T U IR
const double PA X0 = canera.sampling_pdf_on_lens(): // LA EGH>T

/ vslo 1 vslk stk
Const ant K = num_eye vertex 1 num Light vertex - 1
for (int i=0; i < nun_Light_vertex; ++1)
vs[i] - &light_vs[il;
for (int i = num_eye vertex - 1; i >= 8 --i)
vs[num_light_vertex + nun_eye_vertex - 1 - il = seye_vs[il;

O3 72l—Ly MOEEEENT ICAN3,

pil pilo] = PAYB / (calc_pdf A(camera, vs, 2, 1, @) * russian_roulette(spheres [us[0]->0bjectID])):
for (int i=1; 1<k +i) {

const double a = calc_pdf_A(camera, vs, i - 2, i - 1, i);

const double b = calc_pdf_A(camera, vs, i +2, i+ 1, i);

pilpilil =a / b;

pil_pilkl = (calc_pdf_A(canera, vs, k - 2, k - 1, k) * russian_roulette(spheres [us[k]->abjectD])) / PA_x0;

std::vector<doubles p(num_eye_vertex + num_light_vertex + 1);
plnum_light_vertex] - total_pdf_
For (int 1 = nun_Light_vertex: 1 < ks ++i) {

pli+ 11 = plil * pilpilil;

For (int i = nun_light_vertex - 1; i == 0; --i) {
plil = pli + 11 / pilpilils

larflE
for (int i=0; i< vs.size(); ++i) {
if (vs[il-=type == Vertex: :0BJECT_TYPE_SPECULAR) {

plil = 0.0:
pli+ 1] =
}

// Pover-heurist.
double mis_weight = 0.0;
for (int i-0; 1< 9129[)‘ +1) {
const daube v = piL1 / [nun_Ligne_vertesd;
nis_weight += v * v; // feta=

¥
return 1.0 / mis_weight;
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render_by bidirectional pathtracirfy)
AANMAAnYdN"  AdANA A o N~
~ v ] !

[Vo1d render_by_bidirectional pathtracing(const Camera &camera, const Int num_threads)

const int width = canera.inage_width_px:
const int height = canera.inage_height_px:
const int spp = camera.samples_per_pixel:

std:: vector<Color> inage_buffer(width * height * nun_threads);
&deef USE_OPENMP
omp_set_nun_threads(nun_threads) ;
[rendif
const long long iterstion_per_thread = spp / nun_threads;
stdsicerr <= YAuerage bidirectional sampling/pixel: * << (iterstion_per_thread * nun_threads) << std: sendl;

int thread_i
lpragna omp parallel prwa(e[thread id)

1
fzifdef USE_OPENMP
thread_id = omp_get_thread_nun();

|eendaf
Randon randon( thread_id * 32);
for (it iteration = 0; iteration < iteration_per_thread; ++iteration) {
1f (thread_id = 0)
std::cerr << "Rendering (" << {(double) {num_threads * {iteration + 1)}) << * bidirectional sampling/pixel) "
<< (160.0 * (double) ((1teration + 1)) / iteration_per_thread) << '&" =< std::endl;
for (int y = 0; y < height; ++y) {
for (int x = 0; x < width; ++x) {
BidirectionalPathtracingResult bpt_result = bidirectional_pathtracing(camera, x, y, &random);
for (int 1= 0; i < bpt_result.samples.size(); ++) {
const int ix - bpt_result.samples[il.imagebuffer x;
const int iy = bpt_result.sanples(il.imagebuffer_y:
const int idx - (thread id * width * height) + (Ty * width + ix);
3f (15_valid value(bpt_result samplesm value)) {
W D EOES
n_per. ds:
it [bpt resuTs samples(i].start_fron_pixel)
image_buffer(idx] - image_buffer(idx] + bpt_result.samples[il.value:
else
image_buffer[idx] = inage_buffer(idx] + bpt_result.samples[i].value / ((double)width * height):
}
3
}
}
¥
¥

1 BUTVBTHD + KA
std::vector<Color> final_buffer(width * height);
for (int t = < nun_threads; ++t)
for (int y = 6; y < height; ++y)
for (Int x = 0; x < width; +x) {
final_bufferly * width + x] = final_bufferly * width + x] + inage_buffer[(t * width * height) + y * width + (width - x - 1)] /

(Tdouble)iteration_per_thread * num_threads);

1

save_ppn_file("inage_bpt.ppn”, &final_buffer(el, width. height);

endif



render.h

S NdN T T T i Nd X () 4 N
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(width * height * iteration_per_thread* num_thready | S
ST I xo 0
iteration_per_thread* num_threads 4 A~ A1~ i width * height

5. image_buffet “ 3 QT A7 N N- X0 i

< Vd Vd Vd I



7. LAV DR



L8

—RILIKY DO R

NMAAnY dN AT ANANnY dN NANMAANnY dN
59 62 60




LE8

INJEGIR

NMAAnY J N AT AN AN Y dN NANMAANnY dN
61 61 63



LE8

NMAAnY J N AT AN AN Y dN NANMAANnY dN
61 66 67



YRR

dA—RILIRY IR
MEBINZ ML —2 >0 ORTEIEUpixel

50 250 1000



AT

197 M, AN D4 AN 77 T |"
i YukiOZAWA @qatnonoiP
i | p @omochi6®



2EF Xk

EricVeach®* Robust Monte Carl o Methods for Li
DietgervanAntwerpena ! { dzNIS& 2F LYLER2 NI yOS { I YL
t KeaAOlffte .FaSR wWSYRSNAYy3E

PhilipDutre, PhilippeBekaertKavita. I £ I a! Rl yOSR Dt 26l L
Matt PharAr, Grfeg-lu,mph,reysé( t K& aPaged Rehdeéring, Second Edition: From Theory
LYLI SYSY Ul UA2YE

Kevin{ dz¥ TR&WJIfacirg from the GrouhdLJé

ComputerDNJ LIKA Oa & K LIY Kk kK ¢ onemgRANDDIDE/AGphEP 2 LIK



