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[naBa 1: Ray Tracing

Axis-Aligned Bounding Boxes (AABB),
Bounding Volume Hierarchy (BVH)
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BVH obxog (pekypcuBHbIn)

TE

void traverseRecursive (AABB

int

queryAABB, @V

queryObjectIdx,

const global BVHNode* node,
local CollisionList* 1list)

checkOverlap (node->getAABB(),

queryAABB)|) {

17
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void traverseRecursive (AABB queryAABB, m o Qe
O1 02 O3 Os Os Os O7 Os
int queryObjectIdx,
const global BVHNode* node,

local CollisionList* 1l1list)

BVH obxog (pekypcuBHbIn)

Ns Ns Ns N7

if (checkOverlap (node—->getAABB(), queryAABB)|) {
if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx()):;
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BVH obxog (pekypcuBHbIn)
swel

Ns Ns Ns N7

O

O1 02 O3 Os Os Os O7 Os

void traverseRecursive (AABB queryAABB,
int queryObjectIdx,

const global BVHNode* node,

local CollisionList* 1list)

if (checkOverlap (node—->getAABB(), queryAABB)|) {
if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx()):;
} else {
const  global BVHNode childL
const  global BVHNode childR

node->getLeftChild() ;
node->getRightChild() ;

aN

HNZ N3 R
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BVH obxog (pekypcuBHbIn)

Ns Ns Ns N7

void traverseRecursive (AABB queryAABB, V)

O1 02 O3 Os Os Os O7 Os

int queryObjectIdx,
const global BVHNode* node,
local CollisionList* 1list)

if (checkOverlap (node—->getAABB(), queryAABB)|) {
if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx()):;
} else {
const  global BVHNode childL = node->getLeftChild();
const  global BVHNode childR = node->getRightChild() ;
traverseRecursive (queryAABB, queryObjectIdx,
childli, list); //AK\\
traverseRecursive (queryAABB, queryObjectIdx,
¢hilTdRy Tigt):

HNZ N3 R



N2 N3

BVH 06xop (pekypcuBHbIN) - o

void traverseRecursive (AABB queryAABB, i 00909999
int queryObjectIdx,
const global BVHNode* node,

local CollisionList* 1list)

s Ns Ns N7

\

\

) e |
4

if QCheckOVerlap(node—>getAABB(), queryAABB)|) {
if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx()):;
} else {
const  global BVHNode childL = node->getLeftChild();
const  global BVHNode childR = node->getRightChild() ;

traverseRecursive (queryAABB, queryObjectIdx, o
childL, 1list);
N2

traverseRecursive (queryAABB, queryObjectIdx, "
childRy Tist):




BVH obxog (pekypcuBHbIn)

T E

int queryObjectIdx,
const global BVHNode* node,
local CollisionList* 1list)

checkOverlap (node->getAABB (), queryAABB)|) {

if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx());
} else {

const  global BVHNode childL = node->getLeftChild();

const  global BVHNode childR = node->getRightChild() ;

traverseRecursive (queryAABB, queryObjectIdx, =
childli, list);

traverseRecursive (queryAABB, queryObjectIdx,
¢hilTdRy Tigt):

!“"Q,” ‘;'Ltg.’ } *

= s Ne
A | G \Os\ /"\ /‘\
b\Na' / 07\: Z

void traverseRecursive (AABB queryAABB, q i @Qee

Code divergence!

Os Os O7 Os




BVH obxon (pekypcrBHbIN) oyl - AA
void traverseRecursive (AABB queryAABB, Ow; Nlizykﬁ gégééggggggg
int queryObjectIdx,
const global BVHNode* node,

local CollisionList* 1list)

~—
-

if (checkOverlap (node->getAABB (), queryAABB)

if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx());
} else {

const global BVHNode childL = node->getLeftChild();

const global BVHNode childR = node->getRightChild();

traverseRecursive (queryAABB, queryObjectIdx,
childl, list);

traverseRecursive (queryAABB, queryObjectIdx,
¢hilTdRy Tigt):

} YTto penaTtb? = .

Code ivergenc!



BVH obxop (Ha cTeke)

BVHNode* stack[MAX STACK SIZE];

BVHNode* node
do {

bvhRoot;

05 l Ns
\ N

los.

N3

AN \
AN
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BVH obxopg (Ha cTeke)

‘ 024 / . Nz Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; AnJ . 429’0\ dyd
BVHNode* node = bvhRoot; 01 02 0: 0: Os Os O7 Os
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapLl = |checkOverlap (queryAABB, childL->getAABB())});
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())};
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BVH obxop (Ha cTteke) e N L

- » ""/; N: Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; éy, ) 4§§’°\
BVHNode* node = bvhRoot; 01 02 Os O: Os Os O7 Os
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild () ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())});
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())|;

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add(queryObjectIdx, childR->getObjectIdx());
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BVH o6xop (Ha cTeke) e A

= i "-"; Ne Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; AL o ﬁ"’ O\
BVHNode* node = bvhRoot; 01 0: 03 0: Os Os 07 O8
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())|;
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())});

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add(queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {

KyAa Ham Torga?
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BVH obxopg (Ha cTeke)

BVHNode* stack[MAX STACK SIZE];

BVHNode* node = bvhRoot;

do {
BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;

= >
05 | N
/04 1)
Ns — 4
\(7 N3
R K Ns Ns N7

- —
5 Os
Na 07 ;N., \
01

O1 02 O3 Os Os Os O7 Os

bool overlapL = |checkOverlap (queryAABB,

bool overlapR = |checkOverlap (queryAARBB,

childL->getAABB()));
childR->getAABB ())};

if (overlaplL && childL->isLeaf ())

list.add (queryObjectIdx, childL->getObjectIdx());

if (overlapR && childR->1sLeaf ())

list.add(queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {

= stack.pop () ;

O1 02 03 02 0Os 0Os 07 Os 28



BVH o6xop (Ha cTeke) e A

= i "-"; Ne Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; AL o ﬁ"’ O\
BVHNode* node = bvhRoot; 01 0: 03 0: Os Os 07 O8
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())});
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())};

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add(queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();
} else {

a yTto Toraa?
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BVH o6xop (Ha cTeke) e A

= i "-"; Ne Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; AL o ﬁ"’ O\
BVHNode* node = bvhRoot; 01 0: 03 0: Os Os 07 O8
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())|;
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())});

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add(queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();
} else {
= traversel. ? childL : childR;

O1 02 03 02 0Os 0Os 07 Os 30



BVH o6xop (Ha cTeke) e A

= i "-"; Ne Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; AL o ﬁ"’ O\
BVHNode* node = bvhRoot; 01 0: 03 0: Os Os 07 O8
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())|;
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())});

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add(queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();
} else {
= traversel. ? childL : childR;
if (traversel && traverseR)
push (childR) ;
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BVH o6xop (Ha cTeke) e A

= i "-"; Ne Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; AL o ﬁ"’ O\
BVHNode* node = bvhRoot; 01 0: 03 0: Os Os 07 O8
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())|;
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())});

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add (queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();
} else {
= traversel. ? childL : childR;
if (traversel && traverseR)
push (childR) ;
} O1 02 O3 02 Os Os 0O7 Os 32
} while (node != NULL);




BVH obxopg (Ha cTeke)

BVHNode* stack[MAX STACK SIZE] —

Ns N7

o
O1 02 O3 Os Os Os O7 Os

BVHNode* node = bvhRoot;
do {
BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlaplL = |checkOverlap (queryAABB, childL->
bool overlapR = |checkOverlap (queryAABB, child

Code divergence octancst Tonbko
B BMAe Yncna ntepauuin umkna.

if (overlaplL && childL->isLeaf ())

list.add (queryObjectIdx, childL->

if (overlapR && childR->1sLeaf ())

list.add(queryObjectIdx, c

if (!traversel && !traii?zégjr{
node = stack.pop();

} else {

= traversel. ? chil

if (traversel && trav#grseR)

| stacklpush (chi

childR;

}
} while (node != NULL);

N1
. N3
Ns N7
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BVH obxopg (Ha cTeke)

BVHNode* stack[MAX STACK SIZE];
BVHNode* node = bvhRoot;
do {
BVHNode* childL =
BVHNode* childR =

node->getLeftChild() ;
node->getRightChild() ;

bool overlapL = |checkOverlap (queryAABB,

bool overlapR = |checkOverlap (queryAABB,

childL->getAABB()));
childR->getAABB () )};

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
i€ (overlapﬁ && childR->1sLeaf ())
list.add (queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();
} else {
= traversel. ? childL childR;
if (traversel && traverseR)
push (childR) ; .
} 01

} while (node != NULL);

Ns Ns Ns N7

O

O1 02 03 04 Os Os O7

Code divergence octancst Tonbko
B BMAe Yncna ntepauuin umkna.

Data divergence yBenuuusaet
KONM4YeCTBO 3anpallnBaeMbix

KeLw-nuHun.
N1

N3
Ns N7
O2 03 02 0Os Os O7 Os 34
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BVH obxopg (Ha cTeke)

BVHNode* stack[MAX STACK SIZE];

BVHNode* node = bvhRoot;

do {
BVHNode* childL =
BVHNode* childR =
bool overlapL =

Kak yBennuutb
KOrepeHTHOCTb MO AaHHbIM?
node->getLeftChild () ;

node—->getRightChild() ;
checkOverlap (queryAARBB,

childL->getAABB()));

bool overlapR = |checkOverlap (queryAABB, childR->getAABB())};

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
(overlapﬁ && childR->1sLeaf ())

list.add (queryObjectIdx, childR->getObjectIdx());

if

if (!traversel && !traverseR) {

node = stack.pop();
} else {

= traversel. ? childL

if (traversel && traverseR)

push (childR) ; .
} 01
} while = NULL)

childR;

(node

Ns Ns Ns N7

O

O1 02 03 04 Os Os O7

Code divergence octancst Tonbko
B BMAe Yncna ntepauuin umkna.

Data divergence yBenuuusaet
KONM4YeCTBO 3anpallnBaeMbix

KeLw-nuHun.
N1

N3
Ne N7
02 03 02 05 0Os 0O7 Os
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BVH obxopg (Ha cTeke)

BVHNode* stack[MAX STACK SIZE];

BVHNode* node = bvhRoot;

do {
BVHNode* childL =
BVHNode* childR =
bool overlapL =

Kak yBennuutb
KOrepeHTHOCTb MO AaHHbIM?
node->getLeftChild () ;

node—->getRightChild() ;
checkOverlap (queryAARBB,

childL->getAABB()));

bool overlapR = |checkOverlap (queryAABB, childR->getAABB())};

N1

N1
-\(i Ns
I
Aad |08

— N2 N3 ()
024 R Nz Ns Ns N7
‘ /AN N7 Os\ A
/ \ Na /07
A o e dyd

O1 O2 O3 0Oz Os Os O7 Os

Code divergence octancst Tonbko
B BMAe Yncna ntepauuin umkna.

Data divergence yBenuuusaet
KONM4YeCTBO 3anpallnBaeMbix
KeLl-JTMHUN.

[laHHbIE KOorepeHTHee ecnu B
OLIHOM warp - ny4oK ny4en!

Image
Light
Source

View Ray

if (overlaplL && childL->isLeaf ())

list.add (queryObjectIdx, childL->getObjectIdx());
i€ (overlapﬁ && childR->1sLeaf ())

list.add (queryObjectIdx, childR->getObjectIdx());

Camera

if (!traversel && !traverseR) {

node = stack.pop();
} else {

= traversel, ? childL childR;

if (traversel && traverseR)

push (childR) ;
}
} while (node != NULL);

Scene
Object
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BVH obxopg (Ha cTeke)

BVHNode* stack[MAX STACK SIZE];
BVHNode* node = bvhRoot;
do {

Bonpocbi?

Kak yBennuutb

KOrepeHTHOCTb no AaHHbIM?

BVHNode* childL =

BVHNode* childR
bool overlapL =

node->getLeftChild() ;
= node->getRightChild() ;

checkOverlap (queryAARBB,

childL->getAABB()));

N1

N1
-\(i Ns
I
Aad |08

— N2 N3 ()
024 R Nz Ns Ns N7
‘ /AN N7 Os\ A
/ \ Na /07
A o e dyd

O1 O2 O3 0Oz Os Os O7 Os

Code divergence octancst Tonbko
B BMAe Yncna ntepauuin umkna.

Data divergence yBenuumsaer

bool overlapR =

checkOverlap (queryAARBB,

childR->getAABB () )};

KOnm4ecTBO 3anpalnBaemMbiX

KeLw-nuHun.

[laHHbIE KOorepeHTHee ecnu B
OLIHOM warp - ny4oK ny4en!

Camera Image

Light
Source

View Ray

if (overlaplL && childL->isLeaf ())

list.add (queryObjectIdx, childL->getObjectIdx());
i€ (overlapﬁ && childR->1sLeaf ())

list.add (queryObjectIdx, childR->getObjectIdx());
if (!traversel && !traverseR) {

node = stack.pop();
} else {

= traversel, ? childL childR;

if (traversel && traverseR)

push (childR) ;
}
} while (node != NULL);

Scene
Object
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Ray Tracing Cores

1) O6xon BVH nepapxuu
2) [lepeceveHue nyya
C TPEYronbHUKOM

T Warp Schoduler + Dispitch 2 Beeadiclt)

Rogister File (16,384 x 32.5)

LOST  LDST  LDaT  ioaY SFU

TWarp Schedler + Diipuich 07 Breadcny

Register File (16,384 x 32.50)

war | sfu

128KB L1 Data Cache / Shared Memory

| Warp Scheduler + Dispaich 07 theeasit)

N1 > .
05 | N
/04 1)
Ns — 4
\(7 N3
L T & Ns Ns N7

5 Os
Na 4 07 >N7 \
01 N2

Register File (16,384 x 32.0)

O1 02 O3 Os Os Os O7 Os

ST AT LOaT  LoaY SFU

[ Warp Schedolet + Dispiich 102 Bveascny

Register File (16,384 x 32.09)

Camera Image
Light
Source

View Ray

Scene
Object

38



[ naBa 2:
Z curve, I\/Iorton Code




LA
=~




Z curve

g d
/
g

Hilbert curve

[ |

.




Z curve, Morton Code

1.0<

// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].
unsigned int morton3D(ffloat x|, |float y} float z)
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Z curve, Morton Code

1024 <

// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].
unsigned int morton3D(ffloat x|, |float y} float z) Y

{
[X_ = min(max(x * 1024.0t, 0.07), 1023.01);] 1024

[y = min(max(y * 1024.0F, 0.0T), 1023.0T),]
T min(max (s~ 1024 of oo 1o50n. CKONMbKO OUT HYXXHO AnAa kogupoBaHua 2D

koga MopToHa?
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Z curve, Morton Code =0.1010]
[0,=0.01117]
0.11

P
p7:

// Calculates a 30-bit Morton code for the | >
// given 3D point located within the unit cube [0,1].
unsigned int morton3D(ffloat x|, |float y} float z)

{

|x = min(max(x * 1024.0t, 0.0t), 1023.0f);|
|y = min(max(y * 1024.0T, 0.07), 1@23.0?3;]

z = min(max(z * 1024.0f, 0.0f), 1023.0f);
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Z curve, Morton Code =510y
[0,=0.01117]
P:=0.1100
v
p:J=0. 1
bviF0. Y0
Pz = 0. 1
// Calculates a 30-bit Morton code for the >

// given 3D point located within the unit cube [0,1].
unsigned int morton3D(float x, float y, float z)

{
x = min(max(x * 1024.0f, 0.0f), 1023.0f);
y = min(max(y * 1024.0f, 0.0f), 1023.0f);
z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx = expandBits((unsigned int)x);
unsigned int yy = expandBits((unsigned int)y);
unsigned int zz = expandBits((unsigned int)z);
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Z curve, Morton Code =510y
/ Expands a 10-bit integer into 30 bits Py = 0.0111
/ by inserting 2 zeros after each bit. p: = 0. 1100

unsigned int expandBits(unsigned int v)

: b

v = (V * 0x00010001u) & OXFFOGOOFFuU; "
v = (v * 0x00000101u) & OxOFQOFOOFuU; PxJ= 0. 1
v = (Vv * 0x00000011u) & ©xC30C30C3u; Pv]= 0. 0
v = (Vv * 0x00000005u) & 0x49249249u; p:= 0. 1
return v;
}
// Calculates a 30-bit Morton code for the >

// given 3D point located within the unit cube [0,1].
unsigned int morton3D(float x, float y, float z)

{
X = min(max(x * 1024.0f, 0.0f), 1023.0f);
y = min(max(y * 1024.0f, 0.0f), 1023.0f);
z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx
unsigned int yy
unsigned int zz

expandBits((unsigned int)x);
expandBits((unsigned int)y);
expandBits((unsigned int)z);
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Z curve, Morton Code

// Expands a 10-bit

// by inserting 2 zeros after each bit.

integer into 30 bits

|

CPIPIE
npn
olofe
= =
-
ol
=

unsigned int expandBits(unsigned int v)

{
v = (Vv * 0x00010001u) & OXFFOOOOFFU;
v = (Vv * 0x00000101u) & OxOFGOFOOFU; : 0.
v = (Vv * 9x00000011u) & OxC30C30C3u; Els 0.
v = (Vv * 0x00000005u) & 0x49249249u; p: = 0.
return v;

}

code= 101011110010

// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].
unsigned int morton3D(float x, float y, float z)

{
X = min(max(x *
y = min(max(y *
z = min(max(z *

unsigned int xx
unsigned int yy
unsigned int zz
return xx * 4 +

1024.0f, 0.0f), 1023.0f);
1024.0f, 0.0f), 1023.0f);
1024.0f, 0.0f), 1023.0f);
expandBits((unsigned int)x);
expandBits((unsigned int)y);
expandBits((unsigned int)z);
yy * 2 + zz;

o

.
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Z curve, Morton Code

// Expands a 10-bit integer into 30 bits
// by inserting 2 zeros after each bit.
unsigned int expandBits(unsigned int v)

{
v = (v
\%
v = (v
return v;
}

// Calculates a 30-bit Morton code for the

* 9x00010001u) & OXFFOOOOFFU;
= (v * 0x00000101u) & OXOFOOFOOFU;
* 9x00000011u) & OxC30C30C3u;
v = (V * 0x00000005u) & 0x49249249u;

[=0.1010] y
[0,=0.0111]
p::01100

N 4<
B0 1 2 1 0
B=0. ¥0aV1p¥1,V1
p::O. 1 1 O O

code= 101011110010

// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z)

{
X =
y = min(max(y *
z = min(max(z *

unsigned int xx
unsigned int yy
unsigned int zz
return xx * 4 +

min(max(x * 1024.0f, 0.0f), 1023.0f);
1024.0f, 0.0f), 1023.0f);
1024.0f, 0.0f), 1023.0f);
expandBits((unsigned int)x);
expandBits((unsigned int)y);
expandBits((unsigned int)z);
yy * 2 + zz;

[Mpumepbl (4x4):

- Kakon 2D kog MopTtoHa y A?
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Z curve, Morton Code =777
// Expands a 10-bit integer into 30 bits I y — 0.011 1'
14

o)
// by inserting 2 zeros after each bit. p: = 0.
unsigned int expandBits(unsigned int v)

{ N 4<
0
1

<

= (v * 0x00010001u) & OXFFOQOOFFuU;
= (v * 0x00000101u) & OXOFOOFOOFU;
*
*

0.
0x00000011u) & OXC30C36C3u; : 0. YOAY1pVY1l,aY1l
p: = 0.

0x00000005u) & 0x49249249u;

< <

=(V
v = (v
return v;

} .
code=101011110010

// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) anMepbl (4X4)

‘ - .
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - Kakon 2D koa MopToHa y A?
y = min(max(y * 1024.0f, 0.0f), 1023.0f);

z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx = expandBits((unsigned int)x);

unsigned int yy = expandBits((unsigned int)y);

unsigned int zz = expandBits((unsigned int)z);

return xx * 4 + yy * 2 + zz; 49



Z curve, Morton Code

// Expands a 10-bit integer into 30 bits
// by inserting 2 zeros after each bit.
unsigned int expandBits(unsigned int v)

{

<

1]
—~

<

0x00010001u) & OXFFOOOOFFuU;
0x00000101u) & OXOFOOFOOFuU;
0x00000011u) & OxC30C30C3u;
v = (v * 0x00000005u) & 0x49249249u;

< <
non
7
< <
* %X *

// Calculates a 30-bit Morton code for the

[=0.1010] y
[0,=0.01117]
fD::: ().1 1(3()

N 4<
BJ-0.1 0 1 0
B0, Yoav1a¥1,v1
[3: ::(). 1 1 C) C)

code= 101011110010

// given 3D point located within the unit cube [0,1].

- A = swizzling(x=00, y=00) = ??7??

unsigned int morton3D(float x, float y, float z) anMepbl (4X4)
( .
X = min(max(x * 1024.0f, 0.0f), 1023.0f);
y = min(max(y * 1024.0f, 0.0f), 1023.0f);
z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx
unsigned int yy
unsigned int zz
return xx * 4 + yy * 2 + zz;

expandBits((unsigned int)x);
expandBits((unsigned int)y);
expandBits((unsigned int)z);
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Z curve, Morton Code

// Expands a 10-bit integer into 30 bits
// by inserting 2 zeros after each bit.
unsigned int expandBits(unsigned int v)

{

<

1]
—~

<

0x00010001u) & OXFFOOOOFFuU;
0x00000101u) & OXOFOOFOOFuU;
0x00000011u) & OxC30C30C3u;
v = (v * 0x00000005u) & 0x49249249u;

< <
non
7
< <
* %X *

// Calculates a 30-bit Morton code for the

[=0.1010] y
[0,=0.01117]
fD::: ().1 1(3()

N 4<
BJ-0.1 0 1 0
B0, Yoav1a¥1,v1
[3: ::(). 1 1 C) C)

code= 101011110010

// given 3D point located within the unit cube [0,1].

- A = swizzling(x=00, y=00) = 0000

unsigned int morton3D(float x, float y, float z) anMepbl (4X4)
( .
X = min(max(x * 1024.0f, 0.0f), 1023.0f);
y = min(max(y * 1024.0f, 0.0f), 1023.0f);
z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx
unsigned int yy
unsigned int zz
return xx * 4 + yy * 2 + zz;

expandBits((unsigned int)x);
expandBits((unsigned int)y);
expandBits((unsigned int)z);
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Z curve, Morton Code =777
// Expands a 10-bit integer into 30 bits Ip‘_,‘ =011 1'
0.11

// by inserting 2 zeros after each bit. Pz =
unsigned int expandBits(unsigned int v)

{ N 4<
0
1

<

1]
—~

<

* Qx00010001u) & OXFFOOOOFFuU;
* Ox00000101u) & OXOFOOFOOFuU;
*
*

0.
0x00000011u) & OXC30C36C3u; : 0. YOAY1pVY1l,aY1l
p:=0

0x00000005u) & 0x49249249u;

< <
1l 1}

—~ ~
< <

return v;

} .
code=101011110010

// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) anMepbl (4X4)

{ N
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); - Kakon 2D koa MOpTOHa y B~

z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx = expandBits((unsigned int)x);

unsigned int yy = expandBits((unsigned int)y);

unsigned int zz = expandBits((unsigned int)z);

return xx * 4 + yy * 2 + zz; 52



Z curve, Morton Code =777
// Expands a 10-bit integer into 30 bits I y = 0.011 1'
14

o)
// by inserting 2 zeros after each bit. p: = 0.
unsigned int expandBits(unsigned int v)

{ N 4<
0
1

<

1
~

<

* Qx00010001u) & OXFFOOOOFFuU;
* Ox00000101u) & OXOFOOFOOFuU;
*
*

0.
0x00000011u) & OXC30C36C3u; : 0. YOAY1pY1,VY1
p:=0

0x00000005u) & 0x49249249u;

< <
1l 1}

—~ ~
< <

return v;

} .
code=101011110010

// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) anMepbl (4X4)

{ N
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); -B= swizzling(x=00, y=01) = ??7?7?
z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx = expandBits((unsigned int)x);
unsigned int yy = expandBits((unsigned int)y);
unsigned int zz = expandBits((unsigned int)z);
return xx * 4 + yy * 2 + zz; 53



Z curve, Morton Code =777
// Expands a 10-bit integer into 30 bits I y = 0.011 1'
14

o)
// by inserting 2 zeros after each bit. p: = 0.
unsigned int expandBits(unsigned int v)

{ N 4<
0
1

<

1
~

<

* Qx00010001u) & OXFFOOOOFFuU;
* Ox00000101u) & OXOFOOFOOFuU;
*
*

0.
0x00000011u) & OXC30C36C3u; : 0. YOAY1pY1,VY1
p:=0

0x00000005u) & 0x49249249u;

< <
1l 1}

—~ ~
< <

return v;

} .
code=101011110010

// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) anMepbl (4X4)

{ N
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); -B= swizzling(x=00, y=01) = 0001
z = min(max(z * 1024.0f, 0.0f), 1023.0f);

unsigned int xx = expandBits((unsigned int)x);
unsigned int yy = expandBits((unsigned int)y);
unsigned int zz = expandBits((unsigned int)z);
return xx * 4 + yy * 2 + zz; 54



Z curve, Morton Code =777
// Expands a 10-bit integer into 30 bits I y = 0.011 ll
14

o)
// by inserting 2 zeros after each bit. p: = 0.
unsigned int expandBits(unsigned int v)

{ N 4<
0
1

<

1
~

<

0x00010001u) & OXFFOOOOFFuU;

*
v = (v * Ox00000101u) & OxOFOQOFOOFuU; : 0. ; l Q
v = (V * 0x00000011u) & ©xC30C30C3u; : 0. 0 = 1 1
= (V * 0x00000005u) & Ox49249249u; p:=0 1 i & U
return v; '
} .
code= 101011110010
// Calculates a 30-bit Morton code for the
// given 3D point located within the unit cube [0,1].
unsigned int morton3D(float x, float y, float z) anMepbl (4X4)
{ . .
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); -B= swizzling(x=00, y=01) = 0001
z = min(max(z * 1024.0f, 0.0f), 1023.0f);

- C = swizzling(x=??, y=7?7?) = ??7??

unsigned int xx = expandBits((unsigned int)x);
unsigned int yy = expandBits((unsigned int)y);
unsigned int zz = expandBits((unsigned int)z);
return xx * 4 + yy * 2 + zz; 55



Z curve, Morton Code

// Expands a 10-bit integer into 30 bits
// by inserting 2 zeros after each bit.
unsigned int expandBits(unsigned int v)

0
{ N 4<
: 0
1

I
o
O

<

CPIPIE
npn

i i |
= =
= O | [=
ol
=

<
1

(v * 0x00010001u) & OXFFOOOOFFU;

v = (v * Ox00000101u) & OxOFOQOFOOFuU; 0
v = (Vv * 0x00000011u) & ©xC30C30C3u; : 0 0 = 1 1
v = (Vv * 0x00000005u) & Ox49249249u; p:=0 1 1 0 0
return v; '

} .

code= 101011110010

// Calculates a 30-bit Morton code for the

// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) anMepbl (4X4)

{ . .
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); -B= swizzling(x=00, y=01) = 0001
z = min(max(z * 1024.0f, 0.0f), 1023.0f); - . . - - -
unsigned int xx = expandBits((unsigned int)x); B C - SWlZZIlng(X—01, y—OO) - 0010
unsigned int yy = expandBits((unsigned int)y); -D= SWiZZIing(X=??, y=77) = ??7?7?
unsigned int zz = expandBits((unsigned int)z);
return xx * 4 + yy * 2 + zz; 56



Z curve, Morton Code

// Expands a 10-bit integer into 30 bits
// by inserting 2 zeros after each bit.
unsigned int expandBits(unsigned int v)

0
{ N 4<
: 0
1

I
o
O

<

CPIPIE
1
Sl
= =
=l ol
ol
=

v = (V * 0x00010001u) & OXFFOOOOFFuU;
v = (v * Ox00000101u) & OxOFOQOFOOFuU; : 0 l l Q
v = (Vv * 0x00000011u) & ©xC30C30C3u; : 0 0 = 1 1
v = (Vv * 0x00000005u) & 0x49249249u; p:=0 1 i 0 0
return v;

} .

code= 101011110010

// Calculates a 30-bit Morton code for the

// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) rlpl/IMepbl (4X4)

{ . .
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); -B= swizzling(x=00, y=01) = 0001
z = min(max(z * 1024.0f, 0.0f), 1023.0f); - . . - - -
unsigned int xx = expandBits((unsigned int)x); B C - SWlZZIlng(X—01, y—OO) - 0010
unsigned int yy = expandBits((unsigned int)y); -D= SWiZZIing(X=01, y=01) = 0011
unsigned int zz = expandBits((unsigned int)z); - E = SWiZZIing(X=??, y:’)’)) = ’)’)’)’)
return xx * 4 + yy * 2 + zz; 57



Z curve, Morton Code 510710 y

// Expands a 10-bit integer into 30 bits Ip._, = :80311 1|

// by inserting 2 zeros after each bit. Dz = 0.1100

unsigned int expandBits(unsigned int v)

{ N 4<
v = (v * 0x00010001u) & OxFFOOOOFFuU;
v = (v * Ox00000101u) & OxOFOQOFOOFuU; : 0. l Q l Q
v = (V * 0x00000011u) & OxC30C30C3u; : 0. 0 1 1 1
v = (Vv * 0x00000005u) & 0x49249249u; B:= 0. 1 i 0 0
return v;

} .

code= 101011110010

// Calculates a 30-bit Morton code for the

// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) rlpl/IMepbl (4X4)

{ . .
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); -B= swizzling(x=00, y=01) = 0001
z = min(max(z * 1024.0f, 0.0f), 1023.0f); - . . - - -
unsigned int xx = expandBits((unsigned int)x); B C - SWlZZIlng(X—01, y—OO) - 0010
unsigned int yy = expandBits((unsigned int)y); -D= SWiZZIing(X=01, y=01) = 0011
unsigned int zz = expandBits((unsigned int)z); - E = SWiZZIing(X=00, y=10) = 0100

return xx * 4 + yy * 2 + zz;

58
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Z curve, Morton Code 510710 y

// Expands a 10-bit integer into 30 bits Ip._, = :80311 1|

// by inserting 2 zeros after each bit. Dz = 0.1100

unsigned int expandBits(unsigned int v)

{ N 4<
v = (v * 0x00010001u) & OxFFOOOOFFuU;
v = (v * Ox00000101u) & OxOFOQOFOOFuU; : 0. l Q l Q
v = (V * 0x00000011u) & OxC30C30C3u; : 0. 0 1 1 1
v = (Vv * 0x00000005u) & 0x49249249u; B:= 0. 1 i 0 0
return v;

} .

code= 101011110010

// Calculates a 30-bit Morton code for the

// given 3D point located within the unit cube [0,1].

unsigned int morton3D(float x, float y, float z) rlpl/IMepbl (4X4)

{ . .
x = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); -B= swizzling(x=00, y=01) = 0001
z = min(max(z * 1024.0f, 0.0f), 1023.0f); - . . - - -
unsigned int xx = expandBits((unsigned int)x); B C - SWlZZIlng(X—01, y—OO) - 0010
unsigned int yy = expandBits((unsigned int)y); -D= SWiZZIing(X=01, y=01) = 0011
unsigned int zz = expandBits((unsigned int)z); - E = SWiZZIing(X=00, y=10) = 0100

return xx * 4 + yy * 2 + zz;
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- Z = swizzling(x=10, y=11) = 1101



Z curve, Morton Code 510710 Y (k1
// Expands a 10-bit integer into 30 bits Ip._, = :80311 1|
// by inserting 2 zeros after each bit. Dz = 0.1100
unsigned int expandBits(unsigned int v)
{ N 4<
v = (v * 0x00010001u) & OxFFOOOOFFuU;
vV = Ev * @x@@@@@l@lu; & OXOFQOF00OFuU; : 0. l Q l Q
v = (Vv * 0x00000011u) & OxC30C30C3Uu; : 0. YOAY1aY1,Y1l
v = (Vv * 0x00000005u) & Ox49249249u; p:=0 1 1 0 0
return v;
} .
code= 101011110010 |

// Calculates a 30-bit Morton code for the

// given 3D point located within the unit cube [0,1]. Bon pOCbI?

unsigned int morton3D(float x, float y, float z) rlpl/IMepbl (4X4)

{ N
X = min(max(x * 1024.0f, 0.0f), 1023.0f); - A = swizzling(x=00, y=00) = 0000
y = min(max(y * 1024.0f, 0.0f), 1023.0f); - B = swizzling(x=00, y=01) = 0001
z = min(max(z * 1024.0f, 0.0f), 1023.0f); - . . - - -
unsigned int xx = expandBits((unsigned int)x); B C - SW!ZZIEHQ(X—O'I, y—OO) - 0010
unsigned int yy = expandBits((unsigned int)y); -D= SWlZZIlng(X=01, y=01) = 0011
unsigned int zz = expandBits((unsigned int)z); -E= swizzling(x=00, y=10) = 0100

return xx * 4 + yy * 2 + zz;

60

- Z = swizzling(x=10, y=11) = 1101



<

’) v ’ &%
¢ > \\\\ .

<aKkas kpyTa

0. Q° . ¢ : \
<Constructiea of BVHSs,

,.clrca, 2012 colorize




https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/
Maximizing Parallelism in the Construction of BVHs, Octrees, and k-d Trees, Tero Karras, 2012

Linear BVH (LBVH)



https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/
https://devblogs.nvidia.com/wp-content/uploads/2012/11/karras2012hpg_paper.pdf

https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/
Maximizing Parallelism in the Construction of BVHs, Octrees, and k-d Trees, Tero Karras, 2012
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https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/
https://devblogs.nvidia.com/wp-content/uploads/2012/11/karras2012hpg_paper.pdf

https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/

Maximizing Parallelism in the Construction of BVHs, Octrees, and k-d Trees, Tero Karras, 2012

Linear BVH (LBVH)

A noyemy KOppeKTHO He
Bknrovatb O2 B N5 AABB?

N1

N1
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https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/
https://devblogs.nvidia.com/wp-content/uploads/2012/11/karras2012hpg_paper.pdf

https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/
Maximizing Parallelism in the Construction of BVHs, Octrees, and k-d Trees, Tero Karras, 2012

Linear BVH (LBVH) Moxem nn Mbl ciyYyanHo pacnpenenuTb

TpeyronbHWKKN rno ysnam BVH?
N1

N1
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https://devblogs.nvidia.com/thinking-parallel-part-iii-tree-construction-gpu/
https://devblogs.nvidia.com/wp-content/uploads/2012/11/karras2012hpg_paper.pdf

[MocTpoeHne BVH He ogHO3Ha4HO! XoTuM 4TOBLI y3rbl YacTo oTcekanuck no AABB
Lenunkom, T.e. ??? Kakaa metpuka kadyectsa BVH?

Linear BVH (LBVH) Moxem nn Mbl ciyYyanHo pacnpenenuTb

TpeyronsHuKK rno ysnam BVH?
N1




[MocTpoeHne BVH He ogHO3Ha4HO! XoTuM 4TOBLI y3rbl YacTo oTcekanuck no AABB
LLeNIMKoM, T.€. XoTuM ToyHocTu AABB - Hanpumep MruHMMmn3auum odobema.

Linear BVH (LBVH) Moxem nn Mbl ciyYyanHo pacnpenenuTb

TpeyronbHUKK o y3nam BVH?
N1




[MocTpoeHne BVH He ogHO3Ha4HO! XoTuM 4TOBLI y3rbl YacTo oTcekanuck no AABB
LleNTMKOM, T.€. XoTuM ToyHocTu AABB - Hanpumep MuHnMmmnsauum obbema. Kak 1obutsca?

Linear BVH (LBVH)

N1




[MocTpoeHne BVH He ogHO3Ha4HO! XoTuM 4TOBLI y3rbl YacTo oTcekanuck no AABB
LleNTMKOM, T.€. XoTuM ToyHocTu AABB - Hanpumep MuHnMmmnsauum obbema. Kak 1obutsca?

Linear BVH (LBVH)
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[MocTpoeHne BVH He ogHO3Ha4HO! XoTuM 4TOBLI y3rbl YacTo oTcekanuck no AABB
LleNTMKOM, T.€. XoTuM ToyHocTu AABB - Hanpumep MuHnMmmnsauum obbema. Kak 1obutsca?

Linear BVH (LBVH)

N1




1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
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1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
2) Bbluncnaem y Kaxgoro siucma Kog MopToHa (Mo Touke-ueHTpouay)
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1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
2) Bbluucnaem y kaxgoro siucma Kog MopToHa (Mo Todke-LeHTpouay)

3) CopTupyem siucmbsi NO KOQY MOPTOHA
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1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
2) Bbluucnaem y kaxgoro siucma Kog MopToHa (Mo Todke-LeHTpouay)

3) CopTupyem siucmbsi NO KOQY MOPTOHA
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1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
2) Bbluucnaem y kaxgoro siucma Kog MopToHa (Mo Todke-LeHTpouay)

3) CopTupyem siucmbsi NO KOQY MOPTOHA
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1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
2) Bbluucnaem y kaxgoro siucma Kog MopToHa (Mo Todke-LeHTpouay)

3) CopTrpyem siucmesi No Kogy MOPTOHa HyxeH maccoBbIi napannenusm!
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1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
2) Bbluucnaem y kaxgoro siucma Kog MopToHa (Mo Todke-LeHTpouay)

3) CopTupyem siucmbsi NO KOQY MOPTOHA

01

HyxeH maccoBbIn napannennsm!
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I
I YTO HY>KHO 3HaTb
I 4YTOObI HANTK
SPLIT2 Pacce4vyeHue?

Q@0eeeeee

Oz 03 02 0Os 0Os 0O7 Os

77



1) EcTb MHOro TpeyronsHMKoOB, Kaxabin co ceoum AABB, aTo stlucmes
2) Bbluucnaem y kaxgoro siucma Kog MopToHa (Mo Todke-LeHTpouay)

3) CopTrpyem siucmesi No Kogy MOPTOHa HyxeH maccoBbIi napannenusm!

N1

l
[0, SPLIT-1] :
N2 SPLIT

'
I YTO HY>KHO 3HaTb
I 4YTOObI HANTK

SPLIT2 Pacce4vyeHue?

Q@ 0000 ee
O1 02 O3 0Os Os Os O7 Os

78




3) ... CopTupyem stucmabsi nNo Kogy MOpToHa HyxeH maccoBbIX napannennam!
4) Hy>XHO NOCTPOUTbL MPOMEXYTOYHbIE y3rbl LBVH:
Kak???

CopTtuposaHHble Morton Codes:




3) ... CopTupyem stucmabsi nNo Kogy MOpToHa HyxeH maccoBbIX napannennam!
4) Hy>XHO NOCTPOUTbL MPOMEXYTOYHbIE y3rbl LBVH:
4.1) Kaxgbin y3es1 NOKpblIBaeT NOAOTPE3OK s1UuCcmMbea, KopeHb NokpbiBaeT [0, N-1]
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CoptunpoBaHHble Morton Codes:




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
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CoptupoBaHHble Morton Codes:




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
Kak ero Bbibpartb?

[leTepMUHMUPOBAHHO!
UTOObI y3ribl CMOINU NOHATL!

CopTtuposaHHble Morton Codes:




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no ctapwemy 6uTy KOTOpbIN pasnnuyaeTcs Ha nogoTpe3ke

CopTtuposaHHble Morton Codes:




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no ctapwemy duty KOoTopbi pasnnyaeTca Ha NogoTpes3Ke - Kak?

Kakue koAbl MOpPTOHA HYXXHO 3arpy3utb nus VRAM?

CoptunpoBaHHble Morton Codes:




1 int findSplit(unsigned int* sortedMortonCodes, int first, int last)
2 {

3 // Identical Morton codes => split the range in the middle.

4 unsigned int firstCode = sortedMortonCodes[first];

5 unsigned int lastCode = sortedMortonCodes[last ];
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1 int findSplit(unsigned int* sortedMortonCodes, int first, int last)
2 {

3 // Identical Morton codes => split the range in the middle.

4 unsigned int firstCode = sortedMortonCodes[first];

5 unsigned int lastCode = sortedMortonCodes[last ];

7 if (firstCode == lastCode)
8 return (first + last) >> 1;




1 int findSplit(unsigned int* sortedMortonCodes, int first, int last)
2 {

3 // Identical Morton codes => split the range in the middle.

4 unsigned int firstCode = sortedMortonCodes[first];

5 unsigned int lastCode = sortedMortonCodes[last ];

7 if (firstCode == lastCode)
8 return (first + last) >> 1;

10 // Calculate the number of highest bits that are the same

11 // for all objects, using the count-leading-zeros intrinsic
2 int commonPrefix = __clz(firstCode * lastCode);




16 // shares more-than commonPrefix bits with the first one.

8 int split = first; // initial guess
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int findSplit(unsigned int* sortedMortonCodes, int first, int last)
{

5 // Identical Morton codes => split the range in the middle.

" unsigned int firstCode = sortedMortonCodes[first];

unsigned int lastCode = sortedMortonCodes[last ];

if (firstCode == lastCode)
return (first + last) >> 1;

) // Calculate the number of highest bits that are the same
// for all objects, using the count-leading-zeros intrinsic
int commonPrefix = __clz(firstCode * lastCode);

// Use binary search to find where the next bit differs.
// Specifically, we are looking for the -highest object that]

7 int step = last - first;

do {

} while (step > 1);

return split:



16 // shares more-than commonPrefix bits with the first one.

8 int split = first; // initial guess
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int findSplit(unsigned int* sortedMortonCodes, int first, int last)
{

5 // Identical Morton codes => split the range in the middle.

" unsigned int firstCode = sortedMortonCodes[first];

unsigned int lastCode = sortedMortonCodes[last ];

if (firstCode == lastCode)
return (first + last) >> 1;

) // Calculate the number of highest bits that are the same
// for all objects, using the count-leading-zeros intrinsic
int commonPrefix = __clz(firstCode * lastCode);

// Use binary search to find where the next bit differs.
// Specifically, we are looking for the -highest object that]

7 int step = last - first;

do {
step = (step + 1) >>-1; // exponential decrease

int newSplit = split + step; // proposed new position

} while (step > 1);

return split:



1 int findSplit(unsigned int* sortedMortonCodes, int first, int last)
2 {

3 // Identical Morton codes => split the range in the middle.

4 unsigned int firstCode = sortedMortonCodes[first];

5 unsigned int lastCode = sortedMortonCodes[last ];

7 if (firstCode == lastCode)
8 return (first + last) >> 1;

10 // Calculate the number of highest bits that are the same

11 // for all objects, using the count-leading-zeros intrinsic

12 int commonPrefix = __clz(firstCode * lastCode);
155
14 // Use binary search to find where the next bit differs.

15 // Specifically, we are looking for the highest object that
16 // shares more-than commonPrefix bits with the first one.

8 int split = first; // initial guess

19 int step ='last - first;
20 b

21 do-{
22 step = (step + 1) >>-1; // exponential decrease

int newSplit = split + step; // proposed new position

if (newSplit < last) {

26 unsigned int splitCode = sortedMortonCodes[newSplit
27 int splitPrefix = __clz(firstCode ” splitCode);
28 if (splitPrefix > commonPrefix)

29 split = newSplit; // accept proposal
0 ¥

31 } while (step > 1);

2

3 preturn split:



4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no ctapwemy duty KOTopbIn pasnnyaeTcd Ha NnoaoTpe3Ke - OMH.I.
4.4) Ho cHa4ana kaxabln y3en HaxoguTt ?7?7?

CoptunpoBaHHble Morton Codes:




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no ctapwemy 6uTy KOTOpbIN pasnuyaeTcs Ha NnogoTpe3kKe -

4.4) Ho cHa4ana kaxabln y3en HaxoauT CBOWM NOAOTPE3O0K ... Kak???
Kakne moryT 6bITb BapmaHTbl?

—

3

CoptunpoBaHHble Morton Codes:




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no ctapwemy 6uTy KOTOpbIN pasnuyaeTcs Ha NnogoTpe3kKe -

4.4) Ho cHa4ana kaxabln y3en HaxoauT CBOWM NOAOTPE3O0K ... Kak???
Kakne moryT 6bITb BapmaHTbl?

—

3

CoptunpoBaHHble Morton Codes:




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no ctapwemy 6uTy KOTOpbIN pasnuyaeTcs Ha NnogoTpe3kKe -

4.4) Ho cHa4ana kaxabln y3en HaxoauT CBOWM NOAOTPE3O0K ... Kak???
Kakne moryT 6bITb BapmaHTbl?

CoptunpoBaHHble Morton Codes:

- oo o‘m




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no ctapwemy 6uTy KOTOpbIN pasnuyaeTcs Ha NnogoTpe3kKe -

4.4) Ho cHa4ana kaxabln y3en HaxoauT CBOWM NOAOTPE3O0K ... Kak???
Kakne moryT 6bITb BapmaHTbl?

~

3

CoptunpoBaHHble Morton Codes:
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwemy 61Ty KOTOpPbIN pasnnyaeTcs Ha NoAoTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???

(R)
(A) B

; 1@
1
© 4
0 1
0 1
E 1 0
0 1 2)19/(3 4 5) L0
0 0 0 0|1 1
0 0 0 0 0f+—>1
0 Of+— 1 1 0 0
Ofe—>1 0 0 1 0
1 0 Ofe—1] 1 O f+—>

[Ca—==(~




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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Kakne y3anbl BNSOTCA KOHLaMWU?
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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Kakne y3anbl BNSOTCA KOHLaMWU? 4 1O
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4.2) MNopoTpeskn demeu Ko
4.3) SPLIT - no crapwemy
4.4) Ho cHa4ana kaxgblu

“"LIBAOT NOMNOBUHLI pacceyeHHble no SPLIT
*uAaeTCcd Ha NoAoTpe3Ke -

CHUNbHbIN == -
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???

@) ()

Kakne y3anbl BNSOTCA KOHLaMWU? 4 1O
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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Kakne y3anbl BNSOTCA KOHLaMWU? 4 1O
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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Kakne y3anbl BNSOTCA KOHLaMWU? 4 1O

Kakne y3anbl 9Bns0TCA Ha4Yanammu?
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???

Kakne y3anbl BNSOTCA KOHLaMWU? 4 F= !
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???

Kakne y3anbl BNSOTCA KOHLaMWU? 4 F= !




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???

Kakne y3anbl BNSOTCA KOHLaMWU? 4 F= !

NMouemy Tak?




4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???

Kakne y3anbl BNSOTCA KOHLaMWU? 4

Kakne y3anbl 9BNS0TCA Ha4anamm?

NMoyemy Tak?
[MoyeMy MMEHHO TYT - NUK?
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4.2) MopoTpeskn demeli KOPHS NOKPLIBAKOT NOMIOBUHLI paccedeHHble no SPLIT
4.3) SPLIT - no crapwiemy 61Ty KOTOPbIN pasfinyaeTcs Ha NOAOTpPe3Ke -
4.4) Ho cHa4ana kaxabl y3en HaxoauT CBOW NOAOTPE30K ... Kak???
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Christoph Lassner M. Zollh6fer Computer Science - Computer Vision and Pattern Recognition - 2021
TLDR Pulsar is an efficient sphere-based differentiable rendering module that is orders of magnitude faster than competing techniques, modular,

and easy-to-use due to its tight integration with PyTorch, and enables a plethora of applications, ranging from 3D reconstruction to neural rendering.
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Tero Karras  Timo Aila Computer Science - High Performance Graphics - 2013
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TLDR A new massively parallel algorithm for constructing high-quality bounding volume hierarchies (BVHs) for ray tracing, based on modifying an
existing BVH to improve its quality, and executes in linear time at a rate of almost 40M triangles/sec on NVIDIA GTX Titan.Expand
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TLDR Experiments show that the canonicalized occupancy estimation with the learned LBS functions greatly improves the generalization capability
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Fast Parallel Construction of High-Quality Bounding Volume Hierarchies

Tero Karras Timo Aila
NVIDIA

Mrays/s SBVH mmme HLBVH =~ sssssss Our method
Abstract w50

400
We propose a new massively parallel algorithm for constructing 350
high-quality bounding volume hierarchies (BVHs) for ray tracing. 300
The algorithm is based on modifying an existing BVH to improve 250
its quality, and executes in linear time at a rate of almost 40M tri- 200
angles/sec on NVIDIA GTX Titan. We also propose an improved 150
approach for parallel splitting of triangles prior to tree construc- 100
tion. Averaged over 20 test scenes, the resulting trees offer over 50
90% of the ray tracing performance of the best offline construction 0

1M 10M 100M 1G 10G 100G 4T

method (SBVH) while previous fast GPU algorithms offer only

about 50%. Compared to state-of-the-art, our method offers a sig-
nificant improvement in the majority of practical workloads that
need to construct the BVH for each frame. On the average, it gives
the best overall performance when tracing between 7 million and
60 billion rays per frame. This covers most interactive applications,
product and architectural design, and even movie rendering.

CR Categories: 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Raytracing;

Keywords: ray tracing, bounding volume hierarchies
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Number of rays

Figure 1: Performance of constructing a BVH and then casting
a number of diffuse rays with NVIDIA GTX Titan in SODA (2.2M
triangles). SBVH [Stich et al. 2009] yields excellent ray tracing
performance, but suffers from long construction times. HLBVH
[Garanzha et al. 2011a] is very fast to construct, but reaches only
about 50% of the performance of SBVH. Our method is able to
reach 97% while still being fast enough to use in interactive ap-
plications. In this particular scene, it offers the best quality—speed
tradeoff for workloads ranging from 30M to 500G rays per frame.
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ApplicatiOnS /, 9, 14—20. KARRAS] 80 A v X

lKARRAS, s 2012.'l—1v‘ faximizing parallelism in the construct _ N
0 s, octrees, and k-d trees. In Proc. High-Performa Without Triangle Splitting We first analyze the performance

. without triangle splitting by comparing against six comparison
Graphlcs 2012 3 33-37. methods: greedy top-down sweep SAH (SweepSAH) [MacDon-

ald and Booth 1990], LBVH [Lauterbach et al. 2009; Karras

s . q 3 2011b], tree rotations with hill climbing (Kensler) [Kensler 2008],
ume hierarchies. In Proc. IEEE Sy mposium on Interactive . and iterative reinsertion (Bittner) [Bittner et al. 2013], where the

Tracin g, 73-76. last two are initialized using LBVH. We use the authors’ original
implementations for HLBVH and GridSAH, and our own imple-

mentations for the rest of the methods. We choose SweepSAH as
the baseline because it continues to be the de facto standard in BVH

o) construction. For LBVH, we optimize the leaf nodes by collapsing
38 NMnMACbiBaeM Ce6e - YTO TAaKoe SAH ! subtrees into leaves to minimize SAH cost (instead of using single-

triangle leaves). This 1s a well-known method, takes a negligible
(BMeCTO O,EI,HOFO TpeyFOJ'I bHMKA Ha J1 MCT) amount of time, and considerably improves the LBVH results. Ot
the comparison methods LBVH, HLBVH and GridSAH execute on
the GPU, SweepSAH and Kensler are parallelized over four CPU
cores, and Bittner runs on a single CPU core. Our method uses a
fixed set of parameters for all test scenes: n = 7, v = 7, we per-
form 3 rounds of optimization, and -y is doubled after every round.

- gives numbers for ray tracing performance, SAH cost, and

build time for four scenes in addition to the average numbers over
the 20 scenes. On average, our builder produces trees that offer 96%
of the maximum achievable ray tracing performance~ of Sweep-
SAH (min 86% max 113%), while being significantly faster to con-
struct. LBVH offers 3—4 times faster build than our method, but
provides only 69% of the maximum ray tracing performance on
the average, with significant scene-dependent variation: the perfor-
mance is only 40-50% for all city scenes but over 80% for highly
tessellated objects. Interestingly HLBVH and GridSAH result in

Fast parallel construction of high-quality bounding volume hierarchies, Karras et al. 2013
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CONFERENCE SopaA DRAGON SANMIGUEL AVERAGE OF 20 SCENES
282K tris 2.2M tris 870K tris 10.5M tris relative to SweepSAH
Builder Perf | SAH | Build Perf SAH Build Perf | SAH | Build Perf | SAH | Build Perf SAH Build
Mrays/s | cost time Mrays/s | cost time || Mrays/s | cost time Mrays/s | cost time % % %
SweepSAH || 258.4 | 46.50 | 848 ms || 330.2 78.26 8s 229.7 | 56.74 3s 86.7 | 20.13 50 s 100.0 100.0 100.00
Our 275.6 | 3848 | §9msf| 301.8 71.04 |f 56 ms §j| 213.1 | 6041 |f24ms || 83.5 | 17.38 [§274 ms| 96.0 94.4 | 103}
LBVH 179.4 | 6459 | [2ms || 203.0 | 106.06 [f 16ms | 1885 | 70.00 [| 7ms ||| 553 | 2671 | 74 msf|| 694 | 1315 | o.zu
185.0 | 60.91 6ms || 1935 | 105.13 | 12ms | 189.1 | 68.54 8 ms 39.9 | 29.08 | 32ms 67.4 129.3 0.57
GridSAH 187.8 | 61.96 7ms || 200.1 | 104.58 | 15ms || 193.8 | 66.12 11 ms 39.8 | 29.26 | 35ms 68.1 129.1 0.70
Kensler 250.5 | 42.69 4s 258.8 76.08 | 44s 211.3 | 62.04 10's 79.1 18.50 | 197 s 91.5 99.6 552.26
Bittner 278.7 | 36.51 ls 356.5 59.39 | 60s 2156 | 57.26 | 50s 98.2 | 15.69 | 3345 103.3 87.7 1083.24

Table 3: Measurements for seven different BVH builders in absence of triangle splitting. Performance is given in millions of diffuse rays per
second, and the build time includes everything from receiving a list of triangles to being ready to cast the rays. The last three columns give
average results for the full set of 20 test scenes relative to SweepSAH.
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- gives numbers for ray tracing performance, SAH cost, and

build time for four scenes in addition to the average numbers over
the 20 scenes. On average, our builder produces trees that offer 96%
of the maximum achievable ray tracing performance~ of Sweep-

SAH (min 86% max 113%), while being significantly faster to con-
struct. LBVH offers 3—4 times faster build than our method, but
provides only 69% of the maximum ray tracing performance on
the average, with significant scene-dependent variation: the perfor-
mance is only 40-50% for all city scenes but over 80% for highly
tessellated objects. Interestingly HLBVH and GridSAH result in
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Table 3: Measurements for seven different BVH builders in absence of triangle splitting. Performance is given in millions of diffuse rays per
second, and the build time includes everything from receiving a list of triangles to being ready to cast the rays. The last three columns give
average results for the full set of 20 test scenes relative to SweepSAH.
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- gives numbers for ray tracing performance, SAH cost, and

build time for four scenes in addition to the average numbers over
the 20 scenes. On average, our builder produces trees that offer 96%
of the maximum achievable ray tracing performance~ of Sweep-

SAH (min 86% max 113%), while being significantly faster to con-
struct. LBVH offers 3—4 times faster build than our method, but
provides only 69% of the maximum ray tracing performance on
the average, with significant scene-dependent variation: the perfor-
mance is only 40-50% for all city scenes but over 80% for highly
tessellated objects. Interestingly HLBVH and GridSAH result in
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I SAH 1/79

Surface Area Heuristic \ Ray tracing performance is most com-
monly estimated using the furface area cost model, first introduced
by Goldsmith and Salmon [§987] and later formalized by MacDon-
ald and Booth [1990]. The SAH cost of a given acceleration struc-

ture is defined as the expected cost of tracing a non-terminating

random ray through the scene:

A(n) A(1) A(l)
& ZA Gronl) 2. (oo +Ct;A(root)N(l), (1)

where I and L are the sets of internal nodes and leaf nodes, re-
spectively, and C'; and C) are their associated traversal costs. C}
is the cost of a ray-triangle intersection test, and N (1) denotes the
number of triangles referenced by leaf node [. The surface area
of the bounding volume in node n is indicated by A(n), and the
ratio A(n)/A(root) corresponds to the conditional probability that
a random ray intersecting the root is also going to intersect n. In
this paper, we use C; = 1.2, C; = 0, and C; = 1, which we
have verified experimentally to give the highest correlation with the
measured performance.

Fast parallel construction of high-quality bounding volume hierarchies, Karras et al. 2013

The classic approach for constructing BVHs is based on greedy top-
down partitioning of triangles that aims to minimize the SAH cost
at every step [MacDonald and Booth 1990]. At each node, the tri-
angles are classified to either side of an axis-aligned split plane
according to the centroids of their axis-aligned bounding boxes
(AABBs). The split plane is chosen by evaluating the SAH cost
of the resulting child nodes for each potential plane, and selecting

the one that results in the lowest cost. Leaf nodes are created when

the SAH cost can no longer be improved through partitioning, i.e.,
the benefit of creating a new internal node is outweighed by its cost.

Another well-known approach is to start from the leaves and pro-
ceed in a bottom-up fashion by merging the nodes iteratively [Wal-
ter et al. 2008]. Even though this approach is often able to produce
trees with a very low SAH cost, it tends to lose to the top-down
algorithm in practical ray tracing performance.
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Approximate Methods The most widely adopted simplification BVH Optimization Closely related to our work, there has been
of the full top-down partitioning is the binned SAH [Wald 2007; some amount of research on optimizing existing BVHs as a post-
Wald 2012], which limits the split planes considered at each node process. Kensler [2008] proposed using local tree rotations to im-
to a fixed number. The planes are placed uniformly along each axis prove high-quality BVHs beyond the gold standard on the CPU, and
to cover the spatial extent of the node, which makes it possible to Kopta et al. [2012] applied the same idea to refine BVHs during an-
bin the triangles into intervals between the planes according to their imation to combat their inherent degradation in quality. A similar
centroids. A further simplification is to first perform the binning approach was used in NVIDIA OptiX [2012] to improve the quality
globally using a fixed-size grid, and then reuse the same results for of HLBVH on the GPU. The main weakness of tree rotations is that
all nodes that overlap a given cell [Garanzha et al. 2011b]. they are prone to getting stuck in a local optimum in many scenes.

To overcome this effect, one has to resort to stochastic methods that
Another approach is to use a linear BVH (LBVH) [Lauterbach et al. ¢onyerge too slowly to be practical [Kensler 2008].

20097, which can be constructed very quickly on the GPU. The idea

18 to first sort the triangles along a space-filling curve, and then par- Recently, Bittner et al. [2013] presented an alternative algorithm

tition them recursively so that each node ends up representing a lin- based on iteratively removing nodes from the tree and inserting
ear range of triangles [Pantaleoni and Luebke 2010; Garanzha et al. them back at optimal locations. Since there are a large number
2011a]. Karras [2012] showed that every stage of the construction of options for modifying the tree at each step, the algorithm is able
can be parallelized completely over the entire tree, which makes the to improve the quality significantly before getting stuck. However,
rest of the stages practically free compared to the sorting. since the method is fundamentally serial, it is unclear whether it can

: ) ) be implemented efficiently on the GPU.
Although linear BVHs are fast to construct, their ray tracing perfor-

mance tends to be unacceptably low — usually around 50% of the

oold standard. This necessitates using hybrid methods that con-
struct important parts of the tree using a high-quality algorithm
while using a fast algorithm for the expensive parts. HLBVH
[Garanzha et al. 2011a], for instance, uses binned SAH for the top-
most nodes while relying on linear BVH for the remaining ones.

Fast parallel construction of high-quality bounding volume hierarchies, Karras et al. 2013
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3 Overview

Our goal is to construct high-quality BVHs from scratch as quickly
as possible. For maximum performance, we target NVIDIA Kepler
GPUs using CUDA. Our approach is motivated by the insight of-
fered by Bittner et al. [2013] that it is possible to take an existing
low-quality BVH and modify it to match the quality of the best top-
down methods. While Bittner et al. hypothesize that the individual
tree modifications have to be global in nature for this to be possi-
ble, our intuition is that the number of possible modifications plays
a more important role. For example, tree rotations [Kensler 2008]
offer only 6 ways of modifying the tree per node. Once all of these
modifications are exhausted, i.e., none of them is able to reduce the
SAH cost any further, the optimization gets stuck.

Instead of looking at individual nodes, we extend the concept of
tree rotations to larger neighborhoods of nodes. We define a treelet
as the collection of immediate descendants of a given treelet root,
consisting of n treelet leaves and n — 1 treelet internal nodes (Fig-
ure 2). We require the treelet to constitute a valid binary tree on its
own, but it does not necessarily have to extend all the way down to
the leaves of the BVH. In other words, the children of every internal
node of the treelet must be contained in the treelet as well, but its
leaves can act as representatives of arbitrarily large subtrees.

Fast parallel construction of high-quality bounding volume hierarchies, Karras et al. 2013
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offer only 6 ways of modifying the tree per node. Once all of these
modifications are exhausted, i.e., none of them is able to reduce the
SAH cost any further, the optimization gets stuck.

Instead of looking at individual nodes, we extend the concept of
tree rotations to larger neighborhoods of nodes. We define a treelet
as the collection of immediate descendants of a given treelet root,
consisting of n treelet leaves and n — 1 treelet internal nodes (Fig-
ure 2). We require the treelet to constitute a valid binary tree on its
own, but it does not necessarily have to extend all the way down to
the leaves of the BVH. In other words, the children of every internal
node of the treelet must be contained in the treelet as well, but its
leaves can act as representatives of arbitrarily large subtrees.
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Figure 2: Left: Treelet consisting of 7 leaves (A—G) and 6 internal
nodes, including the root (R). The leaves can either be actual leaf
nodes of the BVH (A, B, C, F), or they can represent arbitrary sub-
trees (D, E, G). Right: Reorganized treelet topology to minimize the
overall SAH cost. Descendants of the treelet leaves are kept intact,

but their location in the tree is allowed to change.
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Triangle Splitting Several authors have noted that splitting

large triangles can improve the quality of BVHs signifi-

cantly in scenes that contain large variation in triangle sizes.

Ernst and Greiner [2007] propose to split triangles along their
longest axis if their surface area exceeds a pre-defined threshold,
and Dammertz and Keller [2008] propose similar scheme to split
triangle edges based on the volume of their axis-aligned bounding
boxes. However, neither of these methods has been proven to work
reliably in practice — they can actually end up decreasing the per-
formance in certain scenes.

A better approach, proposed independently by Stich et al. [2009]
(SBVH) and Popov et al. [2009], is to incorporate triangle splitting
directly into the top-down construction algorithm. SBVH, which
yields the highest ray tracing performance to date, works by con-
sidering spatial splits in addition to conventional partitioning of tri-
angles. Spatial splits correspond to duplicating triangles that inter-

sect a given split plane, so that each resulting triangle reference lies

strictly on either side of the plane. The choice between spatial splits

and triangle partitioning is made on a per-node basis according to
which alternative is the most effective in reducing the SAH cost.

Fast parallel construction of high-quality bounding volume hierarchies, Karras et al. 2013
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Split plane selection

~ Reduce node overlap in the initial BVH
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Split plane selection

' Reduce node overlap in the initial BVH

If a triangle
crosses the plane...

Use the same
% spatial median
as a split plane
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Split plane selection

~ Reduce node overlap in the initial BVH

Splitting one triangle
does not help much

Need to split them all
to get the benefits
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Split plane selection

Reduce node overlap in the initial BVH
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Sp||t plane selecﬁon dukcrupoBaHHbIN BrogXeT paccedeHnn!
Yto penarb?
Reduce node overlap in the initial BVH
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Neural Fields in Visual Computing and Beyond
Sort by Recency
Yiheng Xie  Towaki Takikawa +7 authors  Srinath Sridhar Computer Science, Mathematics - Computer graphics forum (Print)

TLDR A review of the literature on neural fields shows the breadth of topics already covered in visual computing, both historically and in current
incarnations, and highlights the improved quality, flexibility, and capability brought by neural field methods.Expand
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TLDR Mixture of Volumetric Primitives (MVP), a representation for rendering dynamic 3D content that combines the completeness of volumetric
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Christoph Lassner M. Zollhofer Computer Science - Computer Vision and Pattern Recognition
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and easy-to-use due to its tight integration with PyTorch, and enables a plethora of applications, ranging from 3D reconstruction to neural rendering.
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Kak yntatb ctatbu

1) Kak HanuTu XOTb OAHY CTaTblo-3auenky?
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Kak yntatb ctatbu

1) Kak HauTu xOoTb OAHY cTaTblo-3auenky? lNonynspHble open-source peLLeHus:, IeKumn, crnamnabl,
MCKaTb CTaTbM MO XOTb KAKUM-TO KJTHOYE€8bIM C/108aM, CNPOCUTb KOro-To U3 0briactu (XxoTs Obl
CMEXHOWN).
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2) Kak no 3auenke HanTu B-C-E uTo ectb?
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Kak HanTu xoTb ogHy ctaTbto-3auenky? MNonynapHble open-source peleHns, NeKuum, cnamabil,
MCKaTb CTaTbM MO XOTb KAKUM-TO KJTHOYE€8bIM C/108aM, CNPOCUTb KOro-To U3 0briactu (XxoTs Obl
CMEXHOWN).

Kak no sauenke HanTy B-C-E yto ectb? Yepes semanticscholar.org nyTelectsosaTtb B NpoLUrioe
(references), B bynyuiee (citations), CMOTpeTb CTaTbU TEX XXe aemopoe8, NOCTENEHHO YTOYHATb
K/1royee8ble crioea rnoucka.
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H-PLOC Hierarchical Parallel Locally-Ordered Clustering for BVH Construction

H-PLOC
Hierarchical Parallel Locally-Ordered Clustering for

Bounding Volume Hierarchy Construction

CARSTEN BENTHIN, Advanced Micro Devices, Inc., Germany
DANIEL MEISTER, Advanced Micro Devices, Inc., Japan
JOSHUA BARCZAK, Advanced Micro Devices, Inc., USA
ROHAN MEHALWAL, Advanced Micro Devices, Inc., USA
JOHN TSAKOK, Advanced Micro Devices, Inc., USA
ANDREW KENSLER, Advanced Micro Devices, Inc., USA

We propose a novel GPU-oriented approach for constructing binary bounding volume hierarchies (BVHs)
based on the parallel locally-ordered clustering (PLOC/PLOC++) algorithm. Compared to competing high-
performance GPU BVH build algorithms (PLOC++ or ATRBVH), our method provides similar BVH quality in
just a single kernel launch while achieving 1.1-3.6X lower construction times for the entire BVH build and
1.6-13% lower for just the binary BVH construction phase. Additionally, we propose an efficient algorithm to
convert a binary BVH to an n-wide BVH with just a single kernel launch. Besides being extremely efficient,
our proposed algorithms are simple to implement, allowing easy integration into existing frameworks.

H-PLOC Hierarchical Parallel Locally-Ordered Clustering for Bounding Volume Hierarchy Construction. Benthin et al. AMD. 2024
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H-PLOC Hierarchical Parallel Locally-Ordered Clustering for BVH Construction

Misc Quad Sort BVH2 Conv Total | Build Perf BVH4
[ms] [ms] [ms] [ms] [ms] [ms] MTris/s SAH PT
Sponza 0.3M Triangles
PRBVH |0.10(<0.1%) 0.19(<0.1%) 0.09(<0.1%)  632(99.9%) 0.19(<0.1%) | 633 ] 0.4(<0.01) | 1.00 1.00
ATRBVH | 0.09 (3.4%) 0.19 (7.2%) 0.09 (3.8%)  2.09(78.9%) 0.18 (6.8%) | 2.65| 105 (0.25) | 1.10 1.11
PLOC++ | 0.12 (9%) 0.19(15.0%) 0.09 (6.8%)  0.71(53.4%) 0.20(15.8%) | 1.33| 208 (0.49) | 1.11 1.10
LBVH | 0.09(13.6%) 0.19(30.3%) 0.09(13.6%) [0.08(12.1%) 0.19(30.3%) | 0.66 | 422 (1.0)| 133 1.28
H-PLOC | 0.10(14.9%) 0.19(25.7%) 0.09(12.2%) |0.16(21.6%) 0.20(25.7%) | 0.74 | 377 (0.89) | 1.09 1.11
Powerplant 12.7M Triangles
PRBVH | 0.81(<0.1%) 2.5(<0.1%) 1.09(<0.1%) 38007 (99.9%) 5.59(<0.1%) | 38017 | 0.3(<0.01) | 1.00 1.00
ATRBVH | 0.77 (2.2%) 25 (7%) 1.09 (2.2%) 25.38 (72%) 5.54(15.8%) | 35.23 | 362 (0.32) | 1.11 1.10
PLOC++ | 0.98 (6.8%) 2.5(17.3%) 1.09 (7.6%) 4.44 (31%) 532(37.2%) | 14.31 | 892 (0.80) | 1.12 1.11
LBVH [ 0.76 (6.6%) 2.5(21.8%) 1.09 (9.4%) [1.86]16.2%) 5.26 (45.9%) | 11.46 | 1112 (1.0) | 1.38 1.30
H-PLOC | 098 (7.7%) 2.5(19.7%) 1.09 (8.5%) |2.75[21.6%) 5.39(42.4%) | 12.71 | 1004 (0.90) | 1.12 1.13

H-PLOC Hierarchical Parallel Locally-Ordered Clustering for Bounding Volume Hierarchy Construction. Benthin et al. AMD, 2024 >
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[ms] [ms] [ms] [ms] [ms] [ms] MTris/s SAH PT
Sponza 0.3M Triangles
PRBVH | 0.10(<0.1%) 0.19(<0.1%) 0.09(<0.1%)  632(99.9%) 0.19(<0.1%) 0.4(<0.01) |[1.00  1.00]
ATRBVH | 0.09 (3.4%) 0.19 (7.2%) 0.09 (3.8%)  2.09(78.9%) 0.18 (6.8%) | 2.65| 105 (0.25) | 1.10 1.11
PLOC++ | 0.12 (9%) 0.19(15.0%) 0.09 (6.8%)  0.71(53.4%) 0.20(15.8%) | 133 | 208 (0.49) | 1.11 1.10
LBVH | 0.09(13.6%) 0.19(30.3%) 0.09(13.6%)  0.08(12.1%) 0.19(30.3%) | |0.66| 422 (1.0)|[133 1.28
H-PLOC | 0.10(14.9%) 0.19(25.7%) 0.09(12.2%)  0.16(21.6%) 0.20(25.7%) | [0.74]| 377 (0.89) || 1.09 1.11
Powerplant 12.7M Triangles
PRBVH [ 0.81(<0.1%) 2.5(<0.1%) 1.09(<0.1%) 38007 (99.9%) 5.59(<0.1%) [[38017]| 0.3(<0.01) [[1.00_1.00]
ATRBVH | 0.77 (2.2%) 25 (7%) 1.09 (2.2%) 25.38 (72%) 5.54(15.8%) | 35.23 | 362 (0.32) | 1.11 1.10
PLOC++ | 0.98 (6.8%) 2.5(17.3%) 1.09 (7.6%) 4.44 (31%) 532(37.2%) | 14.31 | 892 (0.80) | 1.12 1.11
LBVH [ 0.76 (6.6%) 2.5(21.8%) 1.09 (9.4%) 1.86(16.2%) 5.26 (45.9%) | [11.46]| 1112 (1.0) |[1.38 1.30
H-PLOC | 0.98 (7.7%) 2.5(19.7%) 1.09 (8.5%)  2.75(21.6%) 5.39(42.4%) | |12.71]| 1004 (0.90) [|1.12 1.13
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5 Conclusion and Future Work

H-PLOC uses LBVH bottom-up construction as a guide and combines it with efficient PLOC++-based
merging of wave-sized lists of clusters. This results in tremendous efficiency advantages, as H-PLOC
outperforms competing binary BVH build algorithms by several factors while providing similar
BVH quality. Considering the total BVH build cost, including all phases, the overhead of H-PLOC
to the speed-of-light reference LBVH is only about 15%, while offering significantly better BVH

quality. Combined with its implementation simplicity, which we believe is a strong argument for
adoption, and the efficient binary to n-wide BVH conversion, H-PLOC could be the algorithm of
choice for high-quality real-time BVH construction. In the future, we are interested in incorporating
insertion-based refinement in the binary BVH construction phase to further lower the quality gap
to PRBVH.
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Face Index Framebuffer Ambient Occlusion
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