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LBVH + Ray Tracing Ha Tesla T4
® TaHbuwisH Lo - ITMO Team - 40183 coolness = 139 MTris/s x 290 MRays/s, OpenCL
® Ostapenko Vladislav - HSE Team - 34832 coolness = 165 MTris/s x 212 MRays/s, OpenCL

©® Sanan Kornyakov - HSE Team - 19683 coolness = 83 MTris/s x 238 MRays/s, OpenCL
P.S. CPU LBVH noctpoenue: 1.9 MTris/s

—~


https://github.com/GPGPUCourse/GPGPUTasks2025/pull/812
https://github.com/GPGPUCourse/GPGPUTasks2025/pull/803
https://github.com/GPGPUCourse/GPGPUTasks2025/pull/813
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REAL-TIME RENDERING IN GAMES course



https://www.youtube.com/watch?v=eviSykqSUUw
https://advances.realtimerendering.com/s2021/Karis_Nanite_SIGGRAPH_Advances_2021_final.pdf?ref=unrealdirective

A DEEP DIVE INTO NANITE
VIRTUALIZED GEOMETRY

BRIAN KARIS, ENGINEERING FELLOW, EPIC GAMES
RUNE STUBBE, PRINCIPAL RENDERING
PROGRAMMER, EPIC GAMES

GRAHAM WIHLIDAL, PRINCIPAL RENDERING
PROGRAMMER, EPIC GAMES
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https://advances.realtimerendering.com/s2021/Karis_Nanite_SIGGRAPH_Advances_2021_final.pdf?ref=unrealdirective
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[ naBa 1: BupTyanbHble TEKCTYphI
MegaTexture, virtual texture, texture streaming




Nctopusa GPU n BupTyarnbHbIX TEKCTYP

o 1996 roga 3D rpaduka Ha CPU (DOOM, Quake, Nukem 3D)
1995-1997 - ctraHoBATCcsa nonynapHbl 3D-yckoputenu c|Fixed pipeline

2000-2002 - B DirectX 8.0 u OpenGL nossnstoTcsa fiporpaMmpyemMble weloepsbi
2002-2004 - Cg (NVIDIA) n Brook (Stanford) - sapoxgeHne GPGPU

2006-2008 - Close-to-Metal (ATI/AMD), CUDA (NVIDIA), OpenCL (Khronos)

2012 - Compute Shaders B OpenGL
2016 - Vulkan
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Nctopusa GPU n BupTyarnbHbIX TEKCTYP

o 1996 roga 3D rpadumka Ha CPU (DOOM, Quake, Nukem 3D)
1995-1997 - ctaHoBATCA nonyndapHbl 3Dsy@kopuTtenu c|Fixed pipeline

2000-2002 - B DirectX 8.0 u OpenGL nosiBfisitoTCcA nporpammmpyemMele weudepsl
2002-2004 - Cg (NVIDIA) n Brook (Stanford) - sapoxaoeHne GPGPU

2006-2008 - Close-to-Metal (ATI/AMD), CUDA (NVIDIA), OpenCL (Khronos)
— 2007 - MegaTexture, ET. Quake Wars, TepmuH Been John Carmack, Splash Damage

4 ENEMY TERRITORY

\FYUAKE WARS

2012 - Compute Shaders B OpenGL
2016 - Vulkan




Nctopusa GPU n BupTyarnbHbIX TEKCTYP

o 1996 roga 3D rpadumka Ha CPU (DOOM, Quake, Nukem 3D)
1995-1997 - ctaHoBATCA nonyndapHbl 3Dsy@kopuTtenu c|Fixed pipeline

2000-2002 - B DirectX 8.0 u OpenGL nosiBfisitoTCcA nporpammmpyemMele weudepsl
2002-2004 - Cg (NVIDIA) n Brook (Stanford) - sapoxaoeHne GPGPU

2006-2008 - Close-to-Metal (ATI/AMD), CUDA (NVIDIA), OpenCL (Khronos)

— 2007 - MegaTexture, ET. Quake Wars, TepmuH Been John Carmack, Splash Damage
— 2011 - Brink, Rage, John Carmack, id Tech
2012 - Compute Shaders B OpenGL

2016 - Vulkan

GJUAKE WARS



Nctopusa GPU n BupTyarnbHbIX TEKCTYP

o 1996 roga 3D rpadumka Ha CPU (DOOM, Quake, Nukem 3D)
1995-1997 - ctaHoBATCA nonyndapHbl 3Dsy@kopuTtenu c|Fixed pipeline

2000-2002 - B DirectX 8.0 u OpenGL nosiBfisitoTCcA nporpammmpyemMele weudepsl
2002-2004 - Cg (NVIDIA) n Brook (Stanford) - sapoxaoeHne GPGPU

2006-2008 - Close-to-Metal (ATI/AMD), CUDA (NVIDIA), OpenCL (Khronos)

— 2007 - MegaTexture, ET. Quake Wars, TepmuH Been John Carmack, Splash Damage
— 2011 - Brink, Rage, John Carmack, id Tech [¢
2012 - Compute Shaders B OpenGL

2016 - Vulkan
—» 2020 - Nanite, Brian Karis, Unreal Engine 5

UNREAL
ENGINE



BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

23



BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mup - 2D TekcTypa Henb3a sarpy3ntb uenukom B VRAM! Yto pgenatb?

B Te BpemeHa - 16K x 16K

— ———m =

24



BupTtyanbHble TekcTypbl (virtual texture, texture streaming)
Mup - 2D TekcTypa Henb3sa 3arpysutb Lennkom B VRAM! YTto penatb?

B Te BpemeHa - 16K x 16K VIrpok BUAWUT MUP BOKPYT:

framebuffer

25



BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mup - 2D TekcTypa Henb3a 3arpy3unTtb uenukom B VRAM! Hto gpenartb?

B Te BpemeHa 16K x 16K VIrpok BUAWUT MUP BOKPYT:

I‘W’M I

framebuffer
__ MoxeT HapexeM Ha Kycku, oauH Kycok Bneset VRAM?

o BT I .
i g, . Tl

! I -



BupTtyanbHble TekcTypbl (virtual texture, texture streaming)
Mup - 2D TekcTypa Henb3sa 3arpysutb Lennkom B VRAM! YTto penatb?

B Te BpemeHa - 16K x 16K MrpoK BUANT MU BOKPYT:
l e |
Mg M=

-
- >
-
i

L i T e

- b

framebuffer
___ MoxeT HapexeM Ha KycKku, oanH Kycok Bneset VRAM?

O - nogBUCaHWe Npu nepexoae U3 Kycka B KyCOK
o - HEMOHATHO KaK NoKasaTb ApYyrue Kycku Baaneke

»_IF_—JI-__JI-___MAGM?

3
I 7 R v '. ‘I A & 27



BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Henb3a 3arpy3unTtb uenukom B VRAM! Hto gpenartb?

Mwup - 2D TekcTypa
Nrpok BugnuT Mup BOKPYT:

B Te BpemeHa - 16K x 16K
— l I~ |

y framebuffer
_ = MoxeT HapexeM Ha KyCcKu, oanH Kycok Bneset VRAM?

- nogBUCaHWe Npu nepexoae U3 Kycka B KyCOK
| - HEMOHATHO KaK NoKasaTb Apyrue Kycku Baaneke

9 1 b .‘.r' i f
*ﬂ_ 2 T I‘ = = MoxeT HapexeM Ha Kycku + LODs (Levels of Details)?

-

—
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LN

—
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-3

& I?%_‘?A}a 28




BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mup - 2D TekcTypa Henb3a sarpy3ntb uenukom B VRAM! Yto pgenatb?

B Te BpemeHa - 16K x 16K VIrpok BUAMT MUP BOKPYT:
I >  S— -

’ framebuffer
_ _._MoxeTt Hapexem Ha Kyckun, oauH Kycok Brneset VRAM?

- nogBUCaHWe Npu nepexoae U3 Kycka B KyCOK
- HEMOHATHO KaK NoKasaTb Apyrue Kycku Baaneke

29



BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mup - 2D TekcTypa Henb3a sarpy3ntb uenukom B VRAM! Yto pgenatb?

B Te BpemeHa - 16K x 16K VIrpok BUAMT MUP BOKPYT:
I >  S— -

framebuffer
. _MoxeT HapexeM Ha KycKku, oauH Kycok Bneset VRAM?

- nogBUCaHWe Npu nepexoae U3 Kycka B KyCOK
- HEMOHATHO KaK NoKasaTb Apyrue Kycku Baaneke

= MoxeTt Hapexem Ha Kycku + LODs (Levels of Details)?

30



BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mup - 2D TekcTypa Henb3a 3arpy3unTtb uenukom B VRAM! Hto gpenartb?

B TE BpemeHa 16K x 16K VIrpok BUAWUT MUP BOKPYT:

framebuffer
. _MoxeT HapexeM Ha KycKku, oauH Kycok Bneset VRAM?

- noaBMCaHMe Npu nepexonae U3 Kycka B KyCoK
wm | - HEMOHATHO KaK NoKasaTb Apyrue Kycku Baaneke

= - J' —— I = = MoxeT Hapexem Ha Kycku + LODs (Levels of Details)?
e I ' ' . 3aMeTHbIe HErnagKocTU Ha CTbIKAX High-Mid, -Low
w - noaBUCcaHue Npu nepexoae U3 Kycka B KyCoK
- HY)KHO noao0paThb pa3Mepbl KyCKoB, noctponutb LOD




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa
B Te BpemeHa - 16K x 16K Nrpok BuauT MUp BOKPYT:

‘~ ind
&
,.,\f framebuffer
" T X2
s y . . £ X2 N

32
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa
B Te BpemeHa - 16K x 16K

Pass 1 framebuffer:
uv request +
mipmap level

» . X2

33

=] - ' Mipmap texture >




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa
B Te BpemeHa - 16K x 16K

l’rﬂ. j:‘;i;w'

=] - 4. Mipmap texture >

Pass 1 framebuffer:
uv request +
mipmap level

X2

» | 5 X2
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

4 3 — .
e 3 &
>

_—

. Pass 1 framebuffer:
uv request +
mipmap level
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

— : T

_—

"

s 1 framebuffer:
uv request +
mipmap level

=
,;
el

= o
= &
s‘ - )‘?”‘\ i s
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K
JR— / ‘w‘

«-'ﬁ >

_—

s 1 framebuffer:
uv request +
mipmap level
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

Kak onpegenutb geTanbHOCTb?
(mipmap level)

uv request +
mipmap level

downscale ~ pasmepy npoekun1 B akpaHe

———— ——

38

Mipmap texture -




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa
B Te BpemeHa - 16K x 16K

Kak onpegenntb getanbHOCTb?
(mipmap level)

dFdx(...), dFdy(...) — return the partial
derivative of an argument with respect to x or y

Pass 1 framebuffer:
e R uv request +

mipmap level

downscale ~ pasmepy npoekuun B 3KkpaHe

39

<] — Mipmap texture ‘ —>




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa
B Te BpemeHa - 16K x 16K

Kak onpegenntb getanbHOCTb?
(mipmap level)

m dFdx(...), dFdy(...) — return the partial

111¢) derivative of an argument with respect to x or y
Pass 1 framebuffer: dFdx(p(x.y)) = P(x+Ly) - P(xy)

& .a uv request + ——

mipmap level

ecnu UV paccToaHne mano +

down

~ pasmepy MpoeKLuy [B-akpaH

W) p(il,y)

dFdy(p(x.y)) = p(x.y+1) - p(x.y)

p(xy+1) | p(x+1y+1)

s y » \ ﬁ”‘ x2 <. LOW_

; : et 40
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa
B Te BpemeHa - 16K x 16K

Kak onpegenntb getanbHOCTb?
(mipmap level)

m dFdx(...), dFdy(...) — return the partial

111¢) derivative of an argument with respect to x or y
Pass 1 framebuffer: dFdx(p(x.y)) = P(x+Ly) - P(xy)

& .a uv request + ——

mipmap level ]
ecnu UV paccTodHne BenuKo -

downscale ~ pasmepy npoekuny B-skpaH

W) p(al,y)

dFdy(p(x.y)) = p(x.y+1) - p(x.y)

p(xy+1) | p(x+1y+1)

; : s 41
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

Obs3aTenbHO N1 31O
CBAA3Hble cekTopa?

_—

2 "~ A‘ Pass 1 framebuffer:
i e uv request +
S mipmap level

— =
| &
Ny P ™
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

———— -
- . 3 . - P

ObsizaTenbHO nn 37O
CBA3Hble ceKkTopa?

. Pass 1 framebuffe:
: uv request +
mipmap level
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

4 3 — .
e 3 &
>

_—

uv request +
mipmap level
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

uv request + streamlng TOro 4TO
mipmap level 3anpoLleHo Ho eLle
He Ha GPU (VRAM)

45
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mwup - 2D TekcTtypa Disk 10 (jpg)

B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)
VRAM
Pass 1 framebuffer:==p» Pass 2:
: uv request + streaming Toro 4To

O\ mipmap level 3anpoLleHo Ho eLle

4 He Ha GPU (VRAM)
SN . .}“ | '

<] — Mipmap texture =
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mwup - 2D TekcTtypa Disk 10 (jpg)

B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)
VRAM
Pass 1 framebuffer:==p» Pass 2:

: uv request + streaming Toro 4To

O\ mipmap level 3anpoLleHo Ho eLle

: He Ha GPU (VRAM)

Tl o - Bne3set nu?

e e EcTb nu Kakas-To

b I x2! I oLeHKa cBepxy?
i p . A ﬁv x2 < LOW
> » ,\ )x2
» J

-« — : Mipmap texture

47




BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mwup - 2D TekcTtypa Disk 10 (jpg)

B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)
VRAM
Pass 1 framebuffer:==p Pass 2: = Pass 3 framebuffer:
' uv request + streaming Toro 4To JoMHanNbHbLIN
T\ mipmap level 3anpoLleHo Ho eLle Render Pass

: He Ha GPU (VRAM) (Bce ecTb Ha GPU)
”,’./ - .Jij .

<] — Mipmap texture —>
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mup - 2D TekcTypa Disk 10 (jpg)
B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)

VRAM

Pass 1 framebuffer:==p Pass 2: = Pass 3 framebuffer:
: uv request + streaming Toro 4To JoMHanNbHbLIN
mipmap level 3anpoLleHo Ho eLle Render Pass
He Ha GPU (VRAM) (Bce ecTtb Ha GPU)

EcTb nu rapaHTnmn Ha Bpems

i " Wi oTpuCOBKM kaapa/Ha FPS?
, ' ; ; He bynet nu stuttering/freeze?
_ 4

| x2 < Low
-, » ,\)» J

- — : Mipmap texture
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)
Mwup - 2D TekcTtypa Disk 10 (jpg)

B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)
VRAM
Pass 1 framebufferi==p» Pass 2: =—Jp»{ Pass 3 framebuffer:
" uv request + streaming Toro 4To JoMHanNbHbLIN
mipmap level 3anpoLleHo Ho eLle Render Pass
He Ha GPU (VRAM)| (Bce ecTtb Ha GPU)

EcTb nu rapaHTnmn Ha Bpems

e "l otpucoBkM kappa/Ha FPS?
,ﬁ = ; ; He bynet nu stuttering/freeze?
_ 4

\ x2 < LOW"
g SO R 5

- — : Mipmap texture
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BupTyanbHble TekcTypbi (virtual texture, texture streaming)
Mwup - 2D TekcTtypa Disk 10 (jpg)

B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)
VRAM
Pass 1 framebuffer:==p Pass 2: = Pass 3 framebuffer:
: uv request + async streaming JoMHanNbHbLIN
mipmap level TOro YTO 3anpoLleHo Render Pass
HO ewe He Ha GPU  (Bce ecTb Ha GPU)
(VRAM)
: EcTb nu rapaHTUmM Ha Bpem4d
> " lipsg’ oTpucoBku kagpa/Ha FPS?
» , ' He oyoet nu stuttering/freeze?
[ x2 < LoOwW
N

N g » - )»21

- — : Mipmap texture
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa Disk 10 (jpg)
B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)
VRAM
Pass 1 framebuffer:==p Pass 2: = Pass 3 framebuffer:
' uv request + async streaming prHanbHLIN
mipmap level TOro YTO 3anpoLleHo Render Pass
HO ewe He Ha GPU  (Bce ecTb Ha GPU)
(VRAM)
A He 3pa nu Mbl Ha4anu 10-
2 " lipsg’  rpy3vTb TO YTO HE BNULLIETCH B
» , ' OrooKeT BpeMeHn Ha Kagp?
= X2 Low
AV

N g » - )»21

- — : Mipmap texture
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa Disk 10 (jpg)
B Te BpemeHa - 16K x 16K RAM (jpg)
RAM (raw)
VRAM
Pass 1 framebuffer:==p Pass 2: = Pass 3 framebuffer:
uv request + async streaming prHanbHLIN
mipmap level TOro YTO 3anpoLleHo Render Pass
HO ewe He Ha GPU  (Bce ecTb Ha GPU)
(VRAM)
MenoneHHoe aBumxeHune =>
~ > " sk XOpoluasi KorepeHTHOCTb Kaapos,
» , npurogutca nosxe!
N

53
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa 3a cyeT 4Yero Tak yaga4yHo? YHmBepcaneH nu nogxon?
B Te BpemeHa - 16K x 16K

J— A P
s 3a - -
™
i p ¢ .
e 2 —
N\ -
Pl
A - e W0
’ - S 3
. 3 2 E
(; o \
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa 3a cyeT Yero TaK yaadHo? YHmBepcarneH nm nogxon?
B Te BpemeHa - 16K x 16K

| 3D model UV texture
P MOXHO N CTPUMUTL TEKCTYPY W/Mnn

reowleTpvno 3D mogenu nponsBosibHOM
e — TOonosiornm?

55
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BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa 3a cyeT Yero TaK yaadHo? YHmBepcarneH nm nogxon?
B Te BpemeHa - 16K x 16K

~. 3D model UV texture
y . MOXXHO N CTPUMUTL TEKCTYPY U/nnu
reomeTpvno 3D mogenu npon3BorbHOW
Tornonornn?
ol v - nonaranuce Ha filterable ceoncTtso
By » . - E»-

Ha OQHOPOAHOCTb
CEMaHTUKM

ol & A | - 56

— — ' Mipmap texture — —




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTtypa 3a cyeT Yero TaK yaadHo? YHmBepcarneH nm nogxon?
B Te BpemeHa - 16K x 16K

UV texture
y . MOXHO NN CTPUMUTL TEKCTYPY
__3D monenv npon3BosibHONM Tomnonorum?
- Yem otnnyaeTca OT NyCTbIHN?
ol S el 'O 1ArANNCE Ha filterable cBoncTBO

Ha OQHOPOAHOCTb

CEMaHTUKUN
57




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

3Dmodel UV texture
MOXHO NN CTPUMUTL TEKCTYpPY

3D Moaenu npousBosibHOM ToNonornn?
Yem oTnuyaeTca OT NyCTbIHN?
onaranucek Ha filterable cBoncteo

-0

x2 Ha OOHOPOAHOCTb

CEMaHTUKN
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Mipmap texture




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa 3a cyeT 4Yero Tak yaga4yHo? YHmBepcaneH nu nogxon?
B Te BpemeHa - 16K x 16K

3D model UV texture
L Y MOXHO NN CTPUMUTb TEKCTYPY

3D Moaenu npou3BosibHOM TONONOrnMn?
Yem otnnyaeTca OT NyCTbIHN?
lonaranuce Ha filterable cBoncTeo

-0

w2 Ha o.qupo.qHOCTb

CEMaHTUKUN
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Mipmap texture




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa 3a cqu yero Tak yaadHo? YHuBepcarneH nu noaxoa?
B Te BpemeHa - 16K x 16K

‘.3Dmodel UV texture
MOXHO NN CTPUMUTL TEKCTYpPY

3D Moaenu npou3BosibHOM TONONOrnMn?
Yem otnnyaeTca OT NyCTbIHN?
~ nonaranucs Ha filterable cBonctBO

-0

42 Ha O.D,HOpO.qHOCTb
CeMaHTUKN
60

Mipmap texture




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

; 3D model UV texture

, MOXHO NN CTPUMUTL TEKCTYpPY

‘, ‘ 3D Moaenu npou3BosibHOM TONONOrnMn?
: Yem otnnyaeTca OT NyCTbIHN?

-4 nonaranucb Ha filterable cBoncTBo

[ ]

% x> HA OOHOPOAHOCTb

CEMaHTUKN
- 61
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Mipmap texture




BupTyanbHble TekcTypbl (virtual texture, texture streaming)

Mwup - 2D TekcTypa
B Te BpemeHa - 16K x 16K

: 3D model UV texture
MOXHO N1 CTPUMUTL FreOMeTpUIo

‘, ‘ 3D Moaenu npou3BosibHOM TONONOrnMn?

-4 nonaranucsb Ha filterable cBoncTso

[ ]

% x> HA OOHOPOAHOCTb

CEMaHTUKN
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Mipmap texture







YnpouieHue reomeTpumn
Levels of Details (LODs):

Polygons: 60.000

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 &4



https://www.cs.cmu.edu/~garland/Papers/quadric2.pdf

YnpouieHue reomeTpumn
Levels of Details (LODs):

Polygons: 60.000 6.000 600 60

<] close distance to camera >

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 65
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YnpoulieHune reometTpumn
QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

——-a =
VAN

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 66



https://www.cs.cmu.edu/~garland/Papers/quadric2.pdf

YnpoulieHune reometTpumn
QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

Quadric Error Metric (QEM)
Ha kaxagyto BepwmHy: 4x4 matpuua Q

-——a =
VAN

-
Owwbka kaxgon BepLunHbl: qf 0 v

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 67
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YnpoulieHune reometTpumn
QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

Quadric Error Metric (QEM)
Ha kaxagyto BepwmHy: 4x4 matpuua Q

-——a =
VAN

-
Owwbka kaxgon BepLunHbl: qf 0 v

-1
Q
/ "\f == nepeceyeHune NnocKkocTen
2
ervov = glp&nc Ji{‘t

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 68
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YnpoulieHune reometTpumn
QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

Quadric Error Metric (QEM)
'___, =< Ha kaxagyto BepwmHy: 4x4 matpuua Q
T
‘W/ 2 Owwbka kaxgon BepLunHbl: qf 01)'

(15-1» 1);) edge U =277 Q=Z

601(470( e
/ "\f = nepecevyeHune nnocKocTen

errvov = 2 f&nc Ji‘tz

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 69
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YnpoulieHune reometTpumn
QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

Quadric Error Metric (QEM)
'____, =< Ha kaxagyto BepwmHy: 4x4 matpuua Q
T
‘W/ 2 Owwbka kaxgon BepLunHbl: qf 01)'

_ Y AT
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Col(af(e J—
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errvov = 2 f&nc Ji‘tz

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 70
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YnpoulieHune reometTpumn
QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

Quadric Error Metric (QEM)
'____, =< Ha kaxagyto BepwmHy: 4x4 matpuua Q
T
‘W/ 2 Owwbka kaxgon BepLunHbl: qf 01)'
ey, = Gk4nmin alf o
( edye v v v Q’ Z

= Q € Q.L / "\f = nepeceyeHune NnocKocTen
1 2
errov = 2 f&nc dist

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 71
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YnpoulieHune reometTpumn

QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

Moxem nn mMmbl 3anpeTUTb
Tononorn4yeckne naMmeHeHua?

Quadric Error Metric (QEM)

Ha kaxagyto BepwmHy: 4x4 matpuua Q
T

Owwbka kaxgon BepLunHbl: qf 0 v

Q-2
Q
/ ‘v — nepece4vyeHune nrocKocTen
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errvov = 2 f&nc dist

Simplifying surfaces with color and texture using quadric error metrics, Garland et. al., 1998 72
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QSIlim decimation: edge collapse (cxnonsiBaHne pebdep)

Quadric Error Metric (QEM)
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<] close distance to camera >
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uniform state

vertex array
10

element array

20 30
0 — e
{4,2,7),
50 60 {7,2,5),
70
— Vertex snaaer
& programmable
o o
o

vertex shader

Depth framebuffer
Z framebuffer
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vertex array
10

uniform state 20 20 element array
‘o — §iY
50 50 v
70
& ble
. ° o/| Pprogramma
o o vertex shader

triangle assembly

rasterization

%

rasterization

fixed pipeline
(hardware)

Depth framebuffer
Z framebuffer

97



vertex array

uniform state 20 0 30

triangle assembly

rasterization

%

rasterization

—_—

element array

0 — iy
50 60 72

70
S programmable
o o vertex shader

fixed pipeline
(hardware)

Depth framebuffer
Z framebuffer
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vertex array

uniform state .0 10 0 element array
40 — Y
50 60 v
70
> ° o programmable
o 0 vertex shader

triangle assembly

@
v
rasterization
v

framebuffer

fixed pipeline
(hardware)

programmable

fragment shader:

Depth framebuffer
Z framebuffer
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uniform state

vertex array

triangle assembly

@
v
rasterization
v

4 Eagmenl s!c!er

v

framebuffer

’0 10 0 element array
«o0 — [3h
50 ¢0 gaa
70
AT programmable
o 0 vertex shader

fixed pipeline

(hardware)

programmable
fragment shader:

- UV —

Depth framebuffer
Z framebuffer

texture ... 8

UV texture
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vertex array

'o 10 o elemzrlﬂzoagroy Depth framebUﬁer

40 e (3,2, 4},
{4,2,7),

uniform state

S — Z framebuffer
—%—| programmable
. vertex shader

R

triangle assembly

@ fixed pipeline

rasterivzoﬁon ( h a rdwa re)

—— = remege | programmable

o fragment shader:
UV —~ texture

output: .
- RGB (3 x uchar)

UV texture it

framebuffer



vertex array

'o 10 o elemzrlﬂzoagroy Depth framebUﬁer

40 s (3,2, 4},
{4,2,7),

uniform state

S — Z framebuffer
—%—| programmable
. vertex shader

R

triangle assembly

@ fixed pipeline

rasterivzoﬁon ( h a rdwa re)

—— = remege | programmable

o fragment shader:
UV — texture

output: .
- RGB (3 X uchar)
Yro ewe? UV texture &

framebuffer



vertex array

o o se sl e Depth framebuffer

© — i
o o v, Z framebUﬁer
— vertex snaaer
> ° ./| programmable
. vertex shader
D ——

triangle assembly

@ fixed pipeline

rasterivzoﬁon ( h a rdwa re)

—— = remege | programmable

v

fragment shader:
- UV =— texture P
- shadows/lighting
output: :
- RGB (3 X uchar)

- Depth (32-bit ﬂoat) UV texture 103

framebuffer



How to depth test? imebuffer
uffer,

Don't have ROP or depth test hardware
e NeedZ- uﬁa—,_ Igle 4
e (Can't serialize at tiles
e Many tris may be in parallel for single tile or even single pixel
e Usebd blt atomlcs‘ G
e InterlockedMax

30 27 7

Depth Visible cluster index | Triangle index
7
[ 1 /]

programmable
fragment shader:

- UV

- shadows/lighting

output:

- RGB (3 X uchar)

- Depth (32-bit float) “ UV texture

framebuffer



vertex array

0 10 o s Depth framebuffer

C e Z framebuffer
;—) vertex shader

—9 7|l programmable

. vertex shader

triangle assembly M OXeM JIN Mbl KaK-TO

v yCKOpMTb?
@ fixed pipeline
rasterizotion (h ardwa re)

= fenenseder | - programmable
. fragment shader:

UV — texture @

- shadows/lighting

output:

- RGB (34>achar) )

- Depth (32-bit float) UV texture <

framebuffer
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e frustum




[MpnoeTca BbIMMCNATL B KaXXO0W BepLunHe!
Kak yckopuTb vertex shader?

far Rlane

frustum

near plane
frustum culling




far Rlane

frustum

o6beanHUM B Knactepbl

no 128 TpeyrosibHUKOB

near plane
frustum culling




far Rlane

frustum

o6beanHUM B Knactepbl

no 128 TpeyrosibHUKOB

near plane
frustum culling




far Rlane

frustum

o6beanHUM B Knactepbl

no 128 TpeyrosibHUKOB




far Rlane

frustum

o6beanHUM B Knactepbl

no 128 TpeyrosibHUKOB

near plane
frustum culling




far Rlane

frustum

o6beanHUM B Knactepbl

no 128 TpeyrosibHUKOB




Tenepb npoeuunpyem B 3kpaH AABB
kKaxkgoro knactepa! U genaem frustum culling!

x128 speedup!

far Rlane

frustum

near plane
frustum culling

o6beanHUM B Knactepbl

no 128 TpeyrosibHUKOB




Tenepb npoeuunpyem B 3kpaH AABB
kKaxkgoro knactepa! U genaem frustum culling!

x128 speedup!

far Rlane

frustum

near plane
frustum culling




Tenepb npoeuunpyem B 3kpaH AABB
kKaxkgoro knactepa! U genaem frustum culling!

x128 speedup!

far Rlane

frustum

near plane
frustum culling

Hanpumep graph partitioning
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Depth framebuffer
Z framebuffer
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fragment



Depth framebuffer
Z framebuffer

[lyctb Z-test yepes




Depth framebuffer
Z framebuffer

[MycTb Z-test uepes

Mo)em N1 Mbl Kak-ToO
yckoputb Z test?
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Depth framebuffer
Z framebuffer

[MycTb Z-test uepes



Depth framebuffer
Z framebuffer

[MycTb Z-test uepes

AABB MoxeM nun Mbl Kak-To yck@yy,/ s
Z test ona mocTta?



Depth framebuffer
Z framebuffer

[MycTb Z-test uepes
GE+Z

e
AABB penaet Ztests HZB  “Q,,
Ha ypoBHe rge proj(AABB) ~ 1 pixel!



GB framebuffer (LEFT) GB framebuffer (RIGHT)




Depth/Z framebuffer (LEFT) Depth/Z framebuffer (RIGHT)

./-""'H_'-—'—— s
/"‘JM

o™ g ol
- ) =

_ it

"/
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Frame #i P Y al y» Frame #i+1

90+ FPS

framebuffer (LEFT) framebuffer (LEFT) framebuffer (RIGH

Depth/Z framebuffer (RIGHT) W

Depth/Z framebuffer (LEFT; Depth/Z framebuffer (RIGHT) ¥
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~ Wrpok 4yyTb noBepHyn ronosy _
Frame #i » Frame #i+1
kagp gonbwe 1/90 cekyHAabl

(Hanpumep [0)

framebuffer (LEFT) framebuffer (RIGHT)

aanathi Eatay,

Depth/Z framebuffer (LEFT; Y\ Depth/Z framebuffer (RIGHT) ! ] o B
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Nrpok 4yTb NOBEpPHYN rofioBy

Frame #i » Frame #i+1
kagp gonbwe 1/90 cekyHAabl

(Hanpumep 10)

Kak nsoexartb?




~ Wrpok 4yyTb noBepHyn ronosy _
Frame #i » Frame #i+1
kagp gonbwe 1/90 cekyHAabl

(Hanpumep [0)

framebuffer (LEFT) framebuffer (RIGHT)

aanathi Eatay,
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~ Wrpok 4yyTb noBepHyn ronosy _
Frame #i » Frame #i+1
kagp gonbwe 1/90 cekyHAabl

(Hanpumep 10)

framebuffer (LEFT) framebuffer (RIGHT)

aanathi Eatay,

Il

= Depth/Z framebuffer (RIG

Y
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Depth framebuffer
Z framebuffer

[MycTb Z-test uepes



Depth framebuffer
Z framebuffer

[MycTb Z-test uepes

AABB Q.
Pucyewm kagp, otkyaa B3sitb HZB?

|




Depth framebuffer
Z framebuffer
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BCE 3TU
Knacrtepbl
BCE 3TU OTCEYEHbI

Knacrepbl 6bicTpbiM O(1)
OTCEYEHbI TECTOM MO
GbicTpbim O(1) | penpoekuum
TECTOM MO HZB
penpoekLmm

HZB

YTO Mbl MOXeM cKa3aTb O HZB?’%

Kamepa aBuHynach BneBo &
UTtO Mbl HEe MOXeM cka3aTb o0 HZB? -



BCE 3TU
Knacrtepbl
BCE 3TU OTCEYEHbI

Knacrepbl 6bicTpbiM O(1)
OTCEYEHbI TECTOM MO
GbicTpbim O(1) | penpoekuum
TECTOM MO HZB
penpoekLmm

HZB

Kak 6bicTpo noctpouts HZB O,o
Kamepa aBuHynack Bneso He Yepe3 penpoekumnio? @/. ,-
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TECTOM MO HZB
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1) bepem knacrtepbl
nonasLune B NPOLUSIbIN
framebuffer (ckonbko nx?)

Kamepa aBuHynach BneBo
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. vertex shader

R

triangle assembly

@ fixed pipeline

rasterivzoﬁon ( h a rdwa re)

—— = remege | programmable
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fragment shader:
- UV —~ texture @
- shadows/lighting
output:

- Depth (32-bit float)
- RGB (3 x uchar)

UV texture 145

framebuffer
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programmable
vertex shader

Deffered rendering/shading

fixed pipeline Geometry pass:

(hardware) - depth
software - face index
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programmable
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software - face index
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vertex shader

Deffered rendering/shading

fixed pipeline Geometry pass:
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software - face index
+ rasterizer O(?7?7?)
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- Depth (32-bit float) O(screen size)

- RGB (3 x uchar) 154



programmable

vertex shader Deffered rendering/shading

fixed pipeline Geometry pass:
(hardware) - depth
software - face index
rasterizer O(?77) - init HZB
programmable O(?7?7?) - rasterization
fragment shader:
- UV \In-framebuffer
- shadows/lighting material/light pass:
output: - RGB (3 x uchar)
- Depth (32-b|t ﬂoat) O(screen size)

- RGB (3 x uchar) 155



programmable

vertex shader Deffered rendering/shading

fixed pipeline Geometry pass:
(hardware) - depth

software - face index

rasterizer O(screen size) - init HZB
programmable O(?7?7?) - rasterization
fragment shader:
- UV \In-framebuffer
- shadows/lighting material/light pass:
output: - RGB (3 x uchar)
- Depth (32-b|t ﬂoat) O(screen size)

- RGB (3 x uchar) 156



programmable

vertex shader Deffered rendering/shading

fixed pipeline Geometry pass:
(hardware) - depth

software - face index

rasterizer O(screen size) - init HZB
programmable O(cluster count) - rasterization
fragment shader: B yem 6bIn cekpeT BUPTYarnbHbIX TEKCTYP?
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Geometry clusters hierarchy
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Geometry clusters hierarchy
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Geometry clusters hierarchy
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Geometry clusters hierarchy
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG
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Geometry clusters hierarchy: DAG

Two submeshes with same boundary, but different
e
LOD
Choose between them based on screen-space error N
e Error calculated by simplifier projected to screen \ \
e Corrected for distance and angle distortion at worst-case point

in sphere bounds \ \

All clusters in group must make same LOD decision G e
e How? Communicate? No! 128 128
e Same input => same output
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Geometry clusters hierarchy: DAG

Two submeshes with same boundary, but different
LOD

Choose between them based on screen-space error
e Error calculated by simplifier projected to screen \ \
e Corrected for distance and angle distortion at worst-case point
in sphere bounds \

All clusters in group must make same LOD decision ¢ e e b

e How? Communicate? No! 128 128
e Same input => same output
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Geometry clusters hierarchy: DAG

e |OD selection corresponds to cutting the DAG
e How to compute in parallel?

e Don't want to traverse the DAG at run-time LOD2

e \What defines the cut?

- LODT

View dependent cut - - 4===t - =5 LODO
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Geometry clusters hierarchy: DAG

e LOD selection corresponds to cutting the DAG
e How to compute in parallel?
e Don't want to traverse the DAG at run-time LOD2

e \What defines the cut?

e Difference between parent and child

e Draw a cluster when:

LODT
e Parent error is too high &&
e QOur error is small enough
e (Can be evaluated in parallel!

LODO

View dependent cut - -

Kakoe nogMHOXECTBO KracTepoB pucoBaTb?

188




Geometry clusters hierarchy: DAG

Only if there is one unique cut

- LOD2
Force error to be monotonic
e Parent view error >= child view error
e Careful implementation to make sure runtime
correction is also monotonic
-  LODT
LODO

View dependent cut
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What is Nanite?

Virtualized geometry: streaming
® s.t. face edge’s projection ~ pixel

e Nearly pixel-perfect LODs

e Higher fidelity, lower cost
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Virtualized geometry: streaming st
* s.t. face edge’s projection ~ pixel &

e Nearly pixel-perfect LODs
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Whatis Nanite? Er— }

Virtualized geometry: streaming &
* s.t. face edge’s projection ~ pixel &

e Nearly pixel-perfect LODs

e Higher fidelity, lower cost

Clusters of 128 faces |/
+ LODs hierarchy \
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+ Geometry streaming

+ Hierarchical Z Buffer
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Virtualized geometry: streaming & =
* s.t. face edge’s projection ~ pixel j&

e Nearly pixel-perfect LODs

e Higher fidelity, lower cost

Clusters of 128 faces
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+ Geometry streaming
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Rasterization
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e Nearly pixel-perfect LODs

e Higher fidelity, lower cost
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UNREAL FEST -

Stockholm 2025

Large Scale Animated Foliage
in The Witcher 4 Unreal Engine 5 Tech Demo

Kevin Ortegren Thijs Wingerden Vignesh Gunasekaran
Lead Rendering Programmer Engineering Manager, Rendering Senior Engineer, Rendering
at Epic Games at CD PROJEKT RED at CD PROJEKT RED


https://www.youtube.com/watch?v=EdNkm0ezP0o

Main Challenge

How do you render a huge forest up until the horizon and make it look alive?


https://www.youtube.com/watch?v=EdNkm0ezP0o

Why is
foliage hard?

Nanite is great but it struggled with foliage



https://www.youtube.com/watch?v=EdNkm0ezP0o

Cards

Alpha-tested
geometry

e Alpha testing
still expensive.

e Avoid it as much as
possible. 3-4x slower.

METR
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100K tris 6m tris |
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Cards

Alpha-tested
geometry

e Alpha testing
still expensive.

e Avoid it as much as

possible. 3-4x slower.

Barycentrics

Fixed-fumeti
Dispatch per material

e We need to calculate barycentrics
per pixel to get UVs and then sample
the alpha-mask texture.

e See NaniteRasterizationCommon.ush

CARDS

100Kk tris

GEOMETRY

6m tris

.


https://www.youtube.com/watch?v=EdNkm0ezP0o

Software barycentrics
(ocobeHHo B software
rasterizer) - meaneHHo!
OcobeHHO y4nTbIBas
bonbLuon overdraw.
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Cards

Alpha-tested
geometry

e Alpha testing
still expensive.

e Avoid it as much as

possible. 3-4x slower.

-

Barycentrics

Fixed-fumeti
Dispatch per material

e We need to calculate barycentrics
per pixel to get UVs and then sample
the alpha-mask texture.

e See NaniteRasterizationCommon.ush
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https://www.youtube.com/watch?v=EdNkm0ezP0o
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Visible Streaming Data Size (MB) 63.43
Geometry Nanite Triangles: 5,729,526  **
Nanite Vertices: 5,711,518
g rosned out Disk Size: 128.21 MB (128.17 MB Nanite)

tree. No alpha. i) S

e Faster. Looks better.

* No planes, no fake normals.
BN (s 2 lot of data in RAM Visible Streaming Data Size (MB)

and on DISK NoAamita Tri »
Nanite Irian
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https://www.youtube.com/watch?v=EdNkm0ezP0o

When Nanite simplifies the geometry in the distance ... it ... starts removing some of these?jisjoint elements
completely ... the result will look thinned out because there was major surface area loss.
Preserve Area will redistribute that lost area to the remaining triangles by dilating out the open boundary edges.

Inefficient LODs

Even with Preserve Area, foliage does
not keep the shape at the distance.

¢ Nanite aggregate geometry reduction
is sub-optimal.

Rock
LOD O

e Foliage causes excessive overdraw.

L arge Scale Animated Foliage in The Witcher 4 Unreal Engine 5
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When Nanite simplifies the geometry in the distance ... it ... starts removing some of these disjoint eIementsr
completely ... the result will look thinned out because there was major surface area loss. -
Preserve Area will redistribute that lost area to the remaining triangles by dilating out the open boundary edges.
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When Nanite simplifies the geometry in the distance ... it ... starts removing some of these disjoint elementsf ,
completely ... the result will look thinned out because there was major surface area loss. ' - N
Preserve Area will redistribute that lost area to the remaining triangles by dilating out the open boundary edges.”
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When Nanite simplifies the geometry in the distance ... it ... starts removing some of these disjoint elements
completely ... the result will look thinned out because there was major surface area loss.
Preserve Area will redistribute that lost area to the remaining triangles by dilating out the open boundary edges.

* Nanite Cluster Visualization | Without
: Preserve Area

*,
b Came Ll T L INON TP g


https://www.youtube.com/watch?v=EdNkm0ezP0o

When Nanite simplifies the geometry in the distance ... it ... starts removing some of these disjoint elements
completely ... the result will look thinned out because there was major surface area loss.
Preserve Area will redistribute that lost area to the remaining triangles by dilating out the open boundary edges.

* Nanite Cluster Visualf - .- %" 7 0 00 © = 4. Nanite Cluster Visualization | With Preserve
Preserve Area N e ba i AreaEnabled
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Inefficient LODs

Even with Preserve Area, foliage does
not keep the shape at the distance.

¢ Nanite aggregate geometry reduction
is sub-optimal.

® Foliage causes excessive overdraw.

Large Scale Animated Foliage in The Witcher 4 Unreal Engine 5 -
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Inefficient LODs

Even with Preserve Area, foliage does
not keep the shape at the distance.

¢ Nanite aggregate geometry reduction
is sub-optimal.

® Foliage causes excessive overdraw.
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Inefficient LODs

Even with Preserve Area, foliage does
not keep the shape at the distance.

¢ Nanite aggregate geometry reduction
is sub-optimal.

® Foliage causes excessive overdraw.
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When Nanite simplifies the geometry in the distance ... it ... starts removing some of these dISjOInt elements
completely ... the result will look thinned out because there was major surface area loss.
Preserve Area will redistribute that lost area to the remaining triangles by dilating out the open boundary edges.

Inefficient LODs

Even with Preserve Area, foliage does
not keep the shape at the distance.

¢ Nanite aggregate geometry reduction
is sub-optimal.

e Foliage causes excessive overdraw.

Large Scale Animated Foliage in The Witcher 4 Unreal Engine 5
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Voxels

¢ |Sub-pixel triangle clusters are
now voxel clusters.

e Stored as 4x4x4 voxels bricks,
represented by unit64.

e These bricks are traced against
during nanite rasterization pass.

¢ Binned in depth buckets and
rendered front to back for early
depth testing.

L § i
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https://www.youtube.com/watch?v=EdNkm0ezP0o
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Animation

We started with Pivot Painter 2
vertex shader wind

Pivots and their hierarchies are
stored in textures. Then at runtime
for each vertex the whole hierarchy
is evaluated at the vertex rotated.

Vertices at runtime
Cards 100k+
Geometry Tm+

Mgl

Example from Epic documentation
-

.


https://www.youtube.com/watch?v=EdNkm0ezP0o

-
o
° ° .-
Skinned Foliage -
e Brought down the animation " ;
cost by a lot. .
e Two-pass compute based
pipeline scaled much better
with vertex count.
RPPCE

Large Scale Animated Foliage in The Witcher 4 Unreal Endiic
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Tech Demo Results
in Numbers

e Vista shot renders 20K+ trees
e Source triangle count
in the billions

e Across the valley
e 26 km?
* |nstances
= ~500K Trees
= ~1.7M Shrubs
= ~7M Grass
28 species

Tree assets range from below 1 million S& i 3 5§: , ol % i Ey
to above 10 million triangles §'§ ' 5 3 ;’ 28 "3 000 % Fg T
e Up to several hundred bones per tree ;/f&' v.._:_ .""%.}m- ~ : &
e < ! &
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CcbInKku

A Deep Dive into Nanite Virtualized Geometry | SIGGRAPH 2021, Cnal‘/’mbl, KOcheKTT'ﬁ
Keynote: The Journey to Nanite - Brian Karis, Epic Games | HPG 2022, Cnaﬁuu
" Large Scale Animated Foliage in The Witcher 4 | Unreal Fest Stockholm 2025
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https://www.youtube.com/watch?v=eviSykqSUUw
https://advances.realtimerendering.com/s2021/Karis_Nanite_SIGGRAPH_Advances_2021_final.pdf?ref=unrealdirective
https://polarnick.com/static/2022/11/nanite/nanite_conspect.txt
https://www.youtube.com/watch?v=NRnj_lnpORU
https://www.highperformancegraphics.org/slides22/Journey_to_Nanite.pdf
https://www.youtube.com/watch?v=EdNkm0ezP0o
https://youtu.be/ltUzX1IR9JI?t=5777
https://t.me/PolarNick239
mailto:polarnick239@gmail.com
https://t.me/UnicornGlade
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