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YTo 3TO Takoe?

Teccenauua — 31o pa3dbreHmne HEKOTOPOro NPUMKUTMBA Ha HECKO/IbKO MEHbLLIUX.
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MoTrnBaumA

KayecTBo BM3yanunsauum

JDKOHOMMA NAMATH

[IMHaMn4eckMin ypoBeHb AeTannsaumm

BbINONIHEHME pacYeToB Ha YPOBHE BEPLUUH

Base model Bump mapping Displacement mapping
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BepLwMHHaA

TeccenAyNOHHbLIN KOHBENEP
B OpenGL 4.0

TeccenaTop

[eomeTpunyeckasn

[TuKcenobHan
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Teccenauma 8 OpenGL 4.0

* HoBbI¥ TN NPUMNTMBOB
e T[latum (GL_PATCHES)

e [lBe nporpammupyembie CTaaum
e Tessellation Control Shader (GL_TESS CONTROL_SHADER)
e Tessellation Evaluation Shader (GL_TESS EVALUATION_SHADER)

 OpHa dUKCMpoOBaAHHAA CTaaUnA
* Tessellation Primitive Generator



[1aTy

* [pumutme c ymncnom sepwmnH ot 1 o 32

* Bknouyaet B ceba Kak BepLUMHHbIE aTPpUbYTbI, TaK U aTPMBYTbl 3a4aBaemMble A BCero natya



[1aT4. Hncno BeplUnH

*  Yucno BeplwmH 3aaaeTcs
* wunu B tesselation control shader
°*  WAW, eCNU 3TOT Wenaep OTCYTCTBYET, B KOZE CAaMOTro NPUIOXKEHUA, MPU NOMOLLM KOMaHAbI
glPatchParameteri.



B KoAe NpUNoXKeHUA

e glPatchParameteri(GL_PATCH_VERTICES, vertexCount)

* [lpn ncnonb3oBaHUM TeCcCeNaUMM AONMYCTUMbIM TUNOM NPUMMNTUBA Ana glDrawArrays aBnsercs
Tonbko GL_PATCHES

no tessellation:
glDrawArrays(GL_TRIANGLES, firstVertex, vertexCount);

with tessellation:
glPatchParameteri(GL_PATCH_VERTICES, 3);

glDrawArrays(GL_PATCHES, firstVertex, vertexCount);

glPatchParameterfv( GL_PATCH_ DEFAULT OUTER_LEVEL, outerlLevels)
glPatchParameterfv( GL_PATCH_DEFAULT INNER_LEVEL, innerLevels)



3aaa4a Tessellation Control wenaepa

* 334aTb NapamMeTpbl AnAa Teccenatopa u tessellation evaluation shader’a — atpubyTbl Ana natya
— TeccenAaunoHHble paKTopbl ANA pa3bueHms
— Monb3oBaTenbckmne aTpnbyThbl



Tessellation Control Wenaep. Yto Aenaet?

e BbInonHseTca Ao Teccensaummn v 3a4aET ee napameTpbl

* BbinonHAETCA ANA KaXKA0M KOHTPO/IbHOW BEPLUNHbBI BbIXOAHOrO naTtya, HO NP 3TOM MMEET MOJTHbIN
[OCTYMN KO BCEM BEPLUMHAM 3TOro natya (Kak BXOAHbIM, Tak U BbIXOAHbIM)



HYncno BepLlmnH B NPUMUTUBE

Mpy nomowm aMpeKTnBbl layout B Hem ABHO 3a4aeTcA YNC/I0 BEPLUMH B NPUMUTUBE.

layout(vertices = 3) out;



layout

* |ayout(nomeH, pazbueHue, Tononormsa)
e triangles, quads, isolines
* equal_spacing, fractional_even_spacing, fractional odd_spacing
* Cc, ccw, point_mode

* layout(triangles, equal_spacing, ccw)



OcobeHHOCTM AaHHbIX

Bce BxogHble napameTpbl, Npullealne oT BEPLIMHHOIO Wenaepa, nepeaatoTcs Kak maccuBbl (TaK Kak
lwengep MeeT AOCTYN KO BCEM BepLUMHAM NaTya cpasy), Npu 3TOM pPa3sMep MaccMBa YKasbiBaTb He
oba3aTenbHO.

in vec3 normal []; // per-vertex normal



Y4TO nocTynaeT Ha BXOoA

gl_in — maccus BepinH (coctout us gl_Position, gl_PointSize n gl_ClipDistance(])
gl_PatchVerticesIn — KonnyecTBo BepLIMH NaT4a

gl_PrimitivelD — uHAaeKc npumnTMBa, NO KOTOPOMY HYXXHO 3anncaTb BbIXOAHbIE AaHHbIE. 3aNUCbIBATb
No APYromy MHOEKCY Henb3A

gl_Invocation|D — Homep BepPLUUHDI



4TO NoCTynaeT Ha BbIXoA,

gl_out — maccuB BepLIKNH

gl_TessLevellnner — paHHble ana Teccenatopa (maccms mn3 2x float) — ynpasnset pasbuneHmem
BHYTPEHHOCTEN NPUMNTUBA

gl_TessLevelOuter — ewé paHHble ana Teccenatopa (maccus mn3 4x float) — ynpasnser
pasbueHmem rpaHunL, NPUMNTUBA, KaXKA0€ YUCN0 OTBEYAET 3a oNpeaeiEHHYI0 CTOPOHY



Tessellation Control Wenaep. Mpumep Koga
#version 410 core
#define id gl_InvocationID // Homep BepLUHDI

uniform float inner;
uniform float outer;
layout(vertices = 3) out; // 3apaét pasmep natya B 3 BeplwKnHbl from vertex shader

in VertexCS {
vec3 position;
vec?2 texcoord;
vec3 normal;

} vertcs[];

// to evaluation shader
out VertexES {

vec3 position;

vec?2 texcoord;

vec3 normal;
} vertes|[];



Tessellation Control Wenaep

void main(void) {
vertes[id].position = vertcs[id].position;
vertes[id].texcoord = vertcs[id].texcoord;
vertes[id].normal = vertcs[id].normal;

if (0==1id){
gl _TessLevellnner[0] = inner;
gl _TessLevellnner[1] = inner;
gl _TessLevelOuter[0] = outer;
gl _TesslLevelOuter[1] = outer;
gl _TesslLevelOuter[2] = outer;
gl _TesslLevelOuter[3] = outer;
}
gl_out [id].gl_Position = gl_in[id].gl_Position;
}

. [MMpnmep Koaa



Tessellation Control Wenaep

* [laTty oTbpacbiBaeTcs ecnu:
* gl|TessLevelOuter[x] <=0
e gl|TessLevelOuter[x] = NaN



JloCcTyn K BepLlMHaM NaTya

LLengep nmeeT A40CTYN He TONIbKO K BXOAHbIM AaHHbIM AN KaXKA0MN BEPLUUHbI, HO TaKXKe U K
BbIXOAHbIM A@aHHbIM AN KaXA0M BepPLUUHbI NaTya (He3aBMCMMO OT TOro A1 KaKoM BepLUMHbI OH
6bl/1 BbI3BaH B @HHbIM MOMEHT).

I3TO NO3BOJISIET NPU PacyeTe OAHUX BEPLUMH NaTya obpallaTbca K pesynbratam 06paboTku Apyrnx
BEPLUMH TOro e nartya.

OnHaKo 3To HeceT B cebe onacHOCTb, MOCKO/IbKY NOPAAOK Bbi30Ba Wenaepa Ana o6paboTku
BEPLUNH OAHOrO U TOTO e NPUMUTMBA, HEONPEaeN€eH.



bapbepHas cMHXpoHM3auma — barrier()

[ns Toro, 4tobbl n36erKatb ONACHOCTU AOCTYNA K AaHHbIM, KOTOpPbIE elle He NMPOCYMTaHbI, B
tessellation control shader pobasneHa ¢pyHKUMA BapbepHOMN CUHXPOHU3AUMN — barrier().

Echav npmn 06paboTKe BepLIMHbI BCTPEYaeTca Bbi30B 3TOW GYHKUUK, TO AasibHeNLWAA 06paboTKa 3Ton
BEPLIMHbI NPNOCTaHABAMBAETCA A0 TeX NOP, MOKA Npmn 06paboTKe BCex 0CTas/IbHbIX BEPLUMH 3TOTO

naTya, He byaeT Bbi3BaHa 3Ta PyHKUMA. ToNIbKO nNocne 3Toro o6paboTka BEPLUMH AaHHOTO naTya
byaeTt npogoKeHa.

Tem cambim, bapbepHaa CUMHXPOHM3ALUMA FAPAHTUPYET, YTO HMKOrAa HEe NOJIYYMUTCA TaK, YTO

0b6paboTKa oAHUX BEPLUMH HAaXOAUTCA A0 Bbi3oBa barrier, a 06paboTka Apyrmx BEPLUNH TOTO Ke
naTtya — noc/e BbI30Ba.

Ncnonb3oBaHme GyHKUKMK barrier no3BonAeT opraHM30BaTb 6e30nacHbIN AOCTYN K BbIXOAHbIM
3HaYeHMAM ANA APYrMX BEPLUMH TOrO e natya.



Tunbl Teccenaunm npummntneos — triangles, quads u isolines
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Teccenatop

* [lpeobpa3syeT BXoAHOM NaT4y B HOBbIN HAabOOP OCHOBHbIX NPUMUTMBOB:
*  TOYKWU, NMHWNU, TPEYTOJIbHUKM

*  WUcnonb3yeT pakToOpbl TECCENALUUUN ANA PAa3OMeHnn

* Tun pa3buenunna sagaetca onpeaeneHnem layout



Teccenatop. Tunbl pa3dbrneHmnmn. YeTblpexyronbHUKK
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Teccenatop. Tunbl pazdbueHnn. TpeyroabHUKK
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Tessellation Evaluation Shader

* BbI3blBaeTCcs 4/1A KarKaoW BepLUMHbI, CO34aHHOMN TECCENATOPOM
 (ObpabaTtbiBaeT NONYYEHHbIE B pe3ynbTaTe Teccenaunm npmMmnTUBbI

° anHl/IMaeT NnaTt4y B Ka4yectBe BXOAHbIX AdHHbIX



Y4TO nocTynaeT Ha BXOoA

gl_in — maccus BepLInH

gl_PatchVerticesIn — Konnyectso BepwmnH UCXOOHOIO naTua
gl_PrimitivelD — nHpekc npumutmnea

gl _TessCoord — no3uums BepLInHbI B naTtye (X, Y, z)
gl_TesslLevellnner — maccmB BHYTPEHHMX YPOBHEW Teccenauum
gl _TesslLevelOuter — maccuB BHELWHUX YPOBHEN Teccenauum



4TO Ha BbIXOA

Ha Bbixoae y Hero oaHa BepwmnHa (gl _Position, gl_PointSize n gl _ClipDistance(])
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Tessellation Evaluation LLenaep. BxoaHblie/BbiXOAHbIE AaHHbIE

H#version 410 core

// yKa3biBaeT cnocob pa3bmneHuns TpeyronbHUKOB - pa3bueHne pebep Ha paBHble YacTu
layout(triangles, equal_spacing) in;

uniform mat4 modelViewProjectionMatrix;
uniform sampler2D heightmap;

in VertexES { // from control shader
vec3 position;
vec?2 texcoord;
vec3 normal;

}

vertes[];

out VertexFS { // to fragment shader
vec3 position;
vec?2 texcoord;
vec3 normal;

} vertfs;



BbluncneHme aaHHbIX ANA nepegadn Bo GparMeHTHbIM wengep

N3 control shader’a Ham npuwAan aaHHble 0 ucxoaHom natye (in VertexES), Ha ocHoBe KOTopbIX Mbl
NONXKHbI BbIYMCAUTD UX Ke, HO ANA TeKyLel BepLlmnHbl. [lenaeTtcsa 3To NpocTon UHTepnonsumen:

vec? interpolate2D(vec2 vO, vec2 v1, vec2 v2) {
return vec2(gl_TessCoord.x) * vO + vec2(gl_TessCoord.y) * vl + vec2(gl_TessCoord.z) * v2;

}

vec3 interpolate3D(vec3 vO, vec3 v1, vec3 v2) {
return vec3(gl_TessCoord.x) * vO + vec3(gl_TessCoord.y) * vl + vec3(gl_TessCoord.z) * v2;

}

void main(void) {
vertfs.position = interpolate3D(vertes[0].position, vertes[1].position, vertes[2].position);
vertfs.texcoord = interpolate2D(vertes[0].texcoord, vertes[1].texcoord, vertes[2].texcoord);
vertfs.normal = normalize(interpolate3D(vertes[0].normal, vertes[1].normal, vertes[2].normal));



Bblumncnaem NO3NUNKO BEPLUNHbBI, CMELLAEM ee u nepesoamm B
screen sSpace

gl_Position = modelViewProjectionMatrix * (
vecd(interpolate3D(gl_in[0].gl_Position.xyz, gl _in[1].gl_Position.xyz, gl_in[2].gl_Position.xyz), 1.0)
- vec4(vertfs.normal, 1) * (texture(heightmap, vertfs.texcoord) / 4.0) );






TeccenaunMoHHbIe cxembl

* [lnockas Teccenaumsa (AamcuHr)
* PN-TpeyronibHUKH

* ®oHr-Teccenayus

* [laTum

* Mcnonb3oBaHUe KapT MybuHbl ana co3gaHusa penbeda



PN-TpeyronbHMKH

[MocTpoeHme No AaHHbIM OTAE/NIbHOIO TPeyrosibHMKa Kybunyeckoro natya besbe

p(s,t,u) = (as + Bt + Yu)® = B3t3 + 3 aPf?st? + 3 B2 tlu+
3 a?B s?t+ 6 afY stu+3 BY? tu? 4
a’s3+3 afYs2u+ 3 aYisu?+Y3u

b030

b300
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PN-TpeyronbHUKMK

b, =E*3/2+V*1/2
E = (byyg+ byyp+ boyy + bgpy +bygy +0y01) /6

V = (bgos * boso + b3g0) / 3
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PoHr-Teccenaums

* ECTb TpM NNOCKOCTU, 3a4aHHble napamu (P, n.)

* Pi* - npoeKkuumn P Ha 3Tn nnocKocTu

— p* * * ok * ok
* Pohong= P o U+ P "v+P ) %w

nl

P1 N2

P2

no

PO
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ObnacTn NpUMeHeHus

* JlaHgwadthbl
* [loBbllWeHNE YPOBHA AETa/IN3aLMM FEOMETPUYECKNX MOAENEN

* PeHAaepuHr TpaBbl, BOOC, YacTuL,
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PoHr-Teccenaums

2023
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IBPUCTUKN A7 pa3bneHns

*Pa3bueHmne no paccToaHUIO
e[10 opMeHTauumn natya
eAnanTnuBHoe pasbneHne B SKPaHHOM NPOCTPAHCTBE
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OnTUMM3aLNK

*  YMmeHblUeHue yncna atpmbyTos

e OtbpacbiBaHME HEBUANMbBIX MAaTYEN
 [lo Bnammomy obvemy
e Cy4yeToM B3aMMHOIO NepeKpbITUA
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