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Nctopusa GPU (cMm. nepByto nekuuto)

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



vertex array

[Tporpammupyembin BEPLUNHHLIN LLeUaep oo st o
Vertex Shader 3
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#version 330 core

GLSL (Graphics Library Shading Language)

layout(location ='0) in vec3 aPos; // Model-space position

layout(location

1) in vec3 aNormal; - // Model-space normal

layout(location = 2) in vec2 alV; // Texture coordinates

uniform mat4 uModel;

uniform mat4 uView;

uniform mat4 uProj;

out

T

VS_0UT A{

vec3 worldPos; // World-space position
vec3 worldNorm; - // World-space normal
vec2 uv; // UV-to-interpolate

/I NB: kog siBnsetcsa ranntouymHaumen LLM
void main() {

vec4 wp = uModel * vec4(aPos, 1.0);
v.worldPos = wp.Xxyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position = uProj * uView * wp; // Clip-space position

uniform state

vertex array

10

20 30
40

50 60

70

—

—) vertex shader




#version 330 core

uniform state

GLSL (Graphics Library Shading Language)

ayout(location = 0) in vec3 aPos; // Model-space positionl

ayout(location =-1) -in vec3 aNormal; -// Model-space normal

—) vertex shader

ayout(location =-2) in vec2 alV; // Texture coordinates

uniform mat4 uModel;
uniform mat4 uView;

uniform mat4 uProj;

out VS_OUT {
vec3 worldPos; // WOPId-spacé position

vec3 worldNorm; - - // World-space-normal
vec2 uv; //-UV-to-interpolate
F;
/I NB: kog siBnsetcsa ranntouymHaumen LLM
void main() {
vec4 wp = uModel * vec4(aPos, 1.0);
v.worldPos = wp.Xxyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position =-uProj % uView x wp; // Clip-space position



#version 330 core

GLSL (Graphics Library Shading Language)
ayout(location = 0) in vec3 aPos; // Model-space positionl
ayout(location

1) in-vec3 aNormal; - // Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMeHHbIe - MaTpuLbl NpeobpasoBaHus:
uniform mat4 uModel; | 1) Touka oObeKTa -> TOYKa B MUpe

uniform mat4 uView; [2)TOoYka B MUpe -> TOUKA B CUCTEME KOOpAUHAT KaMepbl
uniform mat4 uProj; [3) TOYKa B CMCTEME KOOpOMHAT KaMepsbl -> NPOEKUNSa Ha aKpaHe

out VS_OUT { [neeee 97

vec3 worldPos; // World-space position

vec3 worldNorm; - // World-space normal

vec2 uv; //-UV-to-interpolate
Fi4f

/I NB: kog siBnsetcsa ranntouymHaumen LLM
void main() {

vec4 wp = uModel * vec4(aPos, 1.0);
v.worldPos = wp.xyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position =-uProj % uView x wp; // Clip-space position

uniform state

—) vertex shader




#version 330 core

GLSL (Graphics Library Shading Language)  uniform sote
ayout(location = 0) in vec3 aPos; //-Model-space positionl ==
ayout(location

1) in-vec3 aNormal; - // Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMeHHbIe - MaTpuLbl NpeobpasoBaHus:
uniform mat4 uModel; | 1) TO4yKa OGbEKTA -> TOYKA B MUpE

uniform mat4 uView; [2)Touka B MUpe -> TOUKA B CUCTEME KOOpAUHAT KaMepbl
uniform mat4 uProj; [3) TOYKa B CMCTEME KOOpOMHAT KaMepsbl -> NPOEKUNSa Ha aKpaHe

out VS_OUT { [neeee 97

vec3 worldPos; // World-space position
vec3 worldNorm; - // World-space normal
vec2 uv; //-UV-to-interpolate
F;
/I NB: ko siBnsietcs rannoumHaumen LLM
void main() {
vec4 wp = uModel * vec4(aPos, 1.0);
I
v.worldPos = wp.xyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position =-uProj % uView x wp; // Clip-space position




#version 330 core

GLSL (Graphics Library Shading Language)  uniform sote
ayout(location = 0) in vec3 aPos; //-Model-space positionl ==
ayout(location

1) in-vec3 aNormal; - // Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMeHHbIe - MaTpuLbl NpeobpasoBaHus:
uniform mat4 uModel: §1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform mat4 uView; [2)Touka B MUpe -> TOYKA B CUCTEME KOOpAUHAT KaMepbl
uniform mat4 uProj; [3) TOYKa B CMCTEME KOOpOMHAT KaMepsbl -> NPOEKUNSa Ha aKpaHe

out VS_OUT { [neeee 97

vec3 worldPos; // World-space position
vec3 worldNorm; - // World-space normal
vec2 uv; //-UV-to-interpolate
F;
/I NB: ko siBnsietcs rannoumHaumen LLM
void main() {
vec4 wp =/ uModel * vec4(aPos, 1.0);
I
v.worldPos = wp.xyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position =-uProj % uView x wp; // Clip-space position




#version 330 core

GLSL (Graphics Library Shading Language)  uniform sote
ayout(location = 0) in vec3 aPos; //-Model-space positionl ==
ayout(location

1) in-vec3 aNormal; - // Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMeHHbIe - MaTpuLbl NpeobpasoBaHus:
uniform mat4 uModel: §1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform mat4 uView; [2)Tovka B MUpE -> TOUKA B CUCTEME KOOPAUHAT KaMepbl
uniform mat4 uProj; [3) TOYKa B CMCTEME KOOpOMHAT KaMepsbl -> NPOEKUNSa Ha aKpaHe

out VS_OUT { [neeee 97

vec3 worldPos; // World-space position
vec3 worldNorm; - // World-space normal
vec2 uv; //-UV-to-interpolate
F;
/I NB: ko siBnsietcs rannoumHaumen LLM
void main() {
vec4 wp =/ uModel * vec4(aPos, 1.0);
I
v.worldPos = wp.xyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position =-uProj % uView x wp; // Clip-space position

10



#version 330 core

GLSL (Graphics Library Shading Language) uniform state
ayout(location = 0) in vec3 aPos; // Model-space positionl -
ayout(location 1) in-vec3 aNormal; -// Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I——i
rnodanbHble nepemMeHHble - MaTpuLlbl npeo6pasoBaH|/|9|:
uniform mat4 uModel: | 1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform maté4 2) ToYKa B MUpe -> TOYKA B CUCTEME KOOpAMHAT KaMepb

uniform mat4 uProj; |3) TOouka B CUCTEME KOOPAMHAT KaMepbl -> NPOEKLUUS Ha 3KpaHe

out VS_OUT { [neeee 97

vec3 worldPos; // World-space position
vec3 worldNorm; - // World-space normal
vec2 uv; //-UV-to-interpolate
F;
/I NB: ko siBnsietcs rannoumHaumen LLM
void main() {
vec4 wp =/ uModel * vec4(aPos, 1.0);
I
v.worldPos = wp.xyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position = uProj ** wp; // Clip-space-position

11



#version 330 core

GLSL (Graphics Library Shading Language) = unifom s

ayout(location = 0) in vec3 aPos; // Model-space positionl
ayout(location = 1) in vec3 aNormal; -// Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMEHHbIe - MaTpuLbl Npeobpa3oBaHus:
uniform mat4 uModel: | 1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform maté4 2) ToYKa B MUpe -> TOYKA B CUCTEME KOOpAMHAT KaMepb

uniform mat4 3) Touka B cUCTEME KOOPAMHAT KaMepbl -> NPOEKLUUS Ha 3KpaHe

out VS_OUT { [Oeeee 91 HA akpaHe?

vec3 worldPos; // World-space position

vec3 worldNorm; - // World-space normal

vec2 uv; //-UV-to-interpolate
Fi4f

/I NB: kog siBnsetcsa ranntouymHaumen LLM
void main() {

vec4 wp =/ uModel * vec4(aPos, 1.0);
I
v.worldPos = wp.Xxyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));

v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

gl_Position :** wp; // Clip-space position
I

12



#version 330 core

GLSL (Graphics Library Shading Language) = unifom s

ayout(location = 0) in vec3 aPos; // Model-space positionl
ayout(location =-1) -in vec3 aNormal; -// Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMEHHbIe - MaTpuLbl Npeobpa3oBaHus:
uniform mat4 uModel: | 1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform maté4 2) ToYKa B MUpe -> TOYKA B CUCTEME KOOpAMHAT KaMepb

uniform mat4 3) Touka B cUCTEME KOOPAMHAT KaMepbl -> NPOEKLUUS Ha 3KpaHe

out VS_OUT { [Oeeee 91 HA akpaHe?

vec3 worldPos; // World-space position

vec3 worldNorm; - // World-space normal

vec2 uv; //-UV-to-interpolate
Fi4f

/I NB: kog siBnsetcsa ranntouymHaumen LLM
void main() {

vec4 wp =/ uModel * vec4(aPos, 1.0);
I
v.worldPos = wp.Xxyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

A roe ob6bsaBneH gl_Position?
gl_Position :** wp; // Clip-space position

13



#version 330 core

uniform state

GLSL (Graphics Library Shading Language)

ayout(location = 0) in vec3 aPos; // Model-space positionl
ayout(location = 1) in vec3 aNormal; -// Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMEHHbIe - MaTpuLbl Npeobpa3oBaHus:
uniform mat4 uModel: | 1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform mat4 2) ToYKa B MUpe -> TOYKA B CUCTEME KOOpAMHAT KaMepb /
uniform mat4 3) Touka B cMCTEME KOOPAMHAT KaMepbl -> MPOEKUUsSt Ha IKpaHe

out VS_OUT { Name

vecs worldPos; _// World-space position gl Position — contains the position of the current vertex
vec3 worldNorm; - // World-space normal
vec2 uv; //-UV-to-interpolate Description

by In the vertex, tessellation evaluation and geometry languages, a single global
instance of the g/_PerVertex named block is available and its g/_Position member is
an output that receives the homogeneous vertex position. It may be written at any
time during shader execution. The value written to g/ Position will be used b

rimitive assembly, clipping, culling and other fixed functionality operations, if
present, that operate on primitives after vertex processing has occurred.

/I NB: kog siBnsetcsa ranntouymHaumen LLM
void main() {

vec4 wp =/ uModel * vec4(aPos, 1.0);

v.worldPos = wp.xyz;

// Normal matrix = inverse-transpose of model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));
v.worldNorm = normalize(normalMat * aNormal);

v.uv = alV;

A roe ob6bsaBneH gl_Position?

gl_Position :** wp; // Clip-space-position 14
I



#version 330 core
uniform state

GLSL (Graphics Library Shading Language)

ayout(location = 0) in vec3 aPos; // Model-space positionl
ayout(location = 1) in vec3 aNormal; -// Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates I

rnobanbHble NepeMEHHbIe - MaTpuLbl Npeobpa3oBaHus:
uniform mat4 uModel: | 1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform maté4 2) ToYKa B MUpe -> TOYKA B CUCTEME KOOpAMHAT KaMepb

uniform mat4 3) TouKa B cUCTEME KOOPAMHAT KaMepbl -> NPOEKUUS Ha 3KpaHe/

out VS_OUT { Name

vecs worldPos; _// World-space position gl Position — contains the position of the current vertex
vec3 worldNorm; - // World-space normal
vec2 uv; //-UV-to-interpolate Description

PV In the vertex, tessellation evaluation and geometry languages, a single global
instance of the g/_PerVertex named block is available and its g/_Position member is
an output that receives the homogeneous vertex position. It may be written at any
time during shader execution. The value written to g/ Position will be used b

rimitive assembly, clipping, culling and other fixed functionality operations, if
present, that operate on primitives after vertex processing has occurred.

/I NB: kopg siBnsetcsa ranntoumHaumen L\
void main() {
vec4 wp = uModel * vec4(aPos, 1.0%;

v.worldPos = wp.xyz;

// Normal matrix = inverse-transpose oj\model's upper-left 3x3
mat3 normalMat = transpose(inverse(mat3(uModel)));

v.worldNorm = normalize(normalMat * aNormal;

v.uv = alV;

15

gl_Position :** wp; // Clip-space position
I



#version 330 core

element array
{1, 2,3},
e (3,2, 4},
{4,2,7),
7,2,5),

uniform state

GLSL (Graphics Library Shading Language)
ayout(location = 0) in vec3 aPos; // Model-space positionl
ayout(location 1) in-vec3 aNormal; - // Model-space normal
ayout(location =-2) in vec2 alV; // Texture coordinates r
rnodanbHble nepemMeHHble - MaTpuLlbl npeo6pasoBaH|/|$|:
uniform mat4 uModel: | 1) TO4Ka OObEKTA -> TOYKA B MUpE

uniform maté4 2) ToYKa B MUpe -> TOYKA B CUCTEME KOOpAMHAT KaMepb

uniform mat4 3) TouKa B cUCTEME KOOPAMHAT KaMepbl -> NPOEKLUS Ha KpaHe ==

triangle assembly
v

but VS_OUT { Name
vecs worldPos; _// World-space positicl} gl Position — contains the positipn of th entex

vec3 worldNorm; - // World-space normal
vec2 uv; //-UV-to-interpolate Description

v

v In the vertex, tessellation evaluation and geometry|la ngle global

// NB: kop siBnsieTcs rannioumHaumein L instance of the g/_PerVertex named block if availalie sitfon member is

void main() { an output that receives the homogeneous VYertex pasi ritten at any
vec4 wp =|uModel|* vec4(aPos, 1. time during shader execution. The value written to g/ Position will be used b

- rimitive assembly, clipping, culling and other fixed functionality operations, if

present, that operate on primitives after vertex processing has occurred.

v
rasterization

v.worldPos = wp.xyz;

model's upper-left 3x3
odel)));

// Normal matrix = inverse-transpose o
mat3 normalMat = transpose(inverse(mat3(
v.worldNorm = normalize(normalMat * aNorma

CBoucTBa (aTpubyTbl) KaXXaou BepLUNHDbI,

MHTepPnonnpyroTcH Tak Xxe Kak gl Position
gl_Position :** wp; // Clip-space ;Jositipon py g -

v.uv = alV;

16
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vertex array

i 10
uniform state 20 0 elem:n;c:n;roy
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v
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Pactepusauus
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uniform state

A
N
oo ..\..
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vertex array

10 element array
20 ‘0 30 .2,3),
— i
50 60 7,2,5),
70

—) vertex shader

v
triangle assembly
v

rasterization
v
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uniform state 10
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~ 72
N —) vertex shader
A4
o o
Pactepusauus k
° o
A o

triangle assembly

rasterization

%

22




uniform state

Pactepusauus
A

vertex array

triangle assembly

rasterization
v
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uniform state

Pactepusauus
A A

C B C B — — frugmela shader

dparmMeHTHbIN Wengep
BbINOSTHAETCA B KaXXaoMm pparmeHTe

vertex array

triangle assembly

rasterization

10
20 :0 elemznl2 u;;ray
40 —e s g ;;
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in VS_0OUT {
vec3 worldPos;
vec3 worldNorm;
vec2 uv;

Feaviz

out vec4 FragColor;

uniform
uniform
uniform
uniform
uniform
uniform

uniform

/I NB: kog siBnsieTca rannoumHagmen LLM

sampler2D uAlbedo;
vec3d ulLightPos;
vec3 ulLightColor;
vec3 uViewPos;
float uAmbientK;
float uSpecK;
float uShininess;

[Tporpammmnpyemoin
doparMeHTHbIN Wenaep
Fragment Shader

// Diffuse/albedo- texture

// World-space-light position /Q\
// Light RGB intensity

// World-space-camera position

// Ambient coefficient, e.g. 0.1

// Specular coefficient, e.g. 0.5

// Phong exponent, e.g. 32.0 \

void main (meefe

B Ka)AOM (pparMeHre [T iy

vec3 albedo = texture(uAlbedo, v.uv).rgh;

C

vec3 N = normalize(v.worldNorm);

vec3 L = normalize(uLightPos - v.worldPos);

vec3 V = normalize(uViewPos - v.worldPos): M3BQCTHb| CBOﬁCTBa A, B, C.

vec3 ambient = uAmbientK x albedo; // Ambient

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse (Lambert)

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulightColor; // Specular (Phong)

FragColor = vec4(ambient + diffuse + specular, 1.0);

uniform state

Bl L

vertex array

Kak Hantu aTpubyTbl X?

10 element array
20 ‘0 30 .23,
e ﬁ 2 ;;
50 ¢0 7,2,5)
70
—) vertex shader
— |
triangle assembly
@
v
rasterization
v
e —
> fragment shader
v
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in VS_0OUT {
vec3 worldPos;
vec3 worldNorm;
vec2 uv;

Feaviz

out vec4 FragColor;

uniform
uniform
uniform
uniform
uniform
uniform

uniform

/I NB: kog siBnsieTca rannoumHagmen LLM

sampler2D uAlbedo;
vec3d ulLightPos;
vec3 ulLightColor;
vec3 uViewPos;
float uAmbientK;
float uSpecK;
float uShininess;

[lporpaMmupyembii  wiomor

doparMeHTHbIN Wenaep
Fragment Shader

// Diffuse/albedo- texture

// World-space-light position /Q\

// Light RGB intensity ® 035
// World-space-camera position

// Ambient coefficient, e.g. 0.1

// Specular coefficient, e.g. 0.5

// Phong exponent, e.g. 32.0 \

void main (meefe

bapuueHTpnyeckmin Bec 0.3 X 0.35

vec3 albedo = texture(uAlbedo, v.uv).rgb;

C B

vec3 N = normalize(v.worldNorm);

vec3 L = normalize(uLightPos - v.worldPos);

vec3 V = normalize(uViewPos - v.worldPos): M3BQCTHb| CBOﬁCTBa A, B, C.
Kak Hantu aTpubyTbl X?

vec3 ambient = uAmbientK x albedo; // Ambient

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse (Lambert)

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulightColor; // Specular (Phong)

FragColor = vec4(ambient + diffuse + specular, 1.0);

-

vertex array

10 element array
20 ‘0 30 .23,
e ﬂ 2 ;;
50 ¢0 7,2,5)
70
—) vertex shader
— |
triangle assembly
@
v
rasterization
v
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in VS_0OUT {
vec3 worldPos;
vec3 worldNorm;
vec2 uv;

Feaviz

out vec4 FragColor;

uniform
uniform
uniform
uniform
uniform
uniform

uniform

sampler2D uAlbedo;
vec3d ulLightPos;
vec3 ulLightColor;
vec3 uViewPos;
float uAmbientK;
float uSpecK;
float uShininess;

[Tporpammmnpyemoin
doparMeHTHbIN Wenaep
Fragment Shader

// Diffuse/albedo- texture
// World-space-light position /Q\

// Light RGB intensity 0 35

// World-space-camera position

// Ambient coefficient, e.g. 0.1

// Specular coefficient, e.g. 0.5

// Phong exponent, e.g. 32.0 \

/I NB: kog siBnsieTca rannoumHagmen LLM

void main (meefe

bapuueHTpnyeckmin Bec 0.3

vec3 albedo = texture(uAlbedo, v.uv).rgb;

uniform state

0.35

C

vec3 N = normalize(v.worldNorm);

vec3 L = normalize(uLightPos - v.worldPos);

vec3 V = normalize(uViewPos - v.worldPos);

vec3 ambient = uAmbientK * albedo; // Ambient

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse (Lambert)

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Specular (Phong)

IFPagColor = vec4(ambient + diffuse + specular, 1.0);'

B & — Frcgmela shader

vertex array

10 element array
20 ‘0 30 0.2,3)
e s 2 ;;
50 ¢0 7,2,5),
70
—) vertex shader
—— ———
triangle assembly
@
v
rasterization
v
e —
[ ] /]
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in VS_0OUT {
vec3 worldPos;
vec3 worldNorm;

vec2 uv;
L]

Feaviz

out vec4 FragColor;

uniform
uniform
uniform
uniform
uniform
uniform

uniform

/I NB: kog siBnsieTca rannoumHagmen LLM

sampler2D uAlbedo;

[Tporpammmnpyemeoin
doparMeHTHbIN Wenaep
Fragment Shader

Diffuse/albedo-texture

vec3d ulLightPos;
vec3 ulLightColor;
vec3 uViewPos;
float uAmbientK;
float uSpecK;
float uShininess;

// World-space-light position /Q\
// Light RGB intensity

// World-space-camera position

// Ambient coefficient, e.g. 0.1
// Specular coefficient, e.g. 0.5

// Phong exponent, e.g. 32.0

void main (meefe

vec3 albedo = texture(uAlbedo, v.uv).rgh;
vec3 N = normalize(v.worldNorm);
vec3 L = normalize(uLightPos - v.worldPos); UV
vec3 V = normalize(uViewPos - v.worldPos);
vec3 ambient = uAmbientK * albedo; // Ambient

I

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

bapuueHTpnyeckmin Bec 0.3

C

texture atlas

IFPagColor = vec4(ambient + diffuse + specular, 1.0);'

uniform state

vertex array

10 element array
20 ‘0 30 0.2,3)
————f— {}g;&
50 ¢0 7,2,5),
70
—) vertex shader
—_———
triangle assembly
@
v
rasterization
v
e —
—> fragment shader
v
[ ] /]
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in VS_0OUT {
vec3 worldPos;
vec3 worldNorm;

vec2 uv;
L]

Feaviz

out vec4 FragColor;

uniform
uniform
uniform
uniform
uniform
uniform

uniform

/I NB: kog siBnsieTca rannoumHagmen LLM

sampler2D uAlbedo;

[Tporpammmnpyemeoin
doparMeHTHbIN Wenaep
Fragment Shader

Diffuse/albedo-texture

vec3d ulLightPos;
vec3 ulLightColor;
vec3 uViewPos;
float uAmbientK;
float uSpecK;
float uShininess;

// World-space-light position /Q\
// Light RGB intensity

// World-space-camera position

// Ambient coefficient, e.g. 0.1
// Specular coefficient,kc.g, 0.5

akoe UVy

// Phong exponent, e.g.

void main (meefe

vec3 albedo = texture(uAlbedo, v.uv).rgh;

vec3 N = normalize(v.worldNorm);

vec3 L = normalize(uLightPos - v.worldPos);

vec3 V = normalize(uViewPos

vec3 ambient = uAmbientK * albedo; // Ambient
I

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V),
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

bapuueHTpnyeckmin Bec 0.3

C

uv
texture atlas

- v.worldPos);

0.0);

IFPagColor = vec4(ambient + diffuse + specular, 1.0);'

uniform state

vertex array

10 element array
20 ‘0 30 0.2,3)
————f— {}g;&
50 ¢0 7,2,5),
70
—) vertex shader
—_———
triangle assembly
@
v
rasterization
v
e —
—> fragment shader
v
[ ] /]
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in VS_OUT 1

vec3 worldPos;
vec3 worldNorm;

vec2 uv;
L]

Feaviz

Fragment Shader

out vec4 FragColor;

uniform
uniform
uniform
uniform
uniform
uniform

uniform

void main (meefe
vec3 albedo = texture(uAlbedo, v.uv).rgh;

sampler2D uAlbedo;

vec3
vec3
vec3d

float uAmbientK;
float uSpecK;

float uShininess;
/I NB: kog siBnsieTca rannoumHagmen LLM

Diffuse/albedo-texture
// World-space-light position /Q\

uLightPos;
uLightColor; // Light RGB-intensity
uViewPos; // World-space-camera position

// Ambient coefficient, e.g. 0.1
// Specular coefficient,kc.g, 0.5

akoe UV y X~

// Phong exponent, e.g.

bapuueHTpnyeckmin Bec 0.3

vecd N =

vec3d L =

vec3 V- =

vec3 ambient = uAmbientK * albedo; // Ambient
I
vec3 diffuse = max(dot(N, L), 0.0) x albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

[Tporpammmnpyemeoin
doparMeHTHbIN Wenaep

0.35

C

uv
texture atlas

normalize(v.worldNorm);
normalize(uLightPos - v.worldPos);

normalize(uViewPos - v.worldPos);

IFPagColor

= vec4(ambient + diffuse + specular, 1.0);'

uniform state

vertex array

10 element array
20 ‘0 30 0.2,3)
————f— {}g;&
50 ¢0 7,2,5),
70
—) vertex shader
—_———
triangle assembly
@
v
rasterization
v
e —
—> fragment shader
v
[ ] /]
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in VS_0OUT {
vec3 worldPos;

uniform state

[Tporpammmnpyemeoin
doparMeHTHbIN Wenaep

vec3 worldNorm;
vec2 uv;
L]

Feaviz

Fragment Shader

out vec4 FragColor;

Diffuse/albedo texture
// World-space-light position /Q\
// Light RGB intensity 035
// World-space-camera position
// Ambient coefficient, e.g. 0.1
// Specular coefficient, e.g. 0.5
// Phong exponent, e.g. 32.0 \

uniform sampler2D uAlbedo;

uniform vec3 ulLightPos;
uniform vec3 ulLightColor;
uniform vec3 uViewPos;
uniform float uAmbientK;
uniform float uSpeckK;
uniform float uShininess;
/I NB: kog siBnsieTca rannoumHagmen LLM

bapuueHTpuyeckuin sec 0.3 0.35
vec3 albedo = texture(uAlbedo, v.uv).rgh;

vec3 N = normalize(v.worldNorm); (::
vec3 L = normalize(uLightPos - v.worldPos); UV
vec3 V = normalize(uViewPos - v.worldPos);

void main (meefe

texture atlas

vec3 ambient = uAmbientK * albedo; // Ambient
I

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

IFPagColor = vec4(ambient + diffuse + specular, 1.0);'

vertex array

10 element array
20 ‘0 30 02,3,
— ﬂ 2 ;;
50 60 7,2,5),
70

—) vertex shader

——— ———
triangle assembly
v

Iz

v
rostenzohon

— frugmenf shader

testing and blending
v

Z-test

31
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in VS_0OUT {
vec3 worldPos;

uniform state

[Tporpammmnpyemeoin
doparMeHTHbIN Wenaep

vec3 worldNorm;
vec2 uv;
L]

Feaviz

Fragment Shader

out vec4 FragColor;

Diffuse/albedo texture
// World-space-light position /Q\
// Light RGB intensity 035
// World-space-camera position
// Ambient coefficient, e.g. 0.1
// Specular coefficient, Eé gi. %05

akoe Zy X? L

uniform sampler2D uAlbedo;

uniform vec3 ulLightPos;
uniform vec3 ulLightColor;
uniform vec3 uViewPos;
uniform float uAmbientK;
uniform float uSpeckK;
uniform float uShininess; // Phong exponent, e.g.

/I NB: kog siBnsieTca rannoumHagmen LLM
bapuueHTpnyeckmin Bec 0.3 0.35

vec3 albedo = texture(uAlbedo, v.uv).rgh;

vec3 N = normalize(v.worldNorm); (::
vec3 L = normalize(uLightPos - v.worldPos); UV
vec3 V = normalize(uViewPos - v.worldPos);

void main (meefe

texture atlas

vec3 ambient = uAmbientK * albedo; // Ambient
I

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

IFPagColor = vec4(ambient + diffuse + specular, 1.0);'

vertex array

10 element array
20 ‘0 30 02,3,
— ﬂ 2 ;;
50 60 7,2,5),
70

—) vertex shader

——— ———
triangle assembly
v

Iz

v
rostenzohon

— frugmenf shader

testing and blending
v

Z-test
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in VS_0OUT {
vec3 worldPos;

uniform state

[Tporpammmnpyemeoin
doparMeHTHbIN Wenaep

vec3 worldNorm;
vec2 uv;
L]

Feaviz

Fragment Shader

out vec4 FragColor;

uniform sampler2D uAlbedo; Diffuse/albedo-texture

// World-space-light position A g| Position
// Light RGB intensity 035

// World-space-camera position

// Ambient coefficient, e.g. 0.1

// Specular coefficient, Eé gi. %05

akoe Zy X? L

uniform vec3 ulLightPos;
uniform vec3 ulLightColor;
uniform vec3 uViewPos;
uniform float uAmbientK;
uniform float uSpeckK;
uniform float uShininess; // Phong exponent, e.g.

/I NB: kog siBnsieTca rannoumHagmen LLM
bapuueHTpnyeckmin Bec 0.3 0.35

void main (meefe

vec3 albedo = texture(uAlbedo, v.uv).rgh; g| Position
vec3 N = normalize(v.worldNorm); (::
vec3 L = normalize(uLightPos - v.worldPos); UV
vec3 V = normalize(uViewPos - v.worldPos);

texture atlas

vec3 ambient = uAmbientK * albedo; // Ambient
I

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

IFPagColor = vec4(ambient + diffuse + specular, 1.0);'

vertex array

10 element array
20 ‘0 30 02,3,
— s 2 ;;
50 60 7,2,5),
70

—) vertex shader

——— ———
triangle assembly
v

Iz

v
rosterlzohon

e frcgmenf shader

testing and blending
v

Z-test
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in VS_0OUT {
vec3 worldPos;

vec3 worldNorm;
vec2 uv;
L]

Feaviz

out vec4 FragColor;

uniform sampler2D uA

uniform vec3 ulLight E
: = i

uniform vec3- uLighiREEEREIES e 1
uniform vec3 uViﬂ G/sztl— r 9 —)

uniform float uAmbi rp; Iy ienil :l;fgcyn[! ?‘HI?HM
uniform float uSpeckK; // Specular coefficient, e.g. 0.5
uniform float uShininess; // Phong exponent, e.g. 32.0
/I NB: kog siBnsieTca rannoumHagmen LLM
bapuueHTprnyeckun sec 0.3

vec3 albedo = texture(uAlbedo, v.uv).rgh; g| Position

void main (meefe

vec3 N = normalize(v.worldNorm); C
vec3 L = normalize(uLightPos - v.worldPos); UV
vec3 V = normalize(uViewPos - v.worldPos);

texture atlas

vec3 ambient = uAmbientK * albedo; // Ambient
I

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

IFr‘agColor‘ = vec4(ambient + diffuse + specular, 1.0);'

uniform state

vertex array

10 element array
20 ‘0 30 0.2,
—f— s 2 ;}
50 60 7,2,5),
70

—) vertex shader

——— ———
triangle assembly

I~z

rasterization

v
e —

—> fragment shader
v

testing and blending
v

framebuffer




in VS_0OUT {
vec3 worldPos;

vec3 worldNorm;
vec2 uv;
L]

Feaviz

out vec4 FragColor;

uniform sampler2D uA
A gl_Position

uniform vec3 ulLigh
uniform vec3 ulig e

iform vec3 uVi - ) 0.35
zzifor‘m float uAﬂpquy;nmgyr@Fgl?HM KM? A

uniform state

MMUHMUManNbHbIN NJTIOCKUA NPUMUTUB
NoOOoN TPeyronbHUK - MAOCKUN U BbINYKIbIN
yaobCcTBO bapuLEeHTPUYEeCKUX KoopauHat

vec3 L = normalize(uLightPos - v.worldPos); UV
vec3 V = normalize(uViewPos - v.worldPos);

texture atlas

vec3 ambient = uAmbientK * albedo; // Ambient
I

vec3 diffuse = max(dot(N, L), 0.0) * albedo * ulLightColor; // Diffuse

float rdotv = max(dot(reflect(-L, N), V), 0.0);
vec3 specular = uSpecK * pow(rdotv, uShininess) * ulLightColor; // Spec

IFr‘agColor‘ = vec4(ambient + diffuse + specular, 1.0);'

e —) vertex shader

ion

vertex array

10 element array
20 ‘0 30 0.2,
e ﬂ g ;;
50 60 7,2,5),
70

mangle ossembly

rosienzohon

(7]

— frcgmenf shader

testing and blending
v

framebuffer

Z-test
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NcTopusa GPU

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

o 1996 roga 3D rpadumka Ha CPU (DOOM, Quake, Nukem 3D)
1995-1997 - ctraHoBATCA nonyndapHbl 3D-yckoputenu c|Fixed pipeline

2000-2002 - B DirectX 8.0 u OpenGL nosiBrnsitoTcs niporpamMmMmmpyemMele weudepabl
2002-2004 - Cg (NVIDIA) n Brook (Stanford) - sapoxgeHne GPGPU

2006-2008 - Close-to-Metal (ATI/AMD), CUDA (NVIDIA), OpenCL (Khronos)
2006-2009 - Larrabee (INTEL): anckpetHbin GPU Ha 6a3e x86 (T.e. CPU-like)
2011 - cudaraster (NV): software-based rpadouyeckuin namnnamH Ha CUDA
2012 - Compute Shaders B OpenGL

2016 - Vulkan
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NcTopusa GPU

NOUEMY 3TO BAXHO MG |

10 1996 ropa 3D rpacduka na CPU (DOOM, Q] HACK3yuuTh larrabee

cudaraster?,

1995-1997 - ctaHoBATCA nonynapHbl 3D-yckop
2000-2002 - B DirectX 8.0 u OpenGL nosensito
2002-2004 - Cg (NVIDIA) n Brook (Stanford) -

2006-2008 - Close-to-Metal (ATI/AMD), CUDA uﬂ4 hronos)
2006-2009 - Larrabee (INTEL): anckpetHbin GPU Ha 6a3e x86 (T.e. CPU-like)
2011 - cudaraster (NV): software-based rpadunyecknn nannnamH Ha CUDA
2012 - Compute Shaders B OpenGL 3a4eM Ham 3To u3yvaTb?

EcTb nu npakTnyeckas nonb3a?

2016 - Vulkan
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NcTopusa GPU

MOUEMY 3TO BAXHO AAS noTomvyuTtTo
HACU3yunTh larrabee 1\ 3TO MPOCTO

1996 3D CPU (DOOM
Ho ond rpachKa e ( O cudaraster?, OOUTEHHOI

1995-1997 - ctaHoBATCA nonynapHbl 3D-yckop
2000-2002 - B DirectX 8.0 u OpenGL nosensito
2002-2004 - Cg (NVIDIA) n Brook (Stanford) -

2006-2008 - Close-to-Metal (ATI/AMD), CUDA :
2006-2009 - Larrabee (INTEL): anckpetHbin GPU Ha 6a3e x86 (T.e. CPU-like)

2011 - cudaraster (NV): software-based rpadounyeckuin namnnamH Ha CUDA

2012 - Compute Shaders B OpenGL 3a4eM Ham 3To u3yvaTb?
EcTb Ny npaKkTUyeckas nonb3a?

2016 - Vulkan
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Ecnu Bbl He 3HaeTe Kak 4To-To cOPTBAPHO CaMYMUPOBATb,

TO Bbl HE 3HaeTe Kak OHO paboTaer!
CyHb LI3b1, UIckyccmeo 80UHbI, § 69




void line(x0, yo, x1, y1) { Anroputm Bpe3eHxama - pactepusaumns oTpeska

[MogpobHee: habrahabr - nuwem ynpowéHHbin OpenGL cBoMMK pyKamm



https://habr.com/post/248153/

void line(x0, yo, x1, y1) { Anroputm BpeseHxama - pacTepm3aumsi oTpe3ka
bool steep = false; P P P P U P

if (abs(x® - x1) < abs(y® - yl)) { // if the line is steep, we transpose
swap(x0, yo);
swap(x1, yl);
steep = true;

@)
§ x1, y1
[Mo kakon ocu AnnHHee?

[MogpobHee: habrahabr - nuwem ynpouwenHbii OpenGL cBonMK pykamm



https://habr.com/post/248153/

void line(x0, yo, x1, y1) { Anroputm BpeseHxama - pactepusaumns oTpeska

bool steep = false;

if (abs(x® - x1) < abs(y® - yl)) { // if the line is steep, we transpose

swap(x0, y0);
swap(x1, yl);
steep = true;

@)
§ x1, y1
[Mo kakon ocu AnnHHee?

Tenepb TOYHO Mo ocu x!

[MogpobHee: habrahabr - nuwem ynpowéHHbin OpenGL cBoMMK pyKamu



https://habr.com/post/248153/

void line(x0, yo, x1, y1) { Anroputm BpeseHxama - pacTepm3aumsi oTpe3ka
bool steep = false; P P P P U P

if (abs(x® - x1) < abs(y® - yl)) { // if the line is steep, we transpose
swap(x0, y0);
swap(x1, yl);
steep = true;

}

if (x0 > x1) { // make it left-to-right
swap(x0, x1); x0, y0
swap(y0, yl); S

}

O
x1, y1
CneBa HanpaBo U cnpasa HaneBo?

MoopobHee: habrahabr - nuwem ynpoulénHbin OpenGL cBoMMUK pyKamn



https://habr.com/post/248153/

void line(x0, yo, x1, y1) { Anroputm BpeseHxama - pacTepm3aumsi oTpe3ka
bool steep = false; P P P P U P

if (abs(x® - x1) < abs(y® - yl)) { // if the line is steep, we transpose
swap(x0, y0);
swap(x1, yl);
steep = true;

}

if (x0 > x1) { // make it left-to-right
swap(x0, x1); x0, y0
swap(ye, y1); ©...

}

O
x1, y1
CneBa HanpaBo U cnpasa HaneBo?

Tenepb TOYHO cneBa Hanpaso!

MoopobHee: habrahabr - nuwem ynpouwéHHbin OpenGL cBOUMU pyKamm



https://habr.com/post/248153/

void line(x0, y0, x1, y1) { Anroputm Bpe3eHxama - pacTepu3aumns oTpeska
bool steep = false; P P P P U P

if (abs(x® - x1) < abs(y® - yl)) { // if the line is steep, we transpose
swap(x0, yo);
swap(x1, yl);
steep = true;

}
if (x0 > x1) { // make it left-to-right

swap (x0, x1); x0,y0
swap(y0, yl); O . .,
} .
for (int X =Xx0: X <= XI: +x) 4 e,

EEEEEEEEEEER X1,y

MoopobHee: habrahabr - nuwem ynpouwéHHbin OpenGL cBOUMU pyKamm



https://habr.com/post/248153/

void line(x0, yo, x1, y1) { Anroputm BpeseHxama - pacTepu3aumsi oTpeska
bool steep = false; P P P P U P

if (abs(x® - x1) < abs(y® - yl)) { // if the line is steep, we transpose
swap(x0, yo);
swap(x1, yl);
steep = true;

}

if (x0 > x1) { // make it left-to-right
swap(x0, x1);
swap(y@, yl);

x0, y0

}

for (int x = x0; x <= x1; ++x) {
float t = (x - x0) / (x1 - x0); :z;
inty =y0 * (1 -t) +yl * t; x1, y1

[MogpobHee: habrahabr - nuwem ynpouwenHbii OpenGL cBonMY pykamsm



https://habr.com/post/248153/

void line(x0, y0, x1, yl) { -
Yo d g el Anroputm bpeseHxama - pactepusaunsa oTpeska
if (abs(x® - x1) < abs(y® - yl)) { // if the line is steep, we transpose
swap(x0, yo);
swap(x1, yl);
steep = true;

}
if (x0 > x1) { // make it left-to-right
swap(x0, x1); x0, y0
swap(y0, y1); “mn
} L]
Bl
for (int x = x0; x <= x1; ++x) { L
float t = (x - x0) / (x1 - x0); .!)
inty=y0 * (1 -t) +yl * t; x1, y1
if (steep) {
put pixel(y, x); // if transposed, de-transpose
} else {
put_pixel(x, y);
}
} [NoppobHee: habrahabr - nuuiem ynpoulédHbin OpenGL cBoMMu pyKammn



https://habr.com/post/248153/

pacTepusaums TpeyronbHuKa

Kak caenatb TpuBUanbHyr BepCcuU0?




pacTepusaums TpeyronbHuKa

Kak caenatb TpuBUanbHyr BepCcuU0?

void rasterize(Point t0, Point tl, Point t2) {
bbox = find bounding box(t0, tl, t2);
for (each pixel in bbox) { A
if (inside(t0, tl, t2, pixel)) {
put pixel (pixel);




pacTepusaums TpeyronbHuKa

Kak caenatb TpuBUanbHyr BepCcuU0?

Kak npoBepuTb 4TO TOYKa BHYTPU TpeyrosibHUKa?

void rasterize(Point t0, Point tl, Point t2) {
bbox = find bounding box(t0, tl, t2);
for (each pixel in bbox) { A
if (inside(t0, tl, t2, pixel)) {
put pixel (pixel);




pacTepusaums TpeyronbHuKa

Kak caenatb TpuBUanbHyr BepCcuU0?
Kak npoBepuUTb 4YTO TOYKa BHYTPU TpeyroribHMUKa?

Edge value = 8

void rasterize(Point t0, Point tl, Point t2) {
bbox = find bounding box(t0, tl, t2);
for (each pixel in bbox) { A
if (inside(t0, tl, t2, pixel)) {
put pixel (pixel);
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pacTepusaums TpeyronbHuKa

Kak coenatb ogHONoOTOYHY0 3 heKTUBHYIO Bepcuio?




Anroputm bpeseHxama - pactepusauma TpeyrofbHUKa

Kak coenatb ogHONoOTOYHY0 3 heKTUBHYIO Bepcuio?




void rasterize(Point t0, Point tl, Point t2) { AnrOpVITM Epe3eHx3Ma

R & A A DR, Tl NOMar s n + 9 ¥ S AR
/ Sort tCtne vertices, tU, CiL, Tz Llower-vo-—-upper

if (t0.y > tl.y) swap(tO0, ti): pactepun3auund
3L (c0.v > t2:y) swap(tl; t2); A Tpeerﬂle/lKa

3£ (i .yv> £2:y) swap(tl; t2);




void rasterize(Point t0, Point tl, Point t2) { AnrOpVITM Epe3eHx3Ma

e

if (t0.y > tl.y) swap(t0, ti):; pactepun3auund
1f (t0.y > t2.y) swap(t0, t2):; TpeyroanMKa

3£ (i .y> £2:y) swap(ti; t2);

int total height = t2.y - tO0.y:
for (int v = t0.y; v < tl.y; ++y) {

<EEEEE




void rasterize (Point t0, Point tl, Point t2) {

S Anropuntm bpeseHxama
pacTtepusauuns

3 (07> ELiy) swap(tO cE);
TpEeYyroribHMnKa

3L (c0.v > t2:y) swap(tl; t2);
3£ (i .yv> £2:y) swap(ti; t2);

int total height = t2.y - t0.y:

for (int y =t0.y; v < tliy>, +ty) {
float segment height = tl.y - t0.y;
float alpha = (y - t0.y) / total height
float beta = (y - t0.y) / segment height
point [B] = t0 + (t2 - t0) * alpha;
point[B] = t0 + (t1 - t0) * beta;
if (A.x > B.x) swap (A, B);




void rasterize(Point t0, Point tl, Point t2) {

// sort the vertices, t0, tl, t2 lower-to-upper AnrOpVITM 5pe3eHX3Ma
pacTepusaums

3 (0 ¥y > £l ¥y Swap(t0; ti);
TpEeYyroribHMnKa

3L (c0.v > t2:y) swap(tl; t2);
3£ (i .yv> £2:y) swap(ti; t2);

int total height = t2.y - tO0.y:

for (int y =t0.y; v < tliy:, +ty) {
float segment height = tl.y - t0.y;
float alpha = (y - t0.y) / total height
float beta = (y - t0.y) / segment heigit
point [B] = t0 + (t2 - t0) * alpha;
point[B] = t0 + (t1 - t0) * beta;

if (A.x > B.x) swap (A, B);
for (int x = A.X; X <= B.X; ++Xx) {
put pixel(x, y):;
}
}
C




void rasterize(Point t0, Point tl, Point t2) {

Anroputm bpeseHxama
pacTtepusaums
TpeyronbHuKa

// sort the vertices, t0, tl, t2 lower-to-upper
3E (0 ¥y > E1:y) Swap(t0; ti);
3L (c0.v > t2:y) swap(tl; t2); A

3£ (i yv> £2:y) swap(ti; t2);

int total height = t2.y - tO0.y:
for (int v = t0.y; v < tl.y; ++y) {

float segment height = tl.y - t0.y;
float alpha = (y - t0O.y) / total height;
float beta = (y - t0.y) / segment height
point [B] = t0 + (t2 - t0) * alpha;
point[B] = t0 + (t1 - t0) * beta;
if (A.x > B.x) swap (A, B);
for (int x = A.x; X <= B.X; #+iXx) {

put pixel(x, y):;

mlmiwf [ [ ][]

<mm

}
for (Int y =tl.y; v < t2.y; ++y) {




Fna 2: eral_oe

a multi-cofeix




# CPU cores: 2 out-of-order 10 in-order _cC:I;I
Instruction issue: 4 per clock 2 per clock : : B
) o)

VPU per core: 4-wide SSE 16-wide intel 5
L2 cache size: 4 MB 4 MB | e >
Single-stream: 4 per clock 2 per clock :-;
Vector throughput: 8 per clock 160 per clock )

- Heckonbko CPU-Iike. anep (npumepHo 10-60) 4"} r?r;iedrs 4"; greiedrs
(poacTtBeHHMKN Pentium P54C) SIMD-16

SIMD-16
- 4-notoyHas SMT gna cokpbiTua latency (x4 regfile, x4 L1 <

- Wnpokue SIMD-16 MHCTpyKUnK
(npeateva AVX-512)

L2 Cache

Memory Controller

In Order In Order
4 Threads @ 4 Threads

SIMD-16 SIMD-16
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Xeon Phi™ Coprocessor

# CPU cores: 2 out-of-order 10 in-order
Instruction issue: 4 per clock 2 per clock
VPU per core: 4-wide SSE 16-wide

L2 cache size: 4 MB 4 MB
Single-stream: 4 per clock 2 per clock
Vector throughput: 8 per clock 160 per clock

- Heckonbko CPU-like sgep (npumepHo 10-60)

(poactBeHHUKN Pentium P54C)
- 4-notoyHaa SMT ans cokpbiTus latency (x4 redfile, x4 L1
- Wnpokue SIMD-16 MHCTpyKUnK

(npeateva AVX-512)

- DomkHa 6bina copeBHoBaTbes ¢ GTX 285
- B hardware Tonbko 6noku texture sampler!

- Software rasterization! <

ZLS-XAV eholad| |

In Order
4 Threads
SIMD-16

In Order
4 Threads
SIMD-16

L2 Cache

Memory Controller

In Order
4 Threads
SIMD-16

In Order
4 Threads
SIMD-16



# CPU cores: 2 out-of-order 10 in-order _cC:I;I
Instruction issue: 4 per clock 2 per clock : S B
) @

VPU per core: 4-wide SSE 16-wide intel 5
L2 cache size: 4 MB 4 MB | e >
Single-stream: 4 per clock 2 per clock :-;
Vector throughput: 8 per clock 160 per clock )

In Order
4 Threads
SIMD-16

In Order
4 Threads
SIMD-16

- Heckonbko CPU-like sgep (npumepHo 10-60)
(poactBeHHUKN Pentium P54C)
- 4-notoyHaa SMT ans cokpbiTus latency (x4 redfile, x4 L1
- Wnpokue SIMD-16 MHCTpyKUnK
(npeateva AVX-512)

15 D$

- DomkHa 6bina copeBHoBaTbes ¢ GTX 285
- B hardware Tonbko 6noku texture sampler!
- Software rasterization! <@

L2 Cache

Memory Controller

- “Software is the new Hardware” - rubkoctnb!

- Mpobnembl B npousBoauTenbHocTU (5x FP32 cnabee)

- Mpobnemel ring bus, x86 memory model, Buaoeogpaneepa
- NpoekT nepetek B HPC obnactb

In Order
4 Threads
SIMD-16

In Order
4 Threads
SIMD-16

e
"



# CPU cores: 2 out-of-order 10 in-order _cC:I;I
Instruction issue: 4 per clock 2 per clock : S B
) @

VPU per core: 4-wide SSE 16-wide intel 5
L2 cache size: 4 MB 4 MB | e >
Single-stream: 4 per clock 2 per clock :-;
Vector throughput: 8 per clock 160 per clock )

In Order
4 Threads
SIMD-16

In Order
4 Threads
SIMD-16

- Heckonbko CPU-like sgep (npumepHo 10-60)
(poactBeHHUKN Pentium P54C)
- 4-notoyHaa SMT ans cokpbiTus latency (x4 redfile, x4 L1
- Wnpokue SIMD-16 MHCTpyKUnK
(npeateva AVX-512)

15 D$

- DomkHa 6bina copeBHoBaTbes ¢ GTX 285

- B hardware Tonbko 6noku texture sampler!

- Software rasterization! <@
YTo npeacraBnsieT COXHOCTbL?

- “Software is the new Hardware” - rubkoctnb!

- Mpobnembl B npousBoauTenbHocTU (5x FP32 cnabee)

- Mpobnemel ring bus, x86 memory model, Buaoeogpaneepa

- NpoekT nepetek B HPC obnactb

L2 Cache

Memory Controller

In Order
4 Threads
SIMD-16

In Order
4 Threads
SIMD-16
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vertex array
uniform state 10

20 30
40

——

Larrabee

Kak peann3oBaTb BepLWUHHbIU WWenaep?

triangle assembly
v

Nlerko nu paBHOMEPHO pacnpenenuTb Bbld. Harpysky? @
v

rasterization
v

v
testing and blending
v
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framebuffer



vertex array
uniform state 10

Larrabee

Kak peanusosathb triangle assembly?

‘>
Jlerko nm paBHOMEpPHO pacnpenennTb BblY. Harpysky?

v
testing and blending
v

67

framebuffer



vertex array

o 10
uniform state 20 20
40
50 60
7°

Larrabee lp—

Kak peanusoBaTb pparMeHTHbIN WWenaep?

triangle assembly

Nlerko nun paBHOMEPHO pacnpenenuTb Bbid. HarpyM? @

rusierlzchon

[

-> ugmenis ader

testing and blending
v

@68

framebuffer



vertex array

niform state 10
on 20 30
4
° ——

50 60
70

Larrabee lp—

Kak peannsoBaTb pactepusayuio?

triangle assembly

Nerko nn paBHOMEPHO pacnpeaenuTb Bbld. Harpy3

@

rasterization
v

v
testing and blending
v
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framebuffer



Larrabee pactepusauus: hierarchical approach, binning

v rasterization
—>
<

framebuffer
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binning

Larrabee pactepusauus: hierarchical approach, binning

64x64
tile

64x64
tile

64x64
tile

64x64
tile

64x64
tile

64x64
tile
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Larrabee pactepusauus: hierarchical approach, binning

64x64
tile

64x64
tile

64x64
tile

OAawvH Tann co CnNUCKOM TPEYrosibHUKOB - OAHO AAPO
(c SIMD-512 nHcTpyKumMsamMu, Tanun eriesaet B L2 KoL)

64x64
tile

64x64
tile

64x64
tile

64x64
tile
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Larrabee pactepusauus: hierarchical approach, binning

Paan xopoluen BEKTOpU3yeMocTu - obpaboTka 6rnokom 4x4 (16 - wmpuHa SIMD).
Kak ogHuM notokom ¢ SIMD-16 nocymtaTh Macky bnoka? | |

.................

MoapobHee: Rasterization on Larrabee: Why Rasterization \Was the Problem Child



http://www.drdobbs.com/parallel/rasterization-on-larrabee/217200602?pgno=2

Larrabee pactepusauus: hierarchical approach, binning

Paan xopoluen BEKTOpU3yeMocTu - obpaboTka 6rnokom 4x4 (16 - wmpuHa SIMD).
Kak ogHum notokom ¢ SIMD-16 nocuntatb macky 6rioka? ‘

void rasterize (Point t0, Point tl, Point t2) {|
bbox = find bounding box(t0, tl, t2); HEOOODOOOOOOD
for (each pixel in bbox) {
if (inside(t0, tl1l, t2, pixel)) {
put pixel (pixel);
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MNonpobHee: Rasterization on Larrapee: Why Rasterizauon vvas the Problem Child ™
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Larrabee pactepusauus: hierarchical approach, binning

Paan xopoluen BEKTOpU3yeMocTu - obpaboTka 6rnokom 4x4 (16 - wmpuHa SIMD).
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HauaB c BepxHeWN BEPLUNHbI TPEYroSibHUKA:

1) Ckonb3um BrpaBo, Noka TPeYyrofibHNUK He 3aKOHYUTCS.

MoapobHee: Rasterization on Larrabee: Why Rasterization \Was the Problem Child ™
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Larrabee pactepusauus: hierarchical approach, binning

HauaB c BepxHeWN BEPLUNHbI TPEYroSibHUKA:

1) Ckonb3um BrpaBo, Noka TPeYyrofibHNUK He 3aKOHYUTCS.
2) CKornb3uMm BIIEBO, MOKa TPEYrofibHUK HE 3aKOHYMUTCS.

MoapobHee: Rasterization on Larrabee: Why Rasterization \Was the Problem Child ™
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Larrabee pactepusauus: hierarchical approach, binning

Paan xopoluen BEKTOpU3yeMocTu - obpaboTka 6rnokom 4x4 (16 - wmpuHa SIMD).

HauaB c BepxHeWN BEPLUNHbI TPEYroSibHUKA:

1) Ckonb3um BrpaBo, Noka TPeYyrofibHNUK He 3aKOHYUTCS.
2) CKornb3uMm BIIEBO, MOKa TPEYrofibHUK HE 3aKOHYMUTCS.
3) [Henaem war BH13 1 NOBTOPSAEM Mpoueaypy.

MoapobHee: Rasterization on Larrabee: Why Rasterization \Was the Problem Child 7’
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Larrabee pactepusauus: hierarchical approach, binning

Paan xopoluen BEKTOpU3yeMocTu - obpaboTka 6rnokom 4x4 (16 - wmpuHa SIMD).

HauaB c BepxHeWN BEPLUNHbI TPEYroSibHUKA:

1) Ckonb3um BrpaBo, Noka TPeYyrofibHNUK He 3aKOHYUTCS.
2) CKornb3uMm BIIEBO, MOKa TPEYrofibHUK HE 3aKOHYMUTCS.
3) [Henaem war BH13 1 NOBTOPSAEM Mpoueaypy.

BbICOKoypOBHeBO 9TO HaNoMuHaeT...

MoapobHee: Rasterization on Larrabee: Why Rasterization \Was the Problem Child "
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Larrabee pactepusauus: hierarchical approach, binning

HauaB c BepxHeWN BEPLUNHbI TPEYroSibHUKA:

1) Ckonb3um BrpaBo, Noka TPeYyrofibHNUK He 3aKOHYUTCS.
2) CKornb3uMm BIIEBO, MOKa TPEYrofibHUK HE 3aKOHYMUTCS.
3) [Henaem war BH13 1 NOBTOPSAEM Mpoueaypy.

BbicokoypoBHeBO 3TO HanoMmuHaeT bpe3aHxemal!

MoapobHee: Rasterization on Larrabee: Why Rasterization \Was the Problem Child ™
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Larrabee pactepusauus: hierarchical approach, binning
64x64 Tile: aByxypoBHeBbIN cnyck rno 4x4 pewetke (16 - wnpuHa SIMD):
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MoapobHee: Rasterization on Larrabee: Adaptive rasterization
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Larrabee pactepusauus: hierarchical approach, binning
64x64 Tile: aByxypoBHeBbIN cnyck rno 4x4 pewetke (16 - wnpuHa SIMD):
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1 ypoBeHb 2 ypoBeHb

MoapobHee: Rasterization on Larrabge: Adaptive rasterization ............

.............
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Larrabee pactepusauus: hierarchical approach, binning

MoxxHo nu caenarts tile assignment nyywe?

binning

64x64
tile

64x64
tile

64x64
tile

64x64
tile

64x64
tile

64x64
tile
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Larrabee pactepusauus: hierarchical approach, binning

Kak npoBepuTb kakue tiles TpeyronbHUK nepecekaeT?

MoapobHee: Rasterization on Larrabee: Adaptive rasterization

83
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Larrabee pactepusauus: hierarchical approach, binning

Trivial reject corner - yron Tile c Hanbonee oTpuuaTesibHbIM PE3YNLTAaTOM YPaBHEHUS
npamon (Hanbornee BHYTPN).

B pasHbix criyyaax pasHble trivial reject corner.

Bce - HMuXXHMe neBble:

G S6-rendertargel

MoapobHee: Rasterization on Larrabee: Adaptive rasterization o



http://www.drdobbs.com/parallel/rasterization-on-larrabee/217200602?pgno=3

Larrabee pactepusauus: hierarchical approach, binning

Trivial reject corner - yron Tile c Hanbonee oTpuuaTesibHbIM PE3YNLTAaTOM YPaBHEHUS
npamon (Hanbornee BHYTPN).

B pasHbix criyyaax pasHble trivial reject corner.

Bce - HMuXXHMe neBble:

G S6-rendertargel

Bce - HMKHUe npaBble:

MoapobHee: Rasterization on Larrabee: Adaptive rasterization %
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Larrabee pactepusauus: hierarchical approach, binning

Trivial reject corner - yron Tile c Hanbonee oTpuuaTesibHbIM PE3YNLTAaTOM YPaBHEHUS
npamon (Hanbornee BHYTPN).

B pasHbix cnyyaax pasHble trivial reject corner. UTo MOXHO ckasaTb npo Tile 07

Bce - HMuXXHMe neBble:

G S6-rendertargel

Bce - HMKHUe npaBble:

MoapobHee: Rasterization on Larrabee: Adaptive rasterization %
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Larrabee pactepusauus: hierarchical approach, binning

- yron Tile c Hanbonee NONOXUTEsNIbHbIM PE3YySLTaTOM
ypaBHeEHMA NpsiMOn (Hanbornee cHapyxu).

nexut HanpoTtus trivial reject corner.

Tile 2 u Tile 3 npoxop4ar trivial accept test:

[MoopobHee: Rasterization on Labee: Adaptive rasterization

87
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Larrabee pactepusauus: hierarchical approach, binning

Ecnu tile npoxogut trivial reject test oTHoCMTENBHO O4HOMN U3 CTOPOH
TpeyronbHuKa - TPeYrofibHUK U Tamn 3 ??7?.

88



Larrabee pactepusauus: hierarchical approach, binning

Ecnu tile npoxogut trivial reject test oTHoCMTENBHO O4HOMN U3 CTOPOH
TpeyrosribHUKa - TPpeyronbHUK He nepecekaer tile.

89



Larrabee pactepusauus: hierarchical approach, binning

Ecnu tile npoxogut trivial reject test oTHoCMTENBHO O4HOMN U3 CTOPOH
TpeyrosribHUKa - TPpeyronbHUK He nepecekaer tile.

Ecnu tile npoxoant OTHOCUTENbLHO O4HOMN U3 CTOPOH
TpeyronbHuKa - TPeYyrosibHUK U Taun 2
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Larrabee pactepusauus: hierarchical approach, binning

Ecnu tile npoxogut trivial reject test oTHoCMTENBHO O4HOMN U3 CTOPOH
TpeyrosribHUKa - TPpeyronbHUK He nepecekaer tile.

Ecnu tile npoxoant OTHOCUTENbLHO O4HOMN U3 CTOPOH
TPeyrosribHUKa - TOSIbKO OTHOCUTESIbHO 3TOW CTOPOHbLI HE HYXXHbI AanbHeunne
NPOBEPKU, HO MPO OCTallbHble CTOPOHbI HNYErOo HEN3BECTHO!

I'rivial a
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Larrabee pactepusauus: hierarchical approach, binning

Ho nHorga gapsart nogapok!

NHorga tile npoxoauT trivial accept test oTHocUTENbHO BCex Tpex pebep:

N 310 o3Havaer ...?
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Larrabee pactepusauus: trivial accept/reject test (ana 64x64)

AHanorn4Ho nposoamm oba Buaa TeCcToB YTOObI BbIKMHYTL IULLHIOKW paboTy 1 cobpaTtb
nogapku. Jloxutca Ha SIMD-16.

{1

MoapobHee: Intra-tile Rasterization: 16x16 BlocKs
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Larrabee pactepusguus: trivial accept/reject test (ana 64x64)

epble Tausbl - OTCEKITUCb YEePHOM
’i i cTopoHou no trivial reject test.

MoapobHee: Intra-tile Rasterization: 16x16 Blocks
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Larrabee pactepusauus: trivial accept/reject test (ana 64x64)

AHanorn4Ho nposoamm oba Buaa TeCcToB YTOObI BbIKMHYTL IULLHIOKW paboTy 1 cobpaTtb
nogapku. Jloxutcs Ha SIMD-16.

3aTteM Ha no-nukcenbHOM ypoBHe (Ana 4x4) nenaem TonbkKo trivial reject test.

MoapobHee: Intra-tile Rasterization: 16x16 Blocks
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Larrabee pactepusauus: trivial accept/reject test (ana 64x64)

AHanorn4Ho nposoamm oba Buaa TeCcToB YTOObI BbIKMHYTL IULLHIOKW paboTy 1 cobpaTtb
nogapku. Jloxutcs Ha SIMD-16.

3aTteM Ha no-nukcenbHOM ypoBHe (Ana 4x4) nenaem TonbkKo trivial reject test.

MoapobHee: Intra-tile Rasterization: 16x16 BlocKs
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Larrabee pactepusauusa: MSAA (multisample antialiasing)

[ns trivially accepted tiles - HeT gonoNHUTENBbHLIX onepawui.

[Ona partially accepted 4x4 tiles - npocTto euwe oanH nporoH trivial reject corner

no 16 camnnos. Moapo6Hee: Intra-tile Rasterization: 16x16 Blocks
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_arrabee |'|p|/||v|ep: Leve| 1 MoaopobHee: Larrabee: Putting It All Together
- B

i

EcTb 4x4 ceTka n3 64x64 tannos.
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_arrabee |'|p|/||\/|ep: Leve| 1 MoaopobHee: Larrabee: Putting It All Together

xxxxx

EcTb 4x4 ceTka n3 64x64 tannos.

12 Tannos otceknuck no trivial reject test.
(trivial accept test cnyyaetcs Tonbko ans 6onbWUX TPEYrosibHNKOB)
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_arrabee |'|p|/||\/|ep: Leve| MoaopobHee: Larrabee: Putting It All Together
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EcTb 4x4 ceTka n3 64x64 tannos.

12 Tannos otceknuck no trivial reject test.
(trivial accept test cnyyaetcs Tonbko ans 6onbWUX TPEYrosibHNKOB)

Cnyckaemcsa B ocTaslunecd 4 Tavna. 100
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Larrabee |'|p|/||v|ep: Leve| 2 MoaopobHee: Larrabee: Putting It All Together

/9 8 & 2 5 " e
4 0% 8 .0 5 .8 2 2 e

EcTb 4x4 ceTka n3 16x16 Tannos.
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10 TannoB otceknuck no trivial reject test.
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: Putting It All Together

Larrabee npumep: Level 2 Moapobhee: Larrabee
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EcTtb 4x4 ceTka n3 16x16 tannos.
10 TannoB otceknuck no trivial reject test.

Cnyckaemcs B ocTaBLUMecs 6 Tansnos.
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EcTtb 4x4 ceTka n3 16x16 tannos.
10 TannoB otceknuck no trivial reject test.

Cnyckaemcs B ocTaBLUMecs 6 Tansnos.
Level 3: HakoHel B 6noke 4x4 nukcenen cintaem Macky.
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Front-End Back-End
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S Pt »| & & [ RenderaTile —»
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= % & > RenderaTile —» 4
-~ o0 ~—’
E g v-= LA L] ::':3
& Process a o 3 =
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O Primitive Set M 3 —» RenderaTile —»

1) [ns kaxgoro TpeyrosisHUKa HaxoOaaTca rnepecekarowmnecs Kop3nHbl-Tansbl U
019 HUX BbIYUCTISIOTCA MacKu MOKpbITMA (Mnun donaxok trivial accept).

2) B kaxgon Kop3nHe anst Bcex TPeyroflbHMKOB BbIMNOSTHAETCA oparMeHTHbIN
lwengep.

Paamep Kop3nHbl TakoB, YTOObI ee tile Bnesan B L2 cache (128x128 ona 256 KB).
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Larrabee

Dr.Dobb’s: Rasterization on Larrabee

Larrabee: A Many-Core x86 Architecture for Visual Computing
Why didn't Larrabee fail?

An Inconvenient Truth: Intel Larrabee story revealed
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High-Performance Software Rasterization on GPUs

In this paper, we implement an efficient, completely software-based graphics pipeline on a GPU. Unlike previous approaches, we obey ordering constraints imposed by current graphics
APIs, guarantee hole-free rasterization, and support multisample antialiasing. Our goal is to examine the performance implications of not exploiting the fixed-function graphics pipeline,
and to discern which additional hardware support would benefit software-based graphics the most. We present significant improvements over previous work in terms of scalability,
performance, and capabilities. Our pipeline is malleable and easy to extend, and we demonstrate that in a wide variety of test cases its performance is within a factor of 2-8x compared

to the hardware graphics pipeline on a top of the line GPU. Our implementation is open sourced and available at http://code.google.com/p/cudaraster/.
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cudaraster
Triangle Setup » Bin Raster » Coarse Raster » Fine Raster

Frame buffer

Bin
16x16 tiles .
128x128 px Tile
' 8x8 px
Pixel

[MogpobHee: cudaraster "
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cudaraster
Triangle Setup ‘ Bin Raster ‘ Coarse Raster ‘ Fine Raster

- MaccoBbin napannenuam. Xopoluas rpaHynsapHOCTb 1 banaHcupoBka
paboyen Harpysku.

Frame buffer

Bin
16x16 tiles .
128x128 px Tile
' 8x8 px
Pixel

[MogpobHee: cudaraster '
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cudaraster
Triangle Setup ‘ Bin Raster ‘ Coarse Raster ‘ Fine Raster

- MaccoBbIr napannennam. Xopoluasi rpaHynsapHocTb U 6anaHcupoBka
paboyen Harpysku.

- MuHUMKU3MpOBaTb YNCIIO CUHXPOHU3aunn mexay Streaming Multiprocessor
(SM, B ctatbe ynomuHatotca kak CTA = Cooperative Thread Arrays).
T.e. MMHMMUM3NPOBATL YMCIO rnobanbHbIX aTOMapPHbLIX ornepauumi.

Frame buffer

Bin
16x16 tiles _
128x128 px Tile
' 8x8 px

Pixel

[MogpobHee: cudaraster 2
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cudaraster
Triangle Setup ‘ Bin Raster ‘ Coarse Raster ‘ Fine Raster

- MaccoBbIr napannennam. Xopoluasi rpaHynsapHocTb U 6anaHcupoBka
paboyen Harpysku.

- MuHUMKU3MpOBaTb YNCIIO CUHXPOHU3aunn mexay Streaming Multiprocessor
(SM, B ctatbe ynomuHatotca kak CTA = Cooperative Thread Arrays).
T.e. MMHMMUM3NPOBATL YMCIO rnobanbHbIX aTOMapPHbLIX ornepauumi.

Obuwasa nges Bce Ta Xe - pacnpenennTb TPeYrofibHUKU Mo KOP3nHaM U
obpaboTtaTb no Tannam:

Frame buffer

Bin
16x16 tiles _
128x128 px Tile
' 8x8 px

Pixel

[MogpobHee: cudaraster
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cudaraster |Triang|e Setup» Bin Raster ‘Coarse Raster ‘Fine Raster

Vertex buffer
positions, attributes
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cudaraster |Triang|e Setup» Bin Raster »Coarse Raster »Fine Raster

Vertex buffer
positions, attributes

NA
Index buffer i ‘ ﬁ
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cudaraster |Triang|e Setup» Bin Raster »Coarse Raster »Fine Raster

Vertex buffer
positions, attributes

NA
Index buffer i é é

a4 )
Triangle Setup
edge egs.
. J u/v, zmin
etc.

Triangle data buffer
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cudaraster |Triang|e Setup» Bin Raster ‘Coarse Raster ‘Fine Raster

MuoxxecTtBo culling tests ana ka)xgoro TpeyrosnbHUKa:

- Ecnn nnowanb HOMb - BbIKUHYNU

- Ecnn nnowapgb otpuuatensHas (ecnv backface culling) - BeIkKMHynu

- Ecnu bounding box mexay psaoB CeMMSIOB - BbIKUHYMK
(TOHKMe BepTUKanbHble/ropnu3oHTasibHble - HaNnpuMep Habngaembie Nog NPAMbIM
YrIIOM CTEHbI BOasreke)
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cudaraster Triangle Setup’l Bin Raster »Coarse Raster »Fine Raster

TrianEIe data buffer

118



cudaraster Triangle Setup’l Bin Raster »Coarse Raster »Fine Raster

TrianEIe data buffer

\ J L ]
| |

Phase 1 Phase 1 Phase 1

Bin Raster Bin Raster o Bin Raster
SMO SM1 SM 14
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cudaraster Triangle Setup’l Bin Raster »Coarse Raster »Fine Raster

TrianEIe data buffer

\ J L ]
| |

Phase 1 Phase 1 Phase 1
Bin Raster Bin Raster o Bin Raster
SMO SM1 SM 14
Phase 2 Phase 2 Phase 2
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cudaraster triangle Setup“En Raster »Coarse Raster ‘Fine Raster

1)

5 Phase 1
SM OpoHupyeT odepeqHON NakeT TPEYrofibHNUKOB

(atomic, 16K TpeyrosibH1UKOB)

3abupaeT U3 nakeTa YacTb - 512 TpeyronbHNKOB

BoinonHseT culling/clipping n B nokanbHon namatn npeuKCHbIMU CyMMamMu
onpegensaeT CKOSIbKO TPEeYyrofibHUKOB 3dEeKTUBHO NOMYy4YnocCh

[Toka TpeyrofibHUKOB 3O(PEeKTUBHO OKa3blBAETCA Maro - NOBTOPATL Llarun

TrianEIe data buffer

JL
T T

Bin Raster Bin Raster o Bin Raster
SM O SM 1 SM 14
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cudaraster triangle SetupMCoarse Raster ‘Fine Raster
Phase 2

Korga TpeyrosnbHMKOB NoArpy»KeHO A0CTaTOMHO ANS YTUIn3auum BCEX NOTOKOB - KaXabIn
TpeyronbHUK obpabaTbiBaeTCsi CBOMM NOTOKOM:

- Ol'lpeﬂ,eJ'IFII-OTCFI KOP3UHbI MNnepecekakwmne TpeyroJyibHMK
- OI'ITI/IMI/I3I/IpOBaHHbIIZ KOO A5A Clty4vada TpeyroJibHUKa 2X2 NMUKCEnNA N MeHbLUEe

Pe3ynbraT nuweTcs B cneyuanbHO BblAENeHHY ansa gaHHoro SM ovepeab
(COOTBETCTBEHHO HE HY)XHA CUHXPOHM3AUUsS Mexay pasHbiMu SM)

Bin Raster Bin Raster o Bin Raster
SM O SM 1 SM 14
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cudaraster Triangle Setup‘ Bin Raster ’lCoarse Raster»Fine Raster

- N\ il

e R
o N\
AN

N \\
Ha Kaxayr KOp3nHy

Coarse Raster Ha3HAYaEeTCS CBOVA
SM n Coarse Raster SM

™ IDs of triangles that overlap tile
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cudaraster Triangle Setup‘ Bin Raster ‘ICoarse Raster»Fine Raster

[Moarpyxaem TpeyrosisHUKM U3 O4HOM U TOM e KOP3MHbI N3 BCEX ovepenen
(T.e. pesynbraThl Bcex Bin Raster SMs).

Korga TpeyronbHMKOB NoArpy»KeHO AOCTaTOMHO ANs YTUIn3auum BCeX NOTOKOB - KaXabIn
TpeyronbHUK 0bpabaTbiBaeTCsi CBOUM MOTOKOM:

- OnpepenalTcs Taunbl nepecekaroLme TpeyrornbHNK
- ONTMMN3MpPOBaHHLIN KOO A1 O4EHb MaNeHbKNX N O4EeHb BONbLUMX TPEYrofIbHUKOB

Pe3ynbraTt nuweTcs B cneyyanbHO BbIAENEHHY0 ANS JaHHOW KOP3WHbI o4epeab
(COOTBETCTBEHHO HE HY)KHA CUHXPOHM3aLMs MeXay pasHbiMn SM).

CunbHO pa3HOe KONMYECTBO MOKPbITbIX TAWMNOB OT TPEYroNbHUKAa K TPEYronbHUKY
(T.€. OT NOTOKa K NOTOKY). Hy>kHO paBHOMEPHO pacnpenenuTb 3anucb pesynsrata. 124



cudaraster Triangle Setup‘ Bin Raster ‘Coarse Raster ‘lFine Raster

IDs of triangles that overlap tile PaboTaem c Tainom B local memory

Input phase:

- [Tloarpyxaewm B L2 32 TpeyronbHuka
nepecekawLlnx obpabdaTbiBaeMbIn Tann

Fine Raster - OTKnabiBaemM TpeyrosibHUKN y4TH
warp n X Zmin C zmax OTHOCUTENbHO Tauna

- PaccuutbiBaeM pixel coverage ncnonb3ys
Look Up Tables: 8x8, 153 nHcTpyKkunu

- [loBTOpsiemM nNoka He HabepeTcs

Cuutarb Tann 3anucarb Tann x0T Bbl 32 hparmeHTa
OAVH pa3 O[VH pa3 .
n3 VRAM B L2 w3 L2 8B VRAM - Korda Habpanock - Shading phase:

-  OanH doparMeHT - 0AuH NOTOK

Pixel data in FrameBuffer (VRAM) 125




cudaraster Triangle Setup‘ Bin Raster ‘Coarse Raster ‘lFine Raster

PaboTtaem c Tainsiom B local memory

IDs of triangles that overlap tile

Input phase:

- [Tloarpyxaewm B L2 32 TpeyronbHuka
nepecekawLlnx obpabdaTbiBaeMbIn Tann
Fine Raster - OTKnabiBaemM TpeyrosibHUKN y4TH
warp n X Zmin C Zmax OTHOCUTENbHO Tauna
- BPaccuutbiBaeM pixel coverage ncnonb3ys

- [loBTOpsiemM nNoka He HabepeTcs

Cuutarb Tann 3anucarb Tann x0T Bbl 32 hparmeHTa
OAVH pa3 O[IMH pa3 .
n3 VRAM B L2 w3 L2 8B VRAM - Korda Habpanock - Shading phase:

-  OanH doparMeHT - 0AuH NOTOK
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Pixel data in FrameBuffer (VRAM)




cudaraster
Pixel Coverage LUTs

Figure 3: Our 8X8 pixel coverage calculation is based on look-
up tables. Based on relative positions of vertices, we swap/mirror
each coordinate so that the slope of the edge is between 0 and 1. (a)
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cudaraster
Pixel Coverage LUTs

Y aadcen

Figure 3: Our 8X8 pixel coverage calculation is based on look-
up tables. Based on relative positions of vertices, we swap/mirror
each coordinate so that the slope of the edge is between 0 and 1. (a)
We then determine the height of the edge at leftmost pixel column,
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cudaraster
Pixel Coverage LUTs

Jlanonoon:

1989773

Figure 3: Our 8x8 pixel coverage calculation is based on look-
up tables. Based on relative positions of vertices, we swap/mirror
each coordinate so that the slope of the edge is between 0 and 1. (a)
We then determine the height of the edge at leftmost pixel column,
and for each column transition we determine if the edge ascends by
one pixel. This yields a string of 7 bits. (b) The coverage mask is
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cudaraster
Pixel Coverage LUTs

T 1o 111 LUT A [2][011] LUT B [2+2][111]
(a) (b)

Figure 3: Our 8x8 pixel coverage calculation is based on look-
up tables. Based on relative positions of vertices, we swap/mirror
each coordinate so that the slope of the edge is between 0 and 1. (a)
We then determine the height of the edge at leftmost pixel column,
and for each column transition we determine if the edge ascends by
one pixel. This yields a string of 7 bits. (b) The coverage mask is
fetched in two pieces from a look-up table. The offset for the second
lookup is obtained by incrementing the first offset by the number
_of set bits among the first four bits. With this technique, a 8X8

130



cudaraster
Pixel Coverage LUTs

071190911 LUT A [2][011] LUT B [2+2][111]
(a) (b)

Figure 3: Our 8x8 pixel coverage calculation is based on look-
up tables. Based on relative positions of vertices, we swap/mirror
each coordinate so that the slope of the edge is between 0 and 1. (a)
We then determine the height of the edge at leftmost pixel column,
and for each column transition we determine if the edge ascends by
one pixel. This yields a string of 7 bits. (b) The coverage mask is
fetched in two pieces from a look-up table. The offset for the second
lookup is obtained by incrementing the first offset by the number
of set bits among the first four bits. With this technique, a 8X8
pixel coverage mask can be produced in 51 _assembly instructions
per edge on GF100. The splitting of the look-up table is done to
shrink the memory usage to 6 KB, allowing us to store the tabje, in

fast shared memory.



cudaraster NN NN

Pixel Coverage LUTs T AT
o o ﬁoio ojo oioo .‘:.'...
@fefcTelelelelo]e] 2{' fefefetele]
:: | | | 01101711 LUT A [2][011] LUT B [2+2][111]
.o (a) (b)
24

Figure 3: Our 8x8 pixel coverage calculation is based on look-

up tables. Based on relative positions of vertices, we swap/mirror

each coordinate so that the slope of the edge is between 0 and 1. (a)

bhowe ind bounding box(e0s €i; +2)s We then determine the height of the edge at l.eﬁmost pixel column,

S orioachehssl in Bhax) T and for each column transition we determine if the edge ascends by

i€ (inside(i0; Li; t9; pikeldy 4 one pixel. This yields a string of 7 bits. (b) The coverage mask is

put_pixel (pixel); fetched in two pieces from a look-up table. The offset for the second

} lookup is obtained by incrementing the first offset by the number

} of set bits among the first four bits. With this technique, a 8X8

} pixel coverage mask can be produced in 51_assembly instructions

Kak aTo cooTHocuTCs ¢ Brute Force? per edge on GF100. The splitting of the look-up table is done to

shrink the memory usage to 6 KB, allowing us to store the tabje,in
fast shared memory.

void rasterize (Point t0, Point tl, Point t2) {




void rasterize (Point t0, Point tl, Point t2) {

/ cAr he roart iAo N 7 I Atre 11N E
// sort the vertices, t0, tl t ver-to-upper

CLLLCEDS

if (E0.y > tl.iy) swap(t0; tl);
if (0¥ > £2:y) swap(t0; t2);
if (tl.y > t2.y) swap(tl, t2);

cL, LL LOW

int total height = t2.y - t0.y;

for (int y =:t0.y; ¥y < tl:iy; ++y) {
float segment height = tl.y - t0.y;
float alpha = (y - t0.y) / total height;
float beta = (y - t0.y) / segment height;
Point A = t0 + (t2 - t0) * alpha;
Point B = t0 + (tl - t0) * beta;
if (A.x > B.x) swap (A&, B):
for (int x = A.X; X <= B.x; ++x) {

put_pixel(x, y);

}

}
for (int .y =:tl.y; v < £2.y; +ty) {

}

071190911 LUT A [2][011] LUT B [2+2][111]
(a) (b)

Figure 3: Our 8x8 pixel coverage calculation is based on look-
up tables. Based on relative positions of vertices, we swap/mirror
each coordinate so that the slope of the edge is between 0 and 1. (a)
We then determine the height of the edge at leftmost pixel column,
and for each column transition we determine if the edge ascends by
one pixel. This yields a string of 7 bits. (b) The coverage mask is
fetched in two pieces from a look-up table. The offset for the second
lookup is obtained by incrementing the first offset by the number
of set bits among the first four bits. With this technique, a 8X8
pixel coverage mask can be produced in 51 _assembly instructions
per edge on GF100. The splitting of the look-up table is done to
shrink the memory usage to 6 KB, allowing us to store the tabje,in

fast shared memory.



void rasterize (Point t0, Point tl, Point t2) {

/ cAr he roart iAo N 7 I Atre 11N E
// sort the vertices, t0, tl t ver-to-upper

CLLLCEDS

if (E0.y > tl.iy) swap(t0; tl);
if (0¥ > £2:y) swap(t0; t2);
if (tl.y > t2.y) swap(tl, t2);

cL, LL LOW

int total height = t2.y - t0.y;

for (int y =:t0.y; ¥y < tl:iy; ++y) {
float segment height = tl.y - t0.y;
float alpha = (y - t0.y) / total height;
float beta = (y - t0.y) / segment height;
Point A = t0 + (t2 - t0) * alpha;
Point B = t0 + (tl - t0) * beta;
if (A.x > B.x) swap (A&, B):
for (int x = A.X; X <= B.x; ++x) {

put_pixel(x, y);

}

}
for (int .y =:tl.y; v < £2.y; +ty) {

t2
}

A oTHocuTernbHo bpe a?
Code Divergence?

071190911 LUT A [2][011] LUT B [2+2][111]
(a) (b)

Figure 3: Our 8x8 pixel coverage calculation is based on look-
up tables. Based on relative positions of vertices, we swap/mirror
each coordinate so that the slope of the edge is between 0 and 1. (a)
We then determine the height of the edge at leftmost pixel column,
and for each column transition we determine if the edge ascends by
one pixel. This yields a string of 7 bits. (b) The coverage mask is
fetched in two pieces from a look-up table. The offset for the second
lookup is obtained by incrementing the first offset by the number
of set bits among the first four bits. With this technique, a 8X8
pixel coverage mask can be produced in 51 _assembly instructions
per edge on GF100. The splitting of the look-up table is done to
shrink the memory usage to 6 KB, allowing us to store the tabjg,in

fast shared memory.



cudaraster Triangle Setup‘ Bin Raster ‘Coarse Raster ‘lFine Raster

IDs of triangles that overlap tile

PaboTtaem c Tainsiom B local memory

Input phase:

Fine Raster
warp n
Cuutartb Tamn 3anucarb Tann
OAVH pa3 OAVH pa3
n3 VRAM B L2 n3 L2 8 VRAM

Pixel data in FrameBuffer (VRAM)

[Moarpyxxaem B L2 32 TpeyronbHuka
nepecekawLlnx obpabdaTbiBaeMbIn Tann
OTKnabiBaeM TPeYronbHUKN Yy4TH

MX Zmin C zmax OTHOCUTENbHO Tanna
PaccuuTtbiBaeMm pixel coverage ncnonbays
Look Up Tables: 8x8, 153 nHcTpyKkuumn
[ToBTOpPsieEM Noka He HabepeTcs

X0Ts 6bl 32 dhparmeHTa

Korga Habpanock - Shading phase:
OgunH dparMeHT - oAnH NOTOK
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cudaraster Shading phase: pacnpenenenne dpparmeHToB no SM

:thrO:thr1:thr2: :thr31:

H
111 -

1T
|

[ J
[ ]
[ J

: H s
11 [l ansnanns
: :

IIIII

I
11
1171

#

[ ]
]
[ ]

3+ €

llllllllll

Input Phase

- B nepBoﬁ (*)339 pacCynTbiBa€EM MOKpPbITbIE N NMNLLIEM B CIMNCOK
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cudaraster Shading phase: pacnpeneneHnvie dpparmeHToB no SM
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cudaraster MNoapobHee: cudaraster

SAN MIGUEL, I189MB JUAREZ, 24MB STALKER, 1 IMB CITY, 51MB BUDDHA, 29MB
5.44M tris. 25% visible 546K tris, 37% visible 349K tris, 41% visible 879K tris. 21% visible 1.09M tris, 32% visible
2.4 pixels / triangle 14.6 pixels / triangle 14.1 pixels / triangle 16.3 pixels / triangle 1.4 pixels / triangle

Call of Juarez scene courtesy of Techland
S.T.A.L.K.E.R.: Call of Pripyat scene courtesy of GSC Game World
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https://research.nvidia.com/publication/high-performance-software-rasterization-gpus

cudaraster

[MoopobHee: cudaraster

. Our FreePipe | SW:HW FP:SW

Scene Resolution | HW SW)  (FP) ratio ratio
512x384 | 5.37|| 7.82|| 130.14 1.46 16.65
SAN MIGUEL | 1024x768 |5.43| 948 || 510.20 1.74 53.84
2048 x 1536 | 5.86 ||15.44 || 1652.52 2.64 107.06
512x384 | 0.59| 2.71 5.34 4.56 1.97
JUAREZ 1024x768 |0.67| 3.28 18.63 4.87 5.69
2048 x 1536 | 1.03 || 7.06 7245 6.84 10.26
512x384 | 0.31| 1.81 23.47 591 12.96
STALKER 1024x768 10.39|| 2.31 92.73 5.96 40.14
2048 x 1536 1 0.67|| 5.41 || 386.07 8.10 71.36

512x384 | 0.93| 2.16 64.56 2.32 29.88
CITy 1024x768 | 1.04| 3.13|| 251.86 3.01 80.54
2048 x 1536 | 1.42|| 6.79 ||1032.83 4.77 152.13
512x384 | 1.06| 2.09 2.14 1.98 1.02
BUDDHA 1024x768 | 1.07| 2.66 3.08 2.50 1.16
2048 x 1536 | 1.11|| 4.01 6.96 362 1.73
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