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* A key interface between Human and Computer

* A fundamental technique of CG, VR, Digital Entertainment and Vis.

* |t has been widely used in many industrial applications

b




Virtual World in Ready Player One




How to achieve it?



To The Rendering Equation

* What is the color of pixel (i,j)?




To The Rendering Equation

* What is the color of pixel (i,j)?
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To The Rendering Equation

* What is the color of pixel (i,j)?
1l

intensities of light at certain frequencies




Balance Equation

e Accountability
* [outgoing] - [incoming] = [emitted] - [absorbed]

* Macro level

* The total light energy put into the system must equal the energy
leaving the system (usually, via heat).

O -0 =0 -

* Micro level

* The energy flowing into a small region of phase space must equal
the energy flowing out.

B(x)-E(x)=B,(x)-E,(x)
L (x,0)—L(x,0)=L,(x,0)—L (x,w)



Rendering Equations

Energy Balance

Surface
Rendering Equation

Volume
Rendering Equation

Radiosity Equation




Surface Rendering Equation

* [outgoing] = [emitted] + [reflected]

=L (x,w )+ J- f.(x,0. > o )L (x,w.)cos0 do,
H2




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,0)=L,(x,0)+L (x,o)




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,0)=L,(x,0)+L (x,o)
=L, (x,w)) +Ifr(x, @, > o )L.(x,0,)cosb do,




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,0)=L,(x,0)+L (x,o)




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,w)=L,(x,0)+L (x,m)

=L (x,w )+ j!L(x w,)cos b dow,

L4




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,w)=L,(x,0)+L (x,m)

=L (x,w )+ j!L(x w,)cos b dow,

L4




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,o)=L(x,w)+L(x,w)




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,0)=L,(x,0)+L (x,o)
= L,(x,0,)+ | f.(x,0, > 0,)L(x,0,)




Surface Balance Equation

* [outgoing] = [emitted] + [reflected]
L(x,0)=L,(x,0)+L (x,o)

=L (x,w )+ J- f.(x,0. > o )L (x,w.)cos0 do,
H2




Solving Rendering
Equation



Solving Rendering Equation

* What is the color of pixel (i,j)?

Ly (%, 0p) = Lo (x, w0p) + j Li(x, 0 f (%, w; — wg)cosfyda;
H2




Solving Rendering Equation

* What is the color of pixel (i,j)?

Lo, ) = Lo (x, wg) + j L (x, )t g = @p)

g .-EsvuEEE.




Rendering Tutorial Ill:

- Materials

Abstract
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Solving Rendering Equation

* What is the color of pixel (i,j)?

L,(x,w,) = L,(x,w,) +J Li(x,wi)}/‘r(x, w; = W,)cosH;dw;

H2




Solving Rendering Equation

* What is the color of pixel (i,j)?

L,(x,w,) = L,(x,w,) +J Li(x,wi)}/‘r(x, w; = W,)cosH;dw;

H2

Il
A

- ™
Lo(x, w,) = f Li(x, wy) fr (%, w; = w,)cos0;dw;
H2




Solving Rendering Equation

* Ray tracing for shadows

Appel 1968




Solving Rendering Equation

* What is the color of pixel (i,j)?

L,(x,w,) = L,(x,w,) +J Li(x,a)i)}/‘r(x, w; = W,)cosH;dw;

H2
1
N
; r I
L,(x,w,) = J L;(x, w;)f,-(x, w; > w,)cosO;dw;
HZ (
. - A e
L,(x,w,) = 2Ll-(x,a)i)f,ﬂ(x,a)i - w,)cosf;dw; %’6’7
H




Solving Rendering Equation

* What is the color of pixel (i,j)?

LO(X, wo) = Le(x: wo) + J

~

~

H2
I
~ AN
_
Lo(x, wp) = J qLi(x: W) fr (x, w; > w,)cosb;dw;
-
LoGowy) = [
o\ X, a)o) — J Li(x) wi)ﬁ'(x) w; — (I)O)COSQid(l)i
H7
- AN
Lot wg) = | LiCx,wfy (o0 = wp)costdo
H

L;(x, a)i)}/‘r (x, w; > w,)cosH;dw;




Solving Rendering Equation

* Recursive ray tracing Whitted 1980




Solving Rendering Equation

* What is the color of pixel (i,j)?

LO (x;

wo) = Le(x; (Uo) + J Li(x; wi)}/tr(x; w; — wo)coseida)i |

H2
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Ly (x, @) = j Li(x, 0 fo (%, w; = wg)cosfda;
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Solving Rendering Equation

* Stochastic ray tracing Cook, Porter, Carpenter 1984




Solving Rendering Equation

* Bidirectional path tracing

Lafortune and Willems 1993 Veach and Guibas 1994



Solving Rendering Equation

* Metropolis Light Transport (MCMC)

Vech and Guibas 1997



Solving Rendering Equation

* Photon Mapping

Walter et al. 1997 Jensen 1996



Solving Rendering Equation

* GPU-based Photon Mapping

Wang et al. 2009



Solving Rendering Equation

* Vertex Merging and Connection / Unified Path Samp

£ ps A L

ling

%

Georgiev et al. 2012 Hachisuka 2012



Solving Rendering Equation

* Denoiser using NN

e

7
Noisy (16 spp) Denoised

iNoisy (32 spp

TRAINING

Bako et al. 2017 Vogels 2018



Solving Rendering Equation

* Path tracing in Production

SIGGRAPH 2018 Course



Solving Rendering Equation

Eric Veach for his research on
Monte Carlo path tracing

PBRT

Oscars 2014 Scientific and Technical Achievement Awards



Rendering Tutorial II: #X3&
- Monte Carlo Path Tracing

Abstract:

Monte Carlo methods have
been the "gold standard" for
solving light transport problems
due to their ability to offer (1)
unbiased estimations and (2)
quantitative error analyses. In
this lecture, we first introduce
Monte Carlo integration as a
general framework and then
show how it can be applied to
solve light transport and
rendering problems.

L] o
BIO' \
] e
-~

Shuang Zhao is an assistant professor at
University of California, Irvine (UCI).

Shuang works in computer graphics, (low-
level) vision, and applied perception. He
is interested in modeling and solving
particle (e.g., photon and neutron)
transport problems under complex and
realistic configurations. By drawing
inspirations from optics, material science,
and computational statistics, his group
has been developing new techniques for
computer graphics & vision, industrial
design, material engineering, and
computational biophotonics applications.



Another Form of Rendering Equation

* [outgoing] = [emitted] + [reflected]
L(x,0)=L,(x,0)+L (x,o)




Another Form of Rendering Equation

* [outgoing] = [emitted] + [reflected]
L(x,0)=L,(x,0)+L (x,o)

solid angle dog

direction ©




Another Form of Rendering Equation

* [outgoing] = [emitted] + [reflected]
L(X',x) =L, (X, x)+
j .I:r (er’ X,, X) L(X”, X/) G(X”, Xr) dA”(X”)

M2
Integrate over
all surfaces

dA4,

solid angle dog

direction ©




Another Form of Rendering Equation

* [outgoing] = [emitted] + [reflected]
L(x,x) =L, (X, x)+
j fr (X”, X,, X) L(X”, X’) G(X”, X’) dA”(X”)

\?2 ﬁ
Integrate over Geometry term
all surfaces " '
~ cosf@’'cosd
G(X", x")= ! >V (X", X")
X” . XI 2
Visibility term
1 visible
V(x",x") =+ o
0 not visible




Solving the Rendering Equation

* Rendering Equations

Lo(x4,x0) = Lo(xg,x0) + jr ZLl-(x(’,,x(’)’ ) r (X0, x4, x5 )G (xg, x5)dA(xg
M

!/ !/ r !/ 144 !/ 1 144 !/ 144
Lo(x1,21 ) = Le(xy, 21 ) + J ZLi(x1;x1 ) (1, x4, %1 )G (1, x1)dA(xq
M |

Ly(x %) = Lo(ehy %) + j Lt 33 ) G %
M




Solving the Rendering Equation

* Rendering Equations K=SoT

L=L,+KolL



Solving the Rendering Equation

* Rendering Equations K=SoT

L=L,+KolL> (I—K)oL=1L,



Solving the Rendering Equation

* Rendering Equations K=SoT

L=L,+KolL> (I—K)oL=1L,

e Solution

L=U-K)1oL,



Solving the Rendering Equation

* Radiosity | — (| B K)—l ol
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General / Formal Solution

 However, it is impossible to directly compute
(I — K)~ ! generally.

* Neumann series

1
(I—K)‘1=I_K=I+K+K2+---

| V?;ifXK)o(l—K)1 =(I=K)o(I+K+K+...)

(I+K+..)—(K+K+...)
I



General / Formal Solution

* Successive approximations
L=L
I’=L +KoL
L'=L+KoL"

* Converged
L'=L" . L'=sL +Kol



Successive Approximation




Ing Equation

ing the Render
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* Hierarchical rad




Solving the Rendering Equation

* Instant Radiosity (Virtual point lights)

Keller 1997



Solving the Rendering Equation

b~

* Many-light rendering (Point Gl)

.l'

Walter et al. 2005
LightCuts



Solving the Rendering Equation

* Matrix Sampling-and-Recovery via Sparsity Analysis

Huo et al. 2015



Solving the Rendering Equation

* Many-light rendering (Point-based Gl)

Pixar




A short recap

* Rendering equation

Lo 0g) = LeC0p) + | LG 0o 01 > @o)costida,
HZ
* Solving the rendering equation as accurate as possible
* Realistic rendering algorithms: Path tracing, Radiosity...
* Limitation: very slow



Real-time rendering

* Rendering equation

Ly (%, @0p) = Lo (x, w0p) + j Li(x, 0 f (x, ;= wg)cosbdw,
HZ

* Solving the rendering equation as accurate as possible
* Realistic rendering algorithms: Path tracing, Radiosity...
* Limitation: very slow

* Solving the rendering equation as fast as possible
* Real-time rendering



Real-time Rendering



Real-time rendering

* Time-budget (time-critical) rendering
* Rendering in a fixed budget of time

ke step k-1 time step & tirme step k4|
A A ..
' N ™
inyput inpuot input input
sampling period T

e e e e e e R R e R R R R

Tume




Real-time rendering

* Time-budget (time-critical) rendering
* Rendering in a fixed budget of time

ke step k-1 time step & tirme step k4|
A A ..
' N ™
inyput inpuot input input
sampling period T

e e e e e e R R e R R R R

Tume

output ourpat

* Rendering very fast
* Traditional criteria: 30 FPS
* Now for VR: 90 FPS



Real-time rendering

* Simplifying the computation of rendering equation

Ly (%, ) = Lo (x, w,) + j Li(x, 0D f(x, 0; = wp)cosb;dw,
HZ
1




Real-time rendering

* Point light local shading <

L,(x,w,) = L;(x,w;) f(x, w; > w,)cos0O;




Real-time rendering

* Environment/Area light local shading

Lo(x,w,) = J Li(x, w) fr(x, w; = w,)cos0;dw;
HZ




Real-time rendering

* Point light local shading + Shadow

LO (xr a)o) = Li(xr wi)f;‘(xi Wi = wO)V(wi - (UO)COSHL'




Real-time rendering

* Environment/Area light local shading + Shadow

LO (X, wo) = J Li(x! wi)f;‘(xi Wi = wO)V(wi - (I)O)COSHidCl)i
H?2




Real-time rendering

* Environment/Area light local shading + Shadow

Ly (x, ) = j Li(x, 0. (%, ;= o)V (@; — w,)cosbdw,
HZ




Real-time rendering

* Environment/Area light local shading + Shadow

o) = |

Li(x, wi)k«(x; w; = W)V (w; = wy)cosb;dw;
H2

* Approximate incident radiance
* Probes, Fields, etc. oA




Real-time rendering

* Environment/Area light local shading + Shadow

Lo(x, w,) =J Li(x, w;)
HZ

fr(x: w; = wo)

V' (w; = w,)cosh;dw;

* Approximate BRDFs
* Fitting, MIP-Mapping, etc.




Real-time rendering

* Environment/Area light local shading + Shadow

Lo(xr wo) = j Li(xi wi)fr(xr Wi = a)o)V(wi - G)O)COSHida)i
H?2

* Approximate Visibilities
* AQ, basis functions, simple occluders, contours, distance field, etc.

17.319 fps




Rendering Tutorial IV:
- Precomputed Radiance Transfer

Abstract
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Stochastic

A Path Tracing
@

Local Shading Realistic & Real-time

- *
I

Realism




Goal of Rendering

Stochastic
A Path Tracing

Stochastic Progre
Photon Mappi

O Realistic

Many-lights Rendering

Rendering
@

Time

Precomputed
Radiance Transfer State-of-the-art

Screen-based © Approaches

Rendering

® Realistic & Real-time

Realtime *
Rendering f

Realism

Local Shading




Time

Another Dimension to Achieve
Our Goal
Stochastic

A Path Tracing
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Hardware-based
Rendering Pipeline



Hardware-based Rendering Pipeline

Vertex Generating

Testing and
Vertices Shader Primitives Rasterization  Pixel Shader g

Mixing Frame

Buffer
s @ [ ] ®
) E
.3 [
1. ™ ™




Hardware-based Rendering Pipeline

Vertex Generating o Pixel Shad Testing and
Shader Primitives Rasterization el Shader Mixing Frame
Buffer
®
L
E/S_OUTPUT main(VS_INPUT in) :’S_OUTPUT main(VS_OUTPUT in) GS_OUTPUT main(VS_INPUT in)
{
VS_OUTPUT vout; PS_OUTPUT pout; GS_OUTPUT out;
vout.oPos = mul(wVP, invPos); float3 N = normalize(in.N); out.oPos = mul(wVP, invPos);
vout.wPos = mul(wM, in.vPos).xyz; float3 P = in.wPos.xyz; float3 N = normalize(in.N);
return vout; float3 L = normaliie(lifhtPos -P); float3 P = in.wPos.xyz;
pout.diffuse = Kd * Ic* dot(N,L); return out;
return pout;

Reflection Resolution scale Shaft

models



In the Beginning ...

* IrisGL is a proprietary graphics API created
by Silicon Graphics (SGI) in the early 1980s

* SGI opened source a version of IrisGL as a
public standard called OpenGL.

* In 1992, SGI led the creation of the OpenGL
Architecture Review Board (OpenGL ARB)



Beginning of OpenGL

* OpenGL 1.0 was released on July 1st, 1994

* Its pipeline was entirely fixed-function

* the only operations available were fixed by the
implementation

* The pipeline evolved

* but remained based on fixed-function operation through
OpenGL versions 1.1 through 2.0 (Sept. 2004)



Beginnings of The Programmable
Pipeline
* OpenGL 2.0 (officially) added programmable shaders

* vertex shading augmented the fixed-function transform
and lighting stage
* fragment shading augmented the fragment coloring stage

 However, the fixed-function pipeline was still
available



More Programmability

* OpenGL 3.2 (released August 379, 2009) added an
additional shading stage — geometry shaders

* modify geometric primitives within the graphics pipeline




More and More Programmability

* OpenGL 4.1 (released July 25, 2010) included
additional shading stages — tessellation-control and
tessellation-evaluation shaders

* Latest version is 4.6 (released July 31", 2017)




The Latest Pipelines

* August 20", 2018, nVidia released Geforce RTX,
which is based on Turing microarchitecture and
features real-time ray tracing.

Rasterization Ray Tracing Compute Al
(Graphics Pipeline) (RT Core) (CUDA) (Tensor Core)




The Latest Pipelines

* August 20", 2018, nVidia released Geforce RTX,
which is based on Turing microarchitecture and
features real-time ray tracing.

* New Mesh Shader

Task Shader

Primitive
Setup and
Rasterization

Mesh
Generation

Fragment
Shader

Blending

Pixel Texture ‘
Data Store



The Latest Pipelines

* August 20", 2018, nVidia released Geforce RTX,
which is based on Turing mlcroarchltecture and
features real-time ray tracing.

* New Mesh Shader

* New RT Core

INT32 FP32 INT32 FP32
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Latest Graphics APls

* OpenGL, Vulkan, D3D12, and Metal
 Coming to platforms you care about

 Reduce CPU overhead/bottlenecks
* More stable/predictable driver performance

* Explicit, console-like control



Ray Tracing APls on Graphics
Hardware

* DirectX Raytracing (DXR)

* nVidia RTX ray tracing APIs (OptiX APlIs, 5.1 latest)

e Ray-tracing extension to the Vulkan



What research can we do with
rapidly evolved hardware?

* New algorithms on new hardware.

* Pipeline optimization
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Execution time (ms)

Shader components, 2017

15

10

Pipeline Optimization

e He et al.’s work
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FACTORY1

‘Shader Library (HLSL)
struct Camera { Camerahisi
float3 worldpos;
floataxs viewproj;

p

Engine Framework

) Host Code (C++) —
class Camera { Camerah
void setworldPos(float3 p);

void bindParans(Program p);

struct Lambertian { Lambertian.hisl
float3 albedo;

float3 eval8xDF(
Lambertian bxdf,
float3 wi, float3 wo)

{ return albedo / PI; }

DisneyBRDF.hisl |
SkinBROF.his!
[‘struct PointLight PointLight.his!
{
float3 pos;

float3 intensity;

float3 evallight(
PointLight light,
cen)

{...}

DirectionalLight.hls!

CascadedShadowMap.his!

class Material { Materialh
virtual String getTypeName();
virtual void bindParams(Program p);
b

class Lambertian : Material Lambertianh
{ float3 albedo;
String getTypeName() {"Lambertian"}
void bindParams(p) {
p->setParam(“albedo”, albedo); }
b

class Light { Lighth
virtual String getTypeName();
virtual void bindParams(Program p);

class LightEnv {
Array<Light*> lights;

class Pointlight : Light { Pointlighth
float3 pos; float3 intensity;
String getTypeName() {
return “PointLight"; }
b

Camera gCamera;

Material gMaterial;

LightEnv gLights;

float3 forwardPass(
SurfaceGeometry geom) {

float3 V = gCamera.worldPos - geom.P;
MaterialPattern pat = evalPattern(

gMaterial, geometry);

return illuninate(glights, pat, V);

ForwardPass.hisl | [ class Program { Program.h

String getFileName();

class ForwardPass ForwardPass.h

: Program

String getFileName() {
return “Forwardpass.hlsl” }
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User Application

Shader Code (HLSL)
struct MyMaterial {  MyMaterialhlsl
Texture2D albedoTex;
SamplerState sampler;
4

typedef Lambertian MyMatPattern;

MyMatPattern evalPattern(
MyMaterial mat,
SurfaceGeometry geom)

{
MyMatPattern pat;
pat.albedo = mat.albedoTex

.Sample(mat.sampler, geom.uv);

return pat;

struct QuadLight QuadLight.his!
{ float3 vertices[4]; };
float3 evallight(
QuadLight light,
MaterialPattern bxdf,
float3 wo)
{ // integrateQuadLight() provided
// by BXDF implementation
return integarteQuadLight(
bxdf, light, wo);

8]

ROME

Host Code (C++)
class MyMaterial: Material MyMaterialh
{

Texture* albedoTex;
Sampler* sampler;

String getTypeName()
{

return "MyMaterial”;
void bindParans(Program p)

p->setParam(“albedoTex",
albedoTex);

¥
b
class QuadLight : Light Quadlighth
{

float3 vertices[4];
String getTypename()
{

return "QuadLight”;
void bindParas(Program p)
wee b

b

nt main(...) { main.cop.
Camera® cam = new Camera();
Material® mat = new MyMaterial();
LightEnv* lights = new LightEnv();
lights->add(new QuadLight(...));

fud = new QO
context->bindProgram(fud) ;
camera->bindParans(fwd, "gCamera");
mat->bindParans(fwd, “gMaterial”);
lights->bindParams(fwd, “glLights”);
context->draw(...);

B Vulkan /w components total frame time

M Vulkan /w components CPU time

B Vulkan (single descr set) total frame time

™ Vulkan (single descr set) CPU time

B GL total frame time
GL CPU time

ROME




Conclusion



Takeaway

* Rendering equation
* Solving rendering equation

 Hardware evolution for rendering



Not Covered in This Talk

 VVolumetric / Participating Media Rendering
* RTE, sampling, reconstruction, etc.

* Rendering Specific Objects
* Tree, grass, water, human, etc.

* Rendering Large-scale Scenes
* Out-of-core data management, visibility culling.

* Screen Space Post-processing Technique
* Tone mapping, SSR, SSAO, blooming, DOF, etc.

* Rendering Engine Frameworks / Architectures



Thank you!
Q& A



