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Lecture 07

Rendering on Game Engine

Render Pipeline, Post-process and Everything

WANG XI GAMES 104 2022
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Ambient Occlusion

» Approximation of attenuation of ambient light due to occlusion

AO(p.n) = %f V(p.® n-u)ldco.

P

Visibility Along W  Normal Weight
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Precomputed AO

Using ray tracing to compute the AO offline and store the result into texture, which is widely
used in object modeling process

« Extra storage cost

» Only apply to static object

Original model With ambient occlusion Extracted ambient occlusion map
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Screen Space Ambient Occlusion (SSAQO)

> Occlusion
! -~ A(p) =1-
/ ) ! / N
I,

,f,_,’- S N\ » Generate N random samples in a sphere around each
B N | pixel p in view space
il 0 - .
LN - W View » Test sample occlusions by comparing depth against
. om paw ] ] depth buffer
: o Direction

% e Depth - Average visibility of sample points to approximate AO

-
- - = -
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SSAO+

« Recall the AO equation is acutally done on the normal-oriented hemisphere

" SSAO
V(p,w)

AO(p.n) = % /S.EV(p.(n)n-mdm. SSAO+
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HBAO - Horizon-based Ambient Occlusion
« Use the depth buffer as a heightfield on 2D surface \ﬁ \
« Rays that below the horizon angle are occluded :.

-1 - — f_ﬂ/a COS(CC)dOCdG Occluded Area

attenuation function
Slice max(0,1 —r(6)/R)

surface point P
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HBAO Implementation

» Use the depth buffer as a heightfield on 2D surface
» Trace rays directly in 2D and approximate AO from horizon angle

Depth Image Ray Marching

image plane :
el horizon angle

Example with 4 directions / pixel sampling direction

Randomly jitter the step size and randomly Find the max horizon angle
rotate the directions per pixel
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GTAO - Ground Truth-based Ambient Occlusion

GTAO introduces the missing cosine factor, removes the attenuation function, and add a fast
approximation of multi bounce

cosine factor

" 1 ™ [92(¢) n [N
A(x) = —/0 / cos (6 — )7 |sin (9) |dO d¢

@ 01(9)

y = angle(n,v)

S|

GTAO
Cosine + Single Bounce
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GTAO - Ground Truth-based Ambient Occlusion

-3 GTAOMultiBounce (

3t visibility, f

Add multiple bounces by fitting a cubic polynomial per albedo

V) = f(V)=((aVy + b))V, + c)Vy

a(p)= 2.0404p—0.3324
b(p)=—4.7951p+0.6417

Cubic Polynomial Coefficients

—01 — ra-=0.0363517 b>-0.162324 c-1.12599

c(p): 275529+06903 F a-0.0999267 b+ -0.376556 c-1.27692
a-0.183839 b-=-0.632143 c—1.44889

p=04—| a+0.289824 b-=-0.933065 c—1.64413

a-+0.437788 b--1.3147 c-1.87812

Multi Bounce (V) a-+0.805044 b-s-2.22354
p=09 —| 2-351.35375 b->-3.48326 c-=>3.13291
J | | 1
¥ ) } ) ) ) I 0.
r(."
p— P — -— — —_— P i!.I:.’.l.
p=0.1 p=02 p=03 p=04 p=05 p=0.7 p=109

c—=2.4206
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Ray-Tracing Ambient Occlusion

« Casting rays from each screen pixel using RTT hardware
« 1 spp(sample per-pixel) works well for far-field occlusion
« With 2-4 spp, can recover detailed occlusion in contact region

Ray-traced AO




Fog Everything
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Depth Fog

Linear fog:

factor = (end-z)/(end-start)

Exp fog:

factor = exp(- density*z)

Exp Squared fog:

factor = exp(- (density*z)"2)

b

&

Linear

=
4

Exp

-
4

Exp Squared
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Height Fog
* Height Fog integration along view diretion
D (h) = D gy - e~0 Mx(h=Hs0)
FogDensitylntegration
=D, -d f a—omax((v+trd,—H50) ¢

1 2o
o-d,

- Dmax .d- e—o-max(vz—Hs,O)

* Fog color after transmission

Foglnscatter =1 - exp—FogDensityIntegration

FinalColor = FogColor-Foglnscatter
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Voxel-based Volumetric Fog

16bit Float A

160x90x64
160x90x128

=
(2]
[O]
9
[0]
£
©
A
o
Q
(8]
(0]
Re!
>
(]
ol

_—_—
Device coordinates x

Participating media Lighting and
entities shadowing information

Input data

2 inel S 1
3. Final integration

Clip space volumes
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Reason of Aliasing

« Aliasing is a series of rendering artifact which is caused by high-frequency signal vs.
insufficient sampling of limited rendering resolutions

Edge Sampling Texture Sampling Specular Sampling
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Anti-aliasing

« The general strategy of screen-based antialiasing schemes is using a sampling pattern to
get more samples and then weight and sum samples to produce a pixel color
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Super-sample AA (SSAA) and Multi-sample AA (MSAA)

« Super sampling is the most straightforward solution to solve AA

SSAA, 4x rendering resolution MSAA, only multi-sampling necessary pixels
4x z-buffer and framebuffer 4x z-buffer and framebuffer
4x rasterization and pixel shading 4x rasterization and 1+ x pixel shading
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FXAA (Fast Approximate Anti-aliasing)

Anti-aliasing based on 1x rendered image
« Find edge pixels by luminance
« Compute offset for every edge pixel
* Re-sample edge pixel by its offset to blend with a neighbor

M: Luminance of middle pixel
(L=0.299*R +0.587 * G+ 0.114 * B)

#define _MinThreshold 0.05

float MaxLuma = max(N, E, W, S, M);
float MinLuma = min(N, E, W, S, M);
float Contrast = MaxLuma - MinLuma;
if(Contrast >= _MinThreshold)
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Compute Offset Direction

Horizontal
11 1211 1| Horizontal = abs(1%0.25+1%1-2+0.1)
: +abs(2*0.15+2%1-4*0.2)
214> > +abs(1*0.35+1%1-2*0.3) = 3.3
1 [-2] ) _
33> abs(1-0.2) >

Direction is horizontal — abs(0.15 - 0.2)

I
0.25+170.35-270.15 =

21-4]-2] —— 0.1+270.3-470.2

1+1°1-2°1
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Edge Searching Algorithm

* Find aliasing edge that the pixel is in

« Record constrast luminance and average
luminance of current pixel and offset pixel

LGVg I—COI"HLI"O'SIL

« Search along the 2 perpendicular direction
and calculate the average luminance

l—edge1n l—edgeZn

* Until abs( Ledge'ln 'Lcurrem) >0.25 LCOﬂU’GSt
abs(Ledgezn ~Leurrent) > 0-25L contrast

l_ current L offset

- I e e
L current ” =OT15E1

l_ current L offset




Modern Game Engine - Theory and Practice BOOMING ~ . GAMES104

Calculate Blend Coefficient

« Compute blender coefficient

I A=) — \
is the nearer edge end of ( =n )
if((’-avg'l—current) ’ (LGVQ 'LfanE'tP) >0) Ak
magnitude = 0;
else edgelength = dst1 + dst2
magnitude = abs(0.5 - dst / edgelLength); L ager = Las

L avg — Lcurrent )*(I— avg g ! targetP )>

yes

no N%
(magnitude:abs(O.S-:"Ef‘;‘:ﬁt—/egdeleﬂgth)) (magnitude:O)

CurrentP
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Blend Nearby Pixels

« Compute blender coefficient

Magnitude

0.375 0.250.125 0

PixeINewColor = Texture(CurrentP_UV + offset_direction * offset_magnitude )
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FXAA Result

Origin FXAA
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TAA (Temporal Anti-aliasing)

Utilize spatial-temporal filtering methods to improve AA stability in motion

: history
Prame N°1 Frame N history N-1 rectification slisme
R Ne reproject with neighborhood
e : - color
motion vector :
boundingbox

Pixels in previous output frame ) Target pixel

Accumulated temporal samples
(not individually stored)

» New shading sample

input frame N
(jittered)

history N

output
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TAA (Temporal Anti-aliasing)

Motion Vector Blend Ratio Blend Result
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But, the real magic in Post-process...
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Post-process

Post-process in 3D Graphics refers to any algorithm that will be applied to the
final image. It can be done for stylistic reasons (color correction, contrast, etc.)
or for realistic reasons (tone mapping, depth of field, etc.)

Bloom Tone Mapping Color Grading
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What is Bloom

« The physical basis of bloom is that, in the
real world, lenses can never focus
perfectly

« Even a perfect lens will convolve the
incoming image with an Airy disk

0.0
. 0.2

04

0.6

0.8

1.0



https://en.wikipedia.org/wiki/Airy_disk
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Detect Bright Area by Threshold

Threshold

float threshold;

Find Luminance (Y) apply the standard S E=21)

[...] // first do normal lighting calculations and output results

coefficients for sRGB:
float4 scene_color = float4(lighting, 1.0f);
- . . —_ // check whether fragment output is higher than threshold, if so output as highlight color
1] 1] F 1] 1] 1]
} = R“” E “213") —|— GI'J'H # “ i 1-_}3 —|— _B“” * UH{E} float luminance = dot(scene_color.rgb, vec3(0.2126f, ©.7152f, 0.0722f));
float4 highlight_color = float4(e.ef, 0.ef, 0.0f, 1.0f);

if(luminance > threshold)
highlight_color = float4(scene_color.rgb, 1.0f);

return highlight_color;
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Gaussian Blur

Blur
(1 4 6 4 1] (1]
a L |4 16 24 16 4 E
— |6 24 36 24 6| ==—"|6]-[1 4 6 4 1] n
’ 26 14 16 24 16 4] 0 |4 |
—1 4 6 4 1— —1— NORMAL GAUSSIAN BLUR BLUR HORIZONTALLY THEMN BLUR VERTICALLY TWO-PASS GnUSSI:AN BLUR

Gaussian distribution A classic gaussian Linearly separable
kernel 5+5(10) samples per pixel

5*5(25) samples per pixel
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Pyramid Guassian Blur

We can't do all that filtering at high resolution, so we need
a way to downsample and upsample the image
Need a weight coefficient to tweak final effect
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Bloom Composite
‘ —JEN
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Tone Mapping

* No way to directly display HDR image in a SDR device
« The purpose of the Tone Mapping function is to map the wide range of high dynamic
range (HDR) colors into standard dynamic range (SDR) that a display can output

Filmic Curve
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Tone Mapping Curve

Get a filmic look without making
renders dirty

Give images proper contrast and
nicely roll off any pixels over 1

float3 F(float3 x) Filmic s-curve tone-mapping

{
const float A = 9.22f; 10
const float B 8.3ef;
const float C = @.16f;
const float D = @.206f;
const float E = @.01f;
const float F = @.36f;

08

0ar

return ((x * (A* x+C *B) +D *E) / (x* (A*x+B)+D*F))-E/F;
} 0.4}

float3 Uncharted2ToneMapping(float3 color, float adapted_lum)
{ 02}
const float WHITE = 11.2f;
return F(1.6f * adapted_lum * color) / F(WHITE);

0.0 b




Modern Game Engine - Theory and Practice

BBOOMIHG
TECH

GAMES104

ACES

Academy Color Encoding System
* Primarily for Film & Animation
* Interesting paradigms and transformations

The useful bits
« Applying Color Grading in HDR is good
* The idea of a fixed pipeline up to the final OTD
transforms stage is good
« Separates artistic intent from the mechanics of
supporting different devices
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HDR and SDR Pipeline

» Visual consistency between HDR / SDR
» Similar SDR results to previous SDR color pipeline
* High quality
« High performance
» Minimal disruption to art teams
« Simple transition from current color pipeline
* Minimal additional overhead for mastering HDR and SDR

sRGB primaries / BT.1886

o HDR White | | i | .
SPE : PostFX ‘] Balance i ' : :
Render ' BT.2020 primaries / PQ
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one Mapping Curve Comparison

Reinhard Curve Filmic Curve ACES Curve
12 12 12
1 1 1
0.8 0.8 08
06 0.6 0.6
04 0.4 04
02 02 i
0 o 0
& X @@,@ﬂ@ FEIFESF & & oF ) “ S FFFFE PP ?9:""3

[Deferred Rendering = Deferred Rendering
TA GeForce GTX 960 HW FL 12.1 NVIDIA GeForce GTX 960 HW FL NVIDIA GeForce GTX 960 HN FL 12.1
74 FP: 232 231.19 FPS
Scene objects 393 Renderable 7 Brimitives 786763 Vertices s s 26: 394 Scene objects 398 Renderables 2
1470 Particles

1504 Partic.
1621 Draws/frame S Dispatches/frame 1620 Draws/frane, 5Dispatc]

Deserzen

Butor:

it

Titainat
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Lookup Table (LUT)

 LUT is used to remap the input
color values of source pixels to
new output values based on data
contained within the LUT

=

f
« ALUT can be considered as a kind [ "= 5. NS . o N
of color preset that can be applied -; Bl S SR i e

to image or footage e lo—sty M
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LUT 3D or 2D

e
il e

e
I R
e e e
Sliced by Blue Axis [ I S

Green Axis

Red Axis

Blue Axis

3D 2D Slices
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Layers Channels Paths

Q Kind vE@THR"®

Mermal w Opacity: 100% ~

Lock: B 7 0 D @ Fili: 100% ~

(!
E l Levels1
L Export Color Lookup Tables

B 8 l Curves 1 Description: _64A3865.CR2

Copyright:
0] l Gradlent Mz
Use lowercase file extensions

5 l Gradlentmz  Quality
Grid Points:

;‘I Background O
Formats
L’?L
CUBE
CSP
ICC Profile
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e

)
i

Color grading is the most cost-effective feature of game rendering




Rendering Pipelin
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o

One Equation for Everything

g *
%,
’ .- ’ | -2
nd”‘ect y y ; - ZJ'
ShadOw b —

§7

‘ : "~
’ » @ . " e

Indirect - Glossy e

light - '- reflections y

Caustics

Scattering

Lixm =L (x,@ J+ Iyz /. (x,0 ,0)L(x,0)cos0dw,

\ \ \

outgoing emitted reflected
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What We Learned about Rendering (1/4)

camera view frustum

rd . |
i
_$é/ M

Rendering objects with meshes, texture and shaders Culling

far plane
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What We Learned about Rendering (2/4)

Lighting, Shadow and Global lllumination PBR Materials
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o

What We Learned about Rendering (3/4)

Terrain Sky and Cloud
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What We Learned about Rendering (4/4)
\ \\l?;f/ }

‘-gg..—-—_

Anti-aliasing

Bloom Tone Mapping Color Grading
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Rendering Pipeline

* Rendering pipeline is the management order of all rendering operation execution and
resource allocation

ShadowPass Shading Post-process

~ drawcCall

&

&
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Forward Rendering

for n meshes
for m lights
color += shading(mesh, light)
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Sort and Render Transparent after Opaque Objects
Y

OIT11 [
D3D11 289.50 fps V¥sync off (800x600). ROGOBSAO_UNORM (MS1. QO0)
\ HARDVARE: WVIDIA GeForce GTI A60 Toggle full screen
L\‘ e Toggle REF (F3)
‘ G i e -
4 Y — B, o I 3
|

Red on top Green on top

Transparent Order Render from far to near
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Forward Rendering

1440x900 Just Ca

Just Cause 1 2006 Heavy Rain 2010
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Rendering with Many Lights
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Deferred Rendering

\

(for each object

write G-Buffer )

(for each pixel )

gbuffer = readGBuffer(G-Buffer)
for each light

computeShading(gbuffer, lightzj

Pass 1: Rendering G-Buffer

Pass 1

Pass 2

///’7 Final render “\\\

Specular Normals

Pass 2: Deferred Shading
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Deferred Rendering

Pros

» Lighting is only computed for visible fragments

* The data from the G-Buffer can be used for post-
processing

Cons

« High memory and bandwidth cost

* Not supporting transparent object

* Not friendly to MSAA

Normal (10:10) Smoothness Materialld (2)

BaseColor MatData(5) /Normal (3)
————————— ‘ MetalMask‘ Reflectance AD

Radiosity/Enissive Scene with Many Lights

Table 2: GBuffer layout for Disney deferred base material.

G-Buffer Size:1920*1080, 32bit*1920*1080*4 = 63MB
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Pilot Engine Deferred Rendering

W‘
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Tile-based Rendering

Tile buffer

(depth/stencil)

Geometry Fragment Tile buffer
processor Processor (color)
On-chip
DRAM
Frame Framebuffer
data (color)
(a)
Relative Performance, Log2 Geomet Ly Fragment
—GPU Processor . processor

—CPU
—GPU Bandwidth

On-chip

— Rk
MSAA buffer MSAA buffer Frame buffer
(depth/stencil) (color) (color)

(b)

oL, N W s 0O N
-
Q3
8o
T =
B
a

e 2003 2005 2007 2009 2011 2013
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Light Culling by Tiles

for each light
for each covered pixel
read G-Buffer
compute shading
read + write frame buffer

Re-order loops
Load/store -> Outer loop

for each pixel
read G-Buffer
for each affecting light

compute shading
write frame buffer

Light List in a Screen Tile
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Depth Range Optimization

« Get Min/Max depth per tile from Pre-z pass
« Test depth bounds for each light

Light Light
Z-min Z-max
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3

Tile-based Deferred Rendering

Battlefield 4 Ryse
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Forward+ (Tile-based Forward) Rendering

* Depth prepass (prevent overdraw / provide tile depth bounds)

« Tiled light culling (output: light list per tile)
« Shading per object (PS: Iterate through light list calculated in light culling)

P4 v QT
TIME | 90:08.60
S LAP {0000 -
<%
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Cluster-based Rendering

a custer—|

slice/numSlices
Far, '
Z = Near, -
- ( Near, )
: numSlices numSlices x log(Near,)
slice = | log(Z) = -
log(Far,/Near,) log(Far, /Near.,)

Doom 2016
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Visibility Buffer

G-Buffer V-Buffer

Visibility Buffer Pipeline <—— Memory ———>

De th Triangle Z PrimID PrimID, Color
Dep th _p " Data PrimID Visible Triangle Vertex Attributes 8 bytes/pixel
Normal PrimitivelD
A Visibility Passes Worklist Pass Shading Passes
Albed Barycentrics _ ,
€0 Vertex Rast Wardist Medexlaadd Vertex Surface S Blend
Generation Intersect BRDF

Roughness




STATIC LIGHTING /
BASEPASS SHADOWS

POST PROCESSING

=== == e
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DYMAMIC LIGHTING f
SHADOWS ADDITIONAL L PERFORMANCE
1
= B —— l_':! B . S——
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e B et = G| =0 = ===
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Challenges

Complex parallel work needs to synchronize with complex resource dependency
Large amount of transient resource whose lifetime is shorter than one frame
Complex resource state management

Exploit newly exposed GPU features without extensive user low level knowledge

Bm@ fw I s ISEETeee ECRSTEN T
HA”[EHHD T ¥ o ea Depth Buffer Final output
z "J« \k ' S
A / - = B

Battlefield 4 rendering passes ([

AO

@

@

2
]
T
<
=

3
E
5

Lighting buffer

Microsoft® .
Wakan DirectXi2
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Frame Graph

A Directed Acyclic Graph (DAG) of pass and

resource dependency |n a frame, not a real _ Lighting and postprocessing parts of
Visua| graph e e Depth Buffer the pipeline are automatically disabled
! coliicl- - .
AT _ - Lighting Lighting buffer
| Goufferz - |
2 . s 4

Gbuffer 3

Post

I

et \ ' Debug visudlization is _ Final farget

e switched on by connecting

the debug output o the . }
o memaiasaL v 2  Efi a0, s st
i e
- - - . — = : )
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Render to Monitor
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Screen Tearing

GAMERS WANT TO MAINTAIN THE HIGHEST POSSIBLE FPS

TODAY THAT MEANS UNWANTED
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Screen Tearing

In most games your GPU frame rate will be highly volatile
When new GPU frame updates in the middle of last screen frame, screen tearing occurrs
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V-Sync Technology

Synchronizing buffer swaps with the Vertical refresh is called V-sync
V-Sync can be used to prevent tearing but framerates are reduced, the mouse is lagging & stuttering
ruins gameplay

FRAME 2 FRAME 3

MONITOR REFRESH 1 Al REFRESH 4
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Variable Refresh Rate

G-5YNC ULTIMATE

Features the top NVIDIA G-SYNC processors to deliver the

G-5YNC

Features a NVIDIA G-SYNC processor to deliver an

G-SYNC COMPATIBLE

Doesn't use NVIDIA processors, but have been validated

GAMES104

very best gaming experience, including lifelike HDR, amazing experience with no tearing, stuttering, or input by NVIDIA to give you a good, basic variable refresh rate
TRADITI DHAL USTHE stunning contrast, cinematic color, and ultra-low latency lag. Enthusiasts and pro-level gamers can count on full

(VRR) experience for tear-free, stutter-free gaming.
[EL TR variable refresh rate VRR) range and variable overdrive

for pristine image and outstanding gameplay.
Render A Render B Render D
" . . * Validated Certified Lifelike

No Artifacts +300 Tests HDR

IME

Lo W —

VSync Delay ;¢——— ! Stutter & Lag
I

PROJECT FREESYNC :

| |

TIME

AMDQ1

FreeSync

Every AMD FreeSync™ monitor goes through
a rigorous certification process to ensure a
tear free, low latency experience. Pair your
Radeon™ graphics card with an AMD
FreeSync monitor over HDMI® or
DisplayPort™ for effortlessly smoath
gameplay.

= Tear free experience

= Low latency

AMDO1
FreeSync
Premium

AMD FreeSync™ Premium’ technology adds
to the baseline FreeSync technology tier and
equips serious gamers with a fluid, tear-free
gameplay experience at peak performance:

At least 120hz refresh rate at minimum
FHD resolution

Support for low framerate compensation
(LFC)
Low latency

AMDID

FreeSync

Premium Pro

AMD FreeSync™ Premium Pro’ technology
raises the bar to the next level for gaming
displays, enabling an exceptional user
experience when playing HDR games, movies
and other content:

At least 120hz refresh rate at minimum
FHD resolution

Support for low framerate compensation
(LFC)

Low latency in SDR and HDR

Support for HDR with meticulous color and
lumninance certification
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Homework 2

REEN REBR Q&A v i BETH REMFL

You are supposed to...
* Implement ColorGrading shader code
« Generate own style ColorGrading result
« Add a new post-process pass that you want (advanced) o Lo 00 o e [ e
« Write a report document that contains screenshots of
O smartchair (Assignment submission Platform ) submission Flow =
your results ——— —
© PAO2:Renderin | POFF#; |
Download at
. Course_site_ ¥ gamesi04/home... ~ Go to file Add file ~
https://games104.boomingtech.com/sc/course-list Switch branches/tags X .
) [ Find or create a branch... ]
o Github:
https://github.com/BoomingTech/Pilot/tree/games104/homewor = Branches  Tags d.. .« v 3days
kO2-rendering mein default
orkflow
games104/homework01-build
v/ games104/homework02-rendering
View all branches ole graphics

Y .clang-format Init Commit


https://games104.boomingtech.com/sc/course-list
https://github.com/BoomingTech/Pilot/tree/games104/homework02-rendering
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Pilot Engine V0.0.3 Releasing — April 26

New Features

» Deferred shading pipeline

» Configurable global rendering resource
* Motor system with accelerations

» Character-following camera blending

PILOT

Game engine

Bugfixes
» Fixed image layout transition in “pick” pass
* Fixed overlapped button and cursor twinkling

Optimizations

» Optimized display of rotation as Euler angles

» Optimized AMD and NVIDIA graphic device race when initializing
Vulkan

» Optimized editor camera controlling

Contributors

AOQON -6

WIlain, AirGuanZ, and 6 other contributors
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Pilot Engine Learning

* The first version of the engine architecture
document will be uploaded to Github Wiki
and official website on April 30

» Videos of Pilot Engine source code
walkthrough will be released in the near
future
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Labor Day Holiday Arrangement

* Lecture 08 on May 2 will be postponed to May 9

» All subsequent classes will be postponed
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Q&A
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Course Wechat

Please follow us for
further information
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Please note that all videos and images and other media
are cited from the Internet for demonstration only.



