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- Battlefield (Battlefield 1 - 2016)
« Star Wars (Star Wars Battlefront)
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« Dragon Age (Dragon Age: Origins)
= Mirror's Edge (Mirror's Edge Catalyst - 2016)
« Need for Speed (NEED FOR SPEED 2017: PAYING IT BACK)

EA is moving its games, including Mass Effect and FIFA, onto a single graphics engine.
Frostbite has evolved to become the cornerstone of these titles.
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Check-out the full-list here: https://github.com/mc-qulu/dev-awesomenesses/blob/master/awesome-frostbite-engine.md
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= OpenGL ES 2.0 + extensions > OpenGL ES 3.0

= Shader Works

- WPPEFEESR shader, FoNfBEFHMEEESIL
- WEFFHE4ERMRY shader, 700 GLSL A4pkszis

- M GLSL-optimizer U RTFIHAITRER (Aras@Unity)
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Frostbite engine could play well on mobile and as the

"we wanted to see if the dynamic nature of the

engine already scaled from 360 to gen4 console and

PC quality, we predicted this should be possible.”

Reached steady: S0ips
Withf SSAQ), DO, Radiesity;
Cascared SHacdew: maps;
HDR; coler grading, FXAA

and lets e draw calls enra
steck IPad Alr 1.

Based on Metal







WWDC

B MET Metal AYRA
{5 glsl-optimizer 4p% Metal {{#8 (merged officially)

5X lower overhead (5 OpenGL 8Lb)

/D2 Alpha tested X452
Instancing RBSRABABARE
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Command buFFerS{

Render passes: 42 )
Compute passes: @ texture Size: 0.875000 HMB n
Blit passes: 5 render buffer size: 0.0000008 MB

b 1 \ Eﬁ Draw calls: © render target textures size 1821515549 MB
o n : TR
o FlA)e

I

Linear buffer allocationsg@Bos, 1134680 / 8388608 bytes
Linear query buffer allocations: 18, 144 / 1024 bytes
Heap buffer allocations: 1, 65536 bytes

Color framebuffer loads: 18, 550502408 bytes
Color framebuffer stores: 38, 76436824 bytes
Depth framebuffer loads: 17, 48758784 bytes
Depth framebuffer stores: 22, 60997632 bytes
Stencil, framebuffer loads: 11, 8650752 bytes
Stencil framebuffer stores: 15,.:11796480 bytes

40

Pipeline states: 74
Sampler states: 15
\ . L. Depth-stencil states: 88
fine grained statistics for gpu textures / buffers Blend sEates: 13
L

the engine have tags for all the resources

printing all resources by and

= to easily see what we should focus on and could get rid of

be able to profile as much as possible




Hkﬁﬁ 2: Shader works it would be possible to create

a decent cross-compiler by

« alot of custom shaders were written in pure HLSL adding a frontend that
« simply too much work to port manually » parses HLSL and some
* itis a pain to maintain multiple versions of shaders code to handle unique HLSL
* mobile shader languages had matured (Metal) features.

"4

YACCGLO™ (Yet another cross-compiler based on glsl-optimizer)
« use glsl-optimizer as a basis for a cross-compiler
« DX11 HLSL frontend, Metal and GLSL backends




Texture2D<floatd> inputData

floatd constant;
floatd global = floatd(e@.25F,

75, 1.8F);

struct Input

i
uint wvertexId : SV_VertexID;
uint instanceld : 5V_InstancelD;
floatd pos : TEXCOORDS;

i

struct OQutput

i
floatd pos : SV _Position;
floatd data : TEXCODRDE;
floatd data2 : TEXCOORDI;

i

Floot getDefaultValue(uint def=8)
i

def;
T

Output vsSiggraph{Input input) : SV_Position
i
Qutput output = (Qutput)@;

output.pos = input.pos;

output.data = inputData[uintZ{input.
vertexId, input.instanceld)] *
getDefaultValue() * constant *
global;

output;

uniform sampler2D inputData;

uniform vecd constant;
layout({location=8) in wecd TEXCOORD® in;
out wecd TEXCOORDE out;

out wecd TEXCOORD1 _out;

void main ()

i

uvec? tmpvar_1;

tmpvar_l.x = uint({gl_VertexID);

tmpvar_l.y = uint({gl_InstancelD);

gl Position = TEXCOORD®_in;

TEXCOORD® out = ((vecd(2.8, 4.8, 5.8, 5.8) *
constant) * texelFetch (inputData, ivecZ(
tmpvar_1), int(@}));

TEXCOORD1 out = vecd(@.8, 8.8, 8.8, 8.8);

struct Input {
floatd TEXCOORD® in [[attribute(®)]]:
i
struct Qutput {
float4 gl Position [[position]];
float4 TEXCOORD®_out [[user(TEXCOORD® out)]]l;
float4 TEXCOORD1_out [[user(TEXCOORD1 out)]1;
i
struct UniformBuffer {
floatd constant;
i
vertex Qutput blsl _main (
Input inputs [[stage_in]],
constant UniformBuffer& uniforms [[buffer(@)]],
uint gl_InstanceID [[instance_id]],
uint gl _VertexID [[vertex_id]],
texture2d<float, access::sample>
texture_inputData [[texture(®)]])

Qutput outputs;

uint2 tmpvar_1 = uint2();

tmpvar_l.x = uint({gl_VertexID);

tmpvar_l.y = uint({gl_InstancelD);
outputs.gl Position = inputs.TEXCOORD® in;

outputs.TEXCOORD® out = ((float4(2.8, 4.8, 6.8, 5.

)} * float4(uniforms.constant)) * floatd(
texture_inputData.read({tmpvar_1, @)));
outputs.TEXCOORD1 _out = floatd();
outputs;

o
L)

"reflection” : {
"compute_info"
"num_threads
"num_threads
"num_threads

i
i
¥
d

T
"textures" : [
{"name": “inputData", "dst_index™: @, "
src_index™: @, "src_register_type™:
npny
1:
"samplers"
1:
"buffers" : [
{"name": “uniforms", "dst_index™: @, "
src_index™: @, "src_register_type™:
"pn3
1:
"uniforms" : [
1"name": "constant"™,

163

offset™:

1
Ta
"metrics"
"alu” .
"tex™ 1,
"flow"™ : @

¥
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* a bleeding edge engine can run on today’s mobile hardware.
« a straight implementation of the engine, cross compiling all shaders with minor divergence.
* many tile memory specific opt can be done without diverging code from PC / consoles

« cross-compilation is key for codebase coordination and performance tuning

Approach: Get the full picture before diving into details

We prefer to disable slow features until we attack them and attack the ones
giving the most bang for the buck first. We believe we're at a point now when

we have the full picture and can start diving into the details.

Check out “(2015) #siggraph2015 Frostbite on Mobile.pptx”
for further readings on Light-tiling (Forward/Deferred) / PBR / render-pass merging
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4R "BE&SEEgIt" (Data-Oriented Design)?
= Object-Oriented vs Data-Oriented

- FERITFISEI— R SR

- FHBY "WR" REERMRAER
- BRERN "WRIMRE" %R "SEETES"

- AEER, RR.
- RNEWR—ERER
- TEESRERRISIRE SR TRIAJRE




Performance

HHABE "B ?

. FEIR :
Reason #1: Performance Disks (Blu-ray/DVD/HDD) (
100,000 Main Memory
0 0 1010 O N B i o, s
L2 Cache 40
FIODD. Fossisi i i s sl Cyc|es
2 1y g Jff U Oe O osesescesssnsssessenssssensesonsorseasssorsononcesosssassesesssensessrnsonsessssassnentsd
— L1 Cache 1-2
v [— R : cycles
11980 1985 19.90 19.95 202)0 202)5 2010 CPU / RegiSterS

Year




HHABE “EEIEEt” ?
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Reason #2: Multithreading - BIRBRLIREREEE
update() - BYMIBISR ET X EIETAE T
Object Object Object

/ 7N\ 7N\
epeves




update()

— ! —

Object Object Object
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e RE—XRBIHR, BETEARREST, EAERIEEEREL,
MRX—ENEHRIETENX., EEFEEPH, TERMRB(IROINRZENRET .,
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- WEIERESRYBRRLIEREBIR AR, BRAUERI,
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(POD-struct NEIZE T FEE ZBLLXS SR E LS E &)
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245l - OOD

class Bot

{

vec3 m_position;

—> ...
float m_mod;

— ... N _
float m_aimbDirection;
e

¥oid updateAim(vec3 target)

}

m_aimDirection = dot3(m_position, target) * m_maqd;

}




55l - OOD

BRIZLATRIREE T 4 IR (4 1AERY Bots)

¥oid updateAim(vec3 target)
m_aimDirection |=|dot3(m_position, target) * m_mod; ~20
¥ cycles
r |
ICache — 600 m_ position — 600 m_mod - 600 aimDir — 100
ICache — 600 m__position — 600 m_mod - 600 aimDir — 100
P - B 7650

ICache — 600 m_ position — 600 m_mod - 600 aimDir — 100
ICache — 600 m_ position — 600 m_mod - 600 aimDir — 100

98.96% RIRTEJ{E 2R ESLhrnz e 2o, [RARIRZ:



245l - OOD

- LINEABINATRIRIT  (back-to-front)

- TR T ES AR R AR

- (RS E ERERAIFENRDEREWE (minimal amount of input)




245l - OOD

void updateAims(float* aimbir,const AimingData* aim,
Vec3 target, uint count)
{

for (uint 1 = 0; 1 < count; ++1)

' aimbDir[1] = dot3(aim->positions[i1],target) * aim->mod[i];
) }
RSB EHIETE SABl 4 EHE
KEHE DR RYEE LRz BBRFAR

{XRE¥HI7 (standalone) TE S (self-contain)
Bttt Sxisi#ES (like <algorithm>)

TN 174




245l - OOD

void updateAims(float* aimDir, const AimingData* aim,
Vec3 target, uint count)
Eor (uint 1 =05 1 < count; =++1)
. aimbDir[1] =|dot3(aim->positions[i1], target) * @im->mod[1]; ~20
} cycles
. |
ICache — 600 positions — 600 mod - 600 aimDir — 100

% 3 100

N HAERFS UL CRIRTRIFE(RZIRRAT 25% (1900 ~ 7600)



REFHRMLE

HIRE 128 ZFT5HY cache line




Bl R TR IR P

- (RFCET IR, TIAENAS

Favor Size Or Speed Favor small code (fOs)
Omit Frame Pointers Favor small code (f/Os)
Favor fast code (fOt)

Enable Fiber-Safe Optimizations

- BRERD BRI REENR TR FAia] (bound by memory access)

- BT EERIEWES (native data) RTLABRIREMEESE (source data) 7375
= (FLIF% native code F[] source code HB#E)
- AfLURARAN, ATESIEILAE, FHEHIE "wmiE" NIEZERHESA

Not everything needs to be an object.

We are doing games, we (need to) know our data.
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Source data
(Linked List)

Native Data

(Array)

count

position position position position
position position position position
position position position position

position position position position
next

position position position position
next

position position position position

next




20l - BERGFA

Old System

New System
(Linear arrays
and brute force)

0000
e000

—)

3x faster, 1/5 code size, simpler
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3ZX5|A - DOD {£A I3 isfAzNE _EaY=H

BE NIGE TO YOUR MEMORY ©

new / push_back() / insert() / resize()

Where is the memory allocated?
Pre-allocated containers?

Scratch pad?

Lan | resize()/reserve() immediately?

Can | use Optional<I> instead Jf J._[Ptr <[>

Let's nat abandon 00 nor rewrite the world -
Lan | use vectors instead of list / set / map?

Start small, batch a bit, resolve inputs, avoid deep dives, grow from there
Much easer to rewrite a system in a D0 fashion afterwards

| (2010) DICE Coders Day 2010 - AStepTowardsDataOrentation.ppt 6,384 KB



Background of the old culling

32X 5| - DOD {E#BIFHI=H

Data layout '

EntityGridCell
o positions

entitylnfo

struct TransformData

{
half rotation[4];
half minAabb[3];
half pad[1];
half maxAabb[3];
half scale[3];

BATTLEFIELD 3

s (2011) #GDC2011 Battlefield 3 & Frostbite 2 - Culling The Battlefield.pdf
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a2 (2007)

World Renderer

Terrain

Particles

Undergrowth Decas

Meshes Shading system

g Direct3D / libGCM




Bt (2017)

Game Renderer

World Renderer B Post-processing

_ ‘\ Volumetric FX
Terrain
‘ﬁ Particles

‘ ) Decals
’ ‘ Game-specific

rendering features

Undergrowth
N/

Reflections [i Meshes Shading system

Direct3D 11 / Direct3D 12 / libGNM

(Metal / GLES / Mantle)

N

Shadows




Battlefield 4 rendering passes

- reflectionCapture
- planarReflections
= dynamicEnvmap
= mainZPass

= mainGBuffer

= mainGBufferSimple
= mainGBufferDecal
= decalVolumes

= mainGBufferFixup
= msaaZDown

= msaaClassify

= lightPassBegin
= cascadedShadowmaps

= spotlightShadowmaps
- downsampleZ
= linearizeZ

= $Sa0

= hbaoHalfZ

= hbao

= SSI

= halfResZPass
= halfResTransp
= mainDistort
= lightPassEnd
= |ensFlareOcclusionQueries -

mainOpaque

= linearizeZ
= mainOpaqueEmissive

- mainTransDecal

- fgOpaqueEmissive
- subsurfaceScattering
- skyAndFog

= hairCoverage

= mainTransDepth

= linerarizeZ

= mainTransparent
- halfResUpsample
= motionBlurDerive
- motionBlurVelocity
= motionBlurFilter

- filmicEffectsEdge
= spriteDof

- fgTransparent

= lensScope

= filmicEffects
= bloom

= luminanceAvg
= finalPost

= overlay

- fxaa

= Smaa

= resample

= screenEffect
= hmdDistortion




WorldRenderer challenges

Explicit immediate mode rendering

Explicit resource management
- Bespoke, artisanal hand-crafted ESRAM management
= Multiple implementations by different game teams

Tight coupling between rendering systems
Limited extensibility
Game teams must fork / diverge to customize

Organically grew from 4k to 15k SLOC
= Single functions with over 2k SLOC
= Expensive to maintain, extend and merge/integrate

World Renderer

Features

Features

Shading System

Render Context

e

GFX APIs




Goals

- High-level knowledge of the full frame

= Improved
= Decoupled and composable code modules

= Automatic resource management

= Better visualizations and diagnostics




New architectural components

- Frame Graph World Renderer
- High-level representation of
render passes and resources Features Features

= Full knowledge of the frame

) Frame Graph
= Transient Resource System
= Resource allocation Transient Resources Shading System

- Memory aliasing

Render Context

GFX APIs




Frame Graph goals

- Build of the entire frame
= Simplify resource management
- Simplify rendering pipeline configuration

= Simplify async compute and resource barriers
- Allow self-contained and

= Visualize and debug complex rendering pipelines




Frame Graph example

Depth pass

Depth Buffer

Depth Buffer

Gbuffer 1 —
Gbuffer pass . Lighting

Gbuffer 2 /!

Render operations and resources for the entire
frame expressed as a directed acyclic graph

Lighting buffer

Backbuffer
R
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WorldRender/DepthBufferTexture (22 -> 23)
Imported TextureTy
Renderformat_D32_FLOAT_S8_UINT
1920x1080x1

Mips: 1
Refs: 8

e
I
- - =
—_ v = o
-
-_ =
- w»
»
e -
- - - -
- -

[

WorldRender/LinearDepthBufferTexture (3 -> 24)
TextureType_2d |
RenderFormat_R32_FLOAT
1920x1080x1
Mips: 1
Refs: 3

GBufferl (12 -> 19)
TextureType_2d
— | RenderFormat_reGeBBAB_SRGB
1920x1080x1
st

Refs: 2

- -
—
= -
-
= el
- -

/

|

GBuffer0 (18 -> 26)
extureType_2
Renderformat_R10G10B10A2_UNORM
1920x1080x1
Mips: 1
Refs: 6

—
—_
— .
—_—
]
——
- —
= ] -
T -
_'._.' o— — -
= - =
- =
e —— -
=
- - - ; = e
= - S ——
- - e - -
e =
- o - —
] [l -

(NN

Typically see few hundred passes and resources




Resource lifetime view [ 1]

Texture memory view [ 1]
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Frame Graph design

= Moving away from immediate mode rendering
= Rendering code split into

= Multi-phase retained mode rendering API
1. Setup phase
2. Compile phase

3. Execute phase
= Built from scratch every frame

= Code-driven architecture




Frame Graph setup phase

- Define render / compute passes
- Define and resources for each pass

= Code flow is similar to immediate mode rendering

not generating any GPU commands during this phase

all resources are virtual during graph building




Frame Graph resources

Compile
- Render passes must declare all used resources
Execute
= Read
- External permanent resources are to Frame Graph

- History buffer for TAA
- Backbuffer
=—etc




Frame Graph resource example

RenderPass: :RenderPass(FrameGraphBuilder& builder)

{

FrameGraphTextureDesc desc;

desc.width = 1280;

desc.height = 720;

desc.format = RenderFormat D32 FLOAT;

desc. = FrameGraphTextureDesc: :
m_renderTarget = builder. (desc);

RenderPass Render Target




Frame Graph setup example

RenderPass: :RenderPass(FrameGraphBuilder& builder,
FrameGraphResource input,

FrameGraphMutableResource renderTarget)

m_input = builder. (input, readFlags);
m_renderTarget = builder. (renderTarget, writeFlags);

Render Target
(version 2)

RenderPass

Render Target
(version 1)




Frame Graph compilation phase

Compile

. resources and passes
= Can be a bit more sloppy during declaration phase Execute

= Aim to reduce configuration complexity
- Simplifies conditional passes, debug rendering, etc.

= Calculate

- Allocate concrete GPU resources based on usage
= Simple greedy allocation algorithm
= Acquire right before first use, release after last use
- Extend lifetimes for async compute
- Derive resource bind flags based on usage




Sub-graph culling example

Depth pass

Depth Buffer

Depth Buffer
‘ll Gbuffer 1 ‘.

Gbuffer pass Lighting
Gbuffer 2

Gbuffer 3
1
M
Debug output texture is not
consumed, therefore it and the l

render pass are culled

Lighting buffer

Post

Final target




Culling js done automatically

Without 3 hand-written ‘i’

Sub-graph culling example

DiEfolll gt Lighting and postprocessing parts of the
pipeline are automatically disabled
Depth Buffer Depth Buffer J

e B
q 4

Gbuffer pass |
Gbuffer 2 #
/ 1
/

Gbuffer 3

Debug visualization is Debug View Final target
switched on by connecting the

debug output to the back “
buffer node Debug output Move
I




Frame Graph execution phase

Compile

- Execute callback functions for each render pass

. . Execute
- Immediate mode rendering code

= Using familiar RenderContext API
= Set state, resources, shaders

- Draw, Dispatch

- Get GPU resources from handles generated in setup phase




Pass declaration with C+ +

= Could just make a C++ class per RenderPass
- Breaks code flow
- Requires plenty of boilerplate

- Expensive to port existing code

= Settled on
= Preserves code flow!

- Minimal changes to legacy code
= Wrap legacy code in a lambda
= Add a resource usage declarations




Pass declaration with C++ lambdas

FrameGraphResource (FrameGraph& frameGraph,
FrameGraphResource input, FrameGraphMutableResource output)

{
struct
{
FrameGraphResource input;
Resources FrameGraphMutableResource output;
}s
auto& renderPass = frameGraph. (“MyRenderPass",
(RenderPassBuilder& builder, PassData& data)
{
data.input = builder. (input);
Setup data.output = builder. (output).targetTextures[0];
}s
(const PassData& data, const RenderPassResources& resources, IRenderContext*
renderContext)
{
Execute drawTexture2d(renderContext, resources.getTexture(data.input));
(deferred) ;s

return




Render modules

= Two types of render modules:

1. Free-standing functions

= Inputs and outputs are Frame Graph resource handles
= May create nested render passes

= Most common module type in Frostbite

2. Persistent render modules
= May have some persistent resources (LUTs, history buffers, etc.)
= WorldRenderer still orchestrates high-level rendering
= Does not allocate any GPU resources
- Just kicks off rendering modules at the high level

= Much easier to extend
» Code size reduced from 15K to 5K SLOC




Communication between modules

= Modules may communicate through a blackboard
- Hash table of components
= Accessed via component Type ID

= Allows controlled coupling

renderBlurPyramid( createBlurPyramid(

FrameGraph& frameGraph, FrameGraphé& frameGraph,
FrameGraphBlackboard& blackboard) const FrameGraphBlackboard& blackboard)

auto& blurData = blackboard.add<BlurPyramidData>(); const auto& blurData = blackboard.get<BlurPyramidData>();
addBlurPyramidPass(frameGraph, blurData); addTonemapPass(frameGraph, blurData);




Transient resource system

Transient /'tranzient/ adjective
Lasting only for a short time’ impermanent.

Resources that are alive for no longer than one frame
- Buffers, depth and color targets, UAVs
= Strive to minimize resource life times a frame

Allocate resources where they are used

- Directly in /eafrendering systems

- Deallocate as soon as possible

- Make it easier to write self-contained features

Critical component of




Transient resource system back-end

- Implementation depends on platform capabilities
= Aliasing in physical memory ( )
= Aliasing in virtual memory ( )

= Object pools ( )
- Atomic linear allocator for

= No aliasing, just blast through memory

- Mostly used for sending data to GPU -
DX11 PC

- Memory pools for '




Transient textures on PlayStation 4

Depth pass SSAO Gbuffer pass Lighting

Depth Buffer Final output

i Waste due to fragmentation
Gbuffer 1

Gbuffer 2

Gbuffer 3

Lighting buffer

—



Not globajj

y °Ptimized yet
(heap 2»» heap 6)

Transient textures on DirectX 12 PC

Depth pass SSAO Gbuffer pass Lighting Post
Depth Buffer Final output
AO A
Many small
Heap 3 Gbuffer 1 heaps mean
Heap 4 Gbuffer 2 fragmented

address space

Heap 5 Gbuffer 3

<€

Heap 6 Lighting buffer




Transient textures on Xbox One

Depth pass SSAO Gbuffer pass Lighting

Depth Buffer Final output

AO Lighting buffer
A

Gbuffer 1

Light buffer is disjoint in

Gbuffer 2 :
physical memory

Gbuffer 3 v

Lighting buffer




Transient textures on Xbox One

Depth pass | SSAO | Gbuffer pass Lighting

Depth Buffer

Gbuffer 2

Gbuffer 3 o

Lighting buffer ~

_ ) s,
Final output

Physical memory pool

B N N
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Non-aliasing memory layout (720p)




DirectX 12 PC memory layout (720p)

—
LRI T
AL -
NRARRARARAN A ERNA RN R ENA A RN ARNAARNEN BN R RN A A0
_
80 MB total

I
—




PlayStation 4 memory layout (720p)

77 MB total




Xbox One memory layout (720p)

ESRAM

e -

76 MB total

32 MB ESRAM
44 MB DRAM

—




What about 4K~

Non-aliasing memory layout (4K, DX12 PC)

1042 MB total




Aliasing memory layout (4K, DX12 PC)

-d 472 MB total

I
—




Summary

- Many benefits from
- Huge memory savings from resource aliasing
= Semi-automatic async compute
- Simplified rendering pipeline configuration

= Nice visualization and diagnostic tools

are an attractive representation of rendering pipelines
= Intuitive and familiar concept

- Similar to CPU job graphs or shader graphs

- Modern C++ features ease the pain of retained mode API

Check out “(2017) #9dc2017 FrameGraph - Extensible Rendering Architecture in Frostbite.pptx” for further readings
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Thank you

Compiled by Gu Lu @ Seasun Inc.



