Entity Component System

VS
Classic OOP in C++

Kupunn frensepos — BlackHub Games

BLACKHUB
games



CTpyKTypa AoKnaja

e The "World" — GameEngine u C++

o Ha NpUMepe NPOCTOM CUMYNIALMMU

e BapuaHTbl peanusaymnu, Koj, paccyxXaeHus, 3amepbl NPOM3BOAUTENIbHOCTMH
o OO, Entity-Centric, HachegoBaHue
o OO, Entity-Component, ArpermposaHue
o DoD, Entity Component System

* H'eyTeLIJMTeﬂbele BblBO4bl



The "World"

World — 310 MHOXecTBO Entities

e Bat [locTodHHO B ABUKEHUU

e Obstacle CtaTnyHO
MexaHunKa

e [Ipn ctonkHoBeHuM Bat c Obstacle
o MeHAeM HanpaBJ/ieHue

o MeHaeM uBeT

World size: Bats u Obstacles
3



The "World"

[ NnaBHbIN LUKA:

// Main loop

(appIsRunning()) A
world.progress();

render() ;

/* ... Poll events, Swap buffers, ...

e For each frame (60 FPS, e.g.)
o Update the World
= Update the Entities
= Update the Properites

Run on: with Radeon Graphics 3.90 GHz
4



The "World"

Ba3oBble cCBOMCTBA OO BbEKTOB:

Position {
X, Y,

Velocity {
X, Y,

Color {
r, g, b;

Sprite {
Model : { Bat, Tree };

Model model;

Color color opt level, OpenGL, map data directly CPU -> GPU

5




Engine

e [lepe6upaemM 06bEKTbI KaXKbiM Kaap

OO6BbEeKTOB MHOTO

e IMHAMUYECKUU MUP

AMHaMmnyeckme cBOMCTBA
e KOHTEKCTHO-3aBUCUMbIE CBOMCTBA

e KOHTEKCTHO-3aBMCUMOE noBegeHumne

Multiple dispatch — BzanmogencTeme Bcex co BCEMMU

HensbexXHo

e YC/OKHEHME AM3AaUHA

e [lapeHune npon3BoanUTeJ/IbHOCTMU
6



Y10 nepBuYHO ?

AAn3auH boicTpoaeucrTeue
e [MOHATHbIN e bbicTpble Kaapbl
o TUGKMIA o KayecTBO KapTUHKM: AeTannsaumsd, 3pdeKTbl, 60ablon FPS

o JHepro3dm@@EeKTMBHOCTb: "cnaTb" Kak MOXHO vaule

[ rrene s | rrome 2 | prene s | erome s

Oms 50ms 100 ms 15 ms 200'm

Om' 50ms 100ms 150ms 2ee}n

7
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BapunaHTbl peaninsaymm

e Object-oriented. Entity-Centric
o CBOMCTBA M NIOFMKa CrpynnMpoBaHbl B Entity

o HacnepgoBaHue

e Object-oriented. Entity-Component
o CBOMCTBA M ZIOFMKA CrpynnupoBaHbl B Entity
o ArpermpoBaHue

e Data-oriented. Entity Component System

o CBOMCTBA U JIOFMKA HE3AaBMCMMbI



OO, Entity-centric: Uepapxus

Update() =0 |----- IEntity

I

PosabhleEntity

Position: x, y

Update():

pos = pos + velocity x dt |°

/ 3

MovableEntity SpriteEntity

Velocity: x, y Model: Bat | Tree

Upate():
MovableEntity.Update()
+
Avoidance logic:
for each obstacle:
on collision:
bat.velocity = ...
bat.color = obstacle.color

Colox: x, g, b

N

BatEntity ObstacleEntity

~s” ®




OO0, Entity-Centric: Uepapxus

e Bcé ectb Entity
e Hacneayem Entity

TEntity {

~IEntity() =

update

PosableEntity : IEntity {
Position pos;

MovableEntity : PosableEntity {
Velocity vel;

update

SpriteEntity : PosableEntity {
Sprite sprite;

ObstacleEntity : SpriteEntity { };

BatEntity : SpriteEntity, MovableEntity {
update ;

10



OO, Entity-centric: /loruka

MovableEntity: :update
PosableEntity: :update(world);

dt = world.getTimeDelta();
pos.x += vel.x * dt;
pos.y += vel.y * dt;

(vel.x < && pos.x < || vel.x >
(vel.y < && pos.y < || vel.y >

BatEntity: :update
SpriteEntity: :update(world);
MovableEntity: :update(world) ;

&& pos.x > ) vel.x
&& pos.y > ) vel.y

( & entt : world.getEntities()) {

( obstacle = dynamic_cast<
// process collision here ...

ObstacleEntity*>(entt)) {

11



OO, Entity-centric: World

ObstacleEntity , BatEntity guge

Position: x, y Position: x, y
Velocity: x, y
Sprite.Model: Tree Sprite.Model: Bat
Sprite.Colox: x, g, b Sprite.Colox: , g, b
Upate():

MovableEntity.Update()

+
’ Avoidance logic:
for each obstacle:

on collision:

w bat.velocity = ...

bat.color = obstacle.coler




OO, Entity-centric: World

World {

progress {
// clock update here

Entities = std::vector<std::unique_ptr<IEntity>>;

< T>
T& addEntity {
T* entt = T();
_entities.emplace_back(entt);
*entt;

// Update all entities

( & entt : _entities)
} entt->update(* );

Entities& getEntities { _entities; }

getTimeDelta _time_delta.count(); }

Entities _entities;
TimeDelta _time_delta{};

count _entities.size(); }

< EntT>
count
cnt =
( & pe : _entities) {
(nullptr != dynamic_cast< EntT*>(&pe))
++cnt;

cnt;




OO, Entity-centric: TecTbl

World world; Pe3yabTaThl

( i=0; 1« ; ++1i) {
& entt = world.addEntity<ObstacleEntity>(); bes K3WUpoBaHUA Obstacles

entt.sprite = { Sprite::Tree, randColor() }; e Frame delta: 400+ ms X

entt.pos = { frand(), frand() }; on ENCLL 10
X

i=0; 1< ; ++1) Kawnpyem Obstacles
& entt = world.addEntity<BatEntity>();

entt.sprite = { Sprite::Bat, randColor() }; e Frame delta: 175 ms

entt.pos { frand(), frand() }; oJall 1 ' 000 '000 x 20

entt.vel = { frand() * , frand() *

14



OO, Entity-centric: A yto ecam...

* ObstacleEntity:: new

Allocator<ObstacleEntity>::get().alloc_new();

* BatEntity:: new {
Allocator<BatEntity>::get().alloc_new();

{ ... pacnpegenntb Entity no tTunam
ANA yNydlweHUA I0KasIbHOCTH?

Bat memory pool

Obstacle memory pool

15



OO0, Entity-centric: ...

* ObstacleEntity:: new { Pe3yl'l bTaTbl

Allocator<ObstacleEntity>::get().alloc_new();

e Frame delta: 175 ms -> 120 ms
* BatEntity:: new {

Allocator<BatEntity>::get().alloc_new(); JIOKaZIbHOCTb BaxKHa!

Bat memory pool

Obstacle memory pool

16



YTOoHe Tak c OO0 B C++?

An3zanH boicTpoaencTeme
e [ne paHHbIE? e Data locality
e [ne nornka? e Temporal locality
e KaK pacwmpAatTca gaHHble? e Compile-time and run-time optimizations

Kak paclumpseTtca noruka?

Kak cBA3aHbl 06beKThbI?



Y10 He Tak c OOM B C++ ? /ln3auH: AaHHbIE

e Kaxabli 06bEKT — 3TO HabOp pa3HOPOAHbIX AaHHbIX (BKAOYasA vptr)

PosableEntity : IEntity {
Position pos;

MovableEntity : PosableEntity {
Velocity vel;

BatEntity : SpriteEntity, MovableEntity {

e KTo oT KOoro Hacnegyetca? Ecam KpsaKaeT, Kak yTKka — 370 yTKa? 2=

18



Y10 He Tak c OOM B C++ ? /In3amuH: IOrMKa

e He oyeBUAHO, rae peasiM3oBbiBaTb 10rUKY

// Why not ObstacleEntity: :update() ?

BatEntity: :update {
SpriteEntity: :update(world);
MovableEntity: :update(world);

{ & entt : world.getEntities()) {
{ obstacle = dynamic_cast< ObstacleEntity*>(&entt)) {
// process collision here .

19



YtToHe Tak c OO0 B C++?
An3aunH: "Knaccbl-KeHTaBpbl"

e MHOXeCTBO KOHTEKCcTOB And Entity
o Bcemoryuwume "Knaccol-KeHTaBpbl"
= MHOIO Hac/sie40BaHMUA
= MHOIO CeTTepoB/reTTepos

= MHOTI O HeHyHKHO YCOBHOMU JTOFTUKHU




YTOHe Tak c 00N B C++?

/In3aunH: "Knaccbl-KeHTaBpbl"

Vec2F headArmorOffset
ToolUserEntity, Vec2F chestArmorOffset
LoungingEntity, Vec2F legsArmorOffset
ChattyEntity, Vec2F backArmorOffset
DamageBarEntity,
PortraitEntity, movelLeft
NametagEntity, moveRight
PhysicsEntity, moveUp
EmoteEntity { moveDown

jump( ) ;

l
)
’

.
U

position

velocity ; hitOther
interactWithEntity

mouthPosition ; setCameraFocusEntity

mouthOffset ;

feetOffset ; ... more and more ...

Source: https://kyren.github.io/rustconf 2018 slides/index.html
21



https://kyren.github.io/rustconf_2018_slides/index.html

YTto He Tak c OOM B C++ ? bbicTpoAencTBUue

e Pa3zHopogHble AaHHble ANna MHOXecTBa Entity IEntity
A
o bosbwue 06 beKmabl B K3Lle |
o HapylweHue siokasibHocmu |
PosableEntity

Position: x, y

BatEntity {

_vptr_SpriteEntity; VN
Model Sprite.model; (with padding) -
Color Sprite.color; - *-
MovableEntity SpriteEntity
_vptr_MovableEntity; Velocity: x, y Model: Bat | Tree
Velocity Movable.vel; Color:ir ng. b
Ve <7
_vptr_PosableEntity;
String IEntity.name; . )
Position pos; -
BatEntity
~y*

22



YTto He Tak c OOM B C++ ? bbicTpoAencTBUue

64 bytes (typical CPU cache line)

<
\th;r\ model color _vptr - _vptr
\¥ l..:b\‘”
position _vptr m*\mi: _vptr - _vptr
\
s =
position _vptr model colox _vptr
v g™

position _vptr model color _vptx _vptr

23




YTto He Tak c OOM B C++ ? bbicTpoAencTBUue

64 bytes (typical CPU cache line)

W\ model color _vptr - _vptr
—
\&Q\\\\hé;:xhha‘ﬂu
position \\_vptr m'al color _vptr -
e T
- positio ’_vptr model \NJK _vptr
N\
g™ ‘\\
position _vptr model \\\ color _vptx H““::E#I
N
» <
_vptr model colox _vptr

_vptx

position

24




YtToHe Tak c OO B C++?
boicTpoaeucTeme: ONnTMMM3aLmm

° O6'beI<THO-LI,eHTpM‘-IHaFI NOIr'MKa J1IoMaeT ABHbleé M HEABHbIE ONTUMU3AL U

// Ha camom pesne 3pecb HesABHbiMM M x N UuK
BatEntity: :update {
// Which order? Time locality ?
SpriteEntity: :update(world);
MovableEntity: :update(world);

// 06xonq BCEX entity. Kak sABHO KaunpoBaTb ToJibko ObstacleEntity?
// Kak ynyunte npegckasaHusA?
// loop unrolling, SIMD ?
{ & entt : world.getEntities()) {
( obstacle = dynamic_cast< ObstacleEntity*>(&entt)) {
// process collision here ...

25



YToHe Tak c OO0l B C++?
boictpoaencteme: RTTI u umnkAbl

e [TonmopdU3M NpoBoUMpPYET 6€3aYMHO Mcnosib3oBaTb RTTI

BatEntity: :update
SpriteEntity: :update(world);
MovableEntity: :update(world);

{ & entt : world.getEntities()) {

// Ecnn 66 y Hac He 6bi10 RTTI — npuwsiock 6kl rogymaTb Hag AN3aviHOM J1y4lle
{ obstacle = dynamic_cast< ObstacleEntity*>(&entt)) {
// process collision here ...

e Pools no Tmnam Entity cunbHo 6bICTpEe

26






BapunaHTbl peaninsaymm

e Object-oriented. Entity-Centric
o CBOMCTBA M NOrMKa CrpynnmMpoBaHsbl B Entity

o HacnepoBaHue

e Object-oriented. Entity-Component
o CBOMCTBA M 1IOFMKa CrpynnMpoBaHbl B Entity

o ArperuvpoBaHue

e Data-oriented. Entity Component System

o CBOMCTBA U JIOFMKA HE3ABMCMMbI

28



OO0, Entity-Component: Mepapxus

PlacementComp

Position: x, y

SpriteComp 4 >
AvoidanceComp
Model: Bat | Tree > IComponent <J--------- s
Colox: x, g, b = pate():
S v reatel) 0 Avoidance logic:
’," for each obstacle:
o on collision:
,," bat.velocity = ...
MoveComp bat.coloxr = obstacle.colox

Velocity: x, y

Update():
pos = pos + velocity x dt

29



OO0, Entity-Component: Mepapxus

IComponent {

~IComponent() =

update

PlacementComponent : IComponent {
Position pos;

MoveComponent : IComponent {
Velocity vel;

update

SpriteComponent : IComponent {
Sprite sprite;

AvoidanceComponent : IComponent {
update

30



OO0, Entity-Component: World

Entity
Entity {
Components = IComponent x N
std::vector<std: :unique_ptr<IComponent>>;
Update():
update . For each comp:
' comp.Update ()
< Mp_T>
CompT* getComponent { . .
( && comp : _components) { ObstacleEntity BatEntity w
( tcomp = dynamic_cast<CompT*>(&comp))
tcomp; PlacementComp SLEE A
! MoveComp
nullptr; SpriteComp (model = Tree) SpriteComp (model = Bat)
' AvoidanceComp

< m;ﬂ>
CompT& addComponent {
* comp = CompT() ;
_components.emplace_back(comp) ;

( && comp : _components
*comp ;

comp->update(world, * ) ;

{

Entity: :update {
)

Components _components;




OO, Entity-Component: /loruka
Bcé ewe Entity-centric

// Who should include this component?

AvoidanceComponent: :update {
bat_place = entt.getComponent<PlacementComponent>();
bat_move = entt.getComponent<MoveComponent>() ;
bat_sprite = entt.getComponent<SpriteComponent>();

// Still iterate over ALL entities
{ & entt : world.getEntities()) {

// Yes, it's duck-typing
(entt.getComponent<ObstacleComponent>()) {

obst_place = obst.getComponent<PlacementComponent>();

obst_sprite = obst.getComponent<SpriteComponent>();

// process collision here .

32



OO0, Entity-Component: TecTbl

L 1< 20; +41) { Pe3ynbTaThl

& e = world.addEntity();

& sprite = e.addComponent<SpriteComponent>(); e Frame delta: 175 ms -> 269 ms ?

sprite.sprite = { Sprite::Tree, randColor() };
& place = e.addComponent<PlacementComponent>();

place.pos = Position{ frand(), frand() };

i c i< ;++1){
& e = world.addEntity();

& sprite = e.addComponent<SpriteComponent>();
sprite.sprite = { Sprite::Bat, randColor() };

& place = e.addComponent<PlacementComponent>() ;
place.pos = Position{ frand(), frand() };

& move = e.addComponent<MoveComponent>();
move.vel = { frand() * , frand() * }i

e.addComponent<AvoidanceComponent>() ;




OO0, Entity-Component: Pefault RTTI

PlacementComponent : IComponent { Pe3yanaTb|
id = ID_COMP_PLACEMENT; // <-

e 175 ms -> 269 ms -> 90 ms

. >
std: :unique_ptr<IComponent> _components[POOL_SIZE]; A HTO HacHeET ﬂpOMaXOB MO K3WaM:

< CompT>
CompT* getComponent {
// for (auto&& comp : _components) {
// if (auto tcomp = dynamic_cast<CompT*>(&comp))
// return tcomp;
/7 }

static_cast<CompT*>(_components[CompT::id].get());

34



OOIl, Entity-Component: Per-component pools

* PlacementComponent: : new { Pe3y1'l bTaT bl

Allocator<PlacementComponent>::get().alloc_new();

e 90 ms -> 62 ms ¥4

* MoveComponent: :
* SpriteComponent::

* AvoidanceComponent: :

Looks good. But
Bcé ewe Entity-Centric...

35






BapunaHTbl peaninsaymm

e Object-oriented. Entity-Centric
o CBOMCTBA M NOrMKa CrpynnmMpoBaHsbl B Entity

o HacnepoBaHue

e Object-oriented. Entity-Component
o CBOMCTBA M NOrMKa CrpynnmMpoBaHsbl B Entity

o ArperupoBaHue

e Data-oriented. Entity Component System

o CBOMCTBA M NOrMKa HE3aBMCUMbI
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OOI1 vs. Data-oriented Design

The purpose of all programs, and all parts of those programs, is to transform data from one form to another.

— Mike Acton
Object-oriented Data-oriented
Programming (OOP) Design (DOD)
Object Object

Function

Data

\a

Object Object




OOI1 vs. Data-oriented Design

r

OOl

e A0S Array of Structures

e /laHHble pa36pocaHbl NO NaMATH

e J/lorMka npuBa3aHa K 06beKTam
o AGCTpaKumm

e HacnepoBaHue

e /IMHAMMYECKUU NONNUMOPPH3M

e YN06HbIM AN3ANH?

[TpUBbLIYHO

DoD

SoA Structure of Arrays

e /laHHble nocneaoBaTe/IbHbI

e J/lornka npuBA3aHa K NOTOKaM AaHHbIX
o JlaHHble U PYHKLUMH

e ArpermposaHue

e Duck-typing

CKOpOCTb BbINOJIHEHUA

e Heo6bl4YHO

39



OOIl vs. Data-oriented Design

CPU L1 Cache

OOP
‘PtrO nameO | age0 [ptr1|name1 J' E E
DOD

name0 lnamel1 name2 name3

40



ECS (Entity Component System)

ECS — pa3HoBmaHocTb Data-oriented Design

e Component — /laHHble
e System — J/lornka
e Entity — 7?2

TunmdHbin flow:

e /I1NnA KaxXa0M CUCTEMDI

o Jlenaem BbIGOPKY HYXHbIX KOMMOHEHTOB (Y€M MEHbLIE TUMNOB B BbIGOPKE — TEM
nyyue)

o Kawmnpyem ABHO (€CNM HYXKHO) BbiIOpAHHbIE KOMIMOHEHTDI

o MpousBoagnm TpaHchHOpMaL MU KOMNOHEHTOB

41



ECS (Entity Component System)

Components Systems

[ Position J[ Position ] [ Position

hh%““tn[ﬁouement: pos = pos + velocity x df]
™ I //
Velocit Velocit
\ . ’ J : L y \ ﬂvnidance: )
, : %E“ah for each bat x obstacle:
i Sprite: 1 Sprite: [ sSprite: B on collision:
) model = Bat 5 model = Tree | model = Bat bat.velocity = ...

\ bat.coloxr = obhstacle.colox /

] |
Entities: there is no entity only Id '! ’! ’?
42




ECS: World on Flecs

Bat {}; // Just a tag
Obstacle {}; // Just a tag

flecs::world world;

world.component<Position>();
world.component<Velocity>();
world.component<Sprite>();
world.component<Bat>();
world.component<Obstacle>();

world.system<Position, Velocity>( )
.each([&]( flecs::iter& it, row, Position& p, Velocity& v) {
p.x += v.x * it.delta_time();
p.y += v.y * it.delta_time();

(v.x < && p.x < bounds.x@ || v.x > && p.x > bounds.x1) v.x
(v.y < && p.y < bounds.y@ || v.y > && p.y > bounds.y1) v.y

1)

world.system( ) .run(avoidanceSystem) ;




ECS: TecTbl

{ i=20;1«< ;i) A

world.entity()
.add<0Obstacle>()
.emplace<Sprite>(Sprite::Tree, randColor())
.emplace<Position>(frand(), frand());

{ i=0; 1< ; ++i) {

world.entity()
.add<Bat>()
.emplace<Sprite>(Sprite::Bat, randColor())
.emplace<Position>(frand(), frand())
.emplace<Velocity>(frand() * , frand() *

);

e 62ms->47 ms ¥4

44



ECS: Memory layout

Memoxry Layout

Sparse Sets:

- EnTT

Beast (Boost.ECS)
EntityX

Anax

Axchetypal

Flecs

Unity ECS

OpenECS

Godex (Godot Engine ECS)

45



ECS: Memory layout, Sparse Sets

e [IpocTo, [lobaBneHue/yganeHme — geweBo, 06xoa scex Entity — cache misses

Pool<Position> 1 2 3 4

Pool<Sprite> 1 2 3 4

s |[aen [ @ [ |[aen

Array<(Id, Mask)> | |;,. 4 Id: 2 Id: 3 Id: 4
Mask: 0b111 Mask: 0b101 | |Mask: 0b111 Mask: 0b111




ECS: Memory layout, Archetypal

e Taban4yHoe npeacTtaBneHue aaHHbix (Tabamua — Apxetun, lMons — KOMMNOHEHTHI)
e 06xo0pa BCcex Entity ¥ KOMNOHEHTOB 60/1€€ NNIOTHbIU — > MEHbLLE NPOMaX0B

e [pu nob6aBneHUU/yaaneHmMm KOMNOHEHTA —> NEPEMELLEHUE B APYrOM apXeTun

Archetype m Archetype ,

Dense<Position> 1 2 3 Dense<Position> 1

Dense<Sprite> 1 2 3 Dense<Sprite> 1




MHoronoTto4yHocTb: OO

OcHoBHasa npobaema OOl n Shared State -
pa3HOpPOAHbIe AaHHbIe U JIOFUKa CBA3aHbl BHYTPU OOBEKTOB, YTO NPUBOAMUT K:

e [OHKM NP1 OAHOBPEMEHHOM A0CTYNE U3 pa3HbIX MOTOKOB
e Heo6XxoaAMMOCTb B 610KMPOBKax — 3aMeaieHme

e Cache Coherency Overhead, False Sharing, Cache Trashing

ECS pewaeT 3T npobaembl 6narogapsa Systems, paboTaloWwmMm oTAEIbHO OT
Components.
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MHoronoto4yHocTb: ECS

Job workers

Pool<Position>
Read-Write

MovementSystem

fun: pos = pos + velocity x dt

(fun,
(fun,

@, -)
(3, 4), )

Flecs:

world.system<Position, Velocity>()
.multi_threaded(true)
.each([](Position& p, Velocity& v) {
p.x += v.x * dt;
p.y += v.y * dt;

1),
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HeyTewnTenbHblie BbIBOAbI

r

OOl

e Frame delta: 175 ms
o Cache misses
o Multithreading — Hard

e [TOHATHbIM AM3aMH? COMHUTENIbHO
o /laHHblIe U IOrMKa CMeLlaHbl
o "Knaccbl-KeHTaBpbl"

= HacneposaHue

Vg

ECS

e Frame delta: 47 ms
o Cache friendly
o Multithreading — Easy

e [TOHATHbIN AM3aMH? COMHUTENIbHO
o /laHHble 1 IOTMKa pa3aeieHbl
o He3aBMCMMble KOMMOHEHTHI

= ArperupoBaHue

J

\.

e /In3anH onpegenseT NpoM3BOAUTENIbHOCTb?

« 00N [ HacnegosaHue [ Custom pool allocators [f] komnpommcc? 62 ms
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Cnacm60 3a BHMMaHue!

ﬂ @ProgDevil

ﬂ t.me/BlackHubG

BLACKHUB
games


https://t.me/ProgDevil
https://t.me/BlackHubG

MaTtepuanbl

® "Entity Component Systems & Data Oriented Design",_Aras Pranckevicius

® "Using Rust for Game Development" Catherine West (@Kyrenite),

® "lpakTuKka npumeHeHmna C++ B UTPax U UTPOBbLIX ABUXKKax", AHTOH AKkoBsieB

® "Get Started with the Unity Entity Component System (ECS), C# Job System, and Burst Compiler"

® "Data-Oriented Design and C++" Mike Acton, CppCon 2014

® “O0P IsDead, long live Data-oriented Design”, Stoyan Nikolov, CppCon 2018

® "Data-Oriented Design (Or Why You Might Be Shooting Yourself in The Foot With OOP)", Noel Llopi

® "Typical C++ Bullshit slide gallery", Mike Acton

® "Data-Oriented Design blog post & links",_Adam Sawicki



http://aras-p.info/texts/files/2018Academy%20-%20ECS-DoD.pdf
https://kyren.github.io/rustconf_2018_slides/index.html
https://cppconf.ru/archive/2024/talks/9d128249c94c4c15bc024497e53bc125/
https://www.intel.com/content/www/us/en/developer/articles/guide/get-started-with-the-unity-entity-component-system-ecs-c-sharp-job-system-and-burst-compiler.html
https://www.youtube.com/watch?v=rX0ItVEVjHc
https://www.youtube.com/watch?v=yy8jQgmhbAU
https://gamesfromwithin.com/data-oriented-design
https://docs.google.com/presentation/d/17Bzle0w6jz-1ndabrvC5MXUIQ5jme0M8xBF71oz-0Js/present?slide=id.i0
https://macton.smugmug.com/Other/2008-07-15-by-Eye-Fi/n-xmKDH/i-BrHWXdJ
http://www.asawicki.info/news_1422_data-oriented_design_-_links_and_thoughts.html

GitHub



https://github.com/SanderMertens/flecs
https://github.com/skypjack/entt

