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Infroduction I.

23 years old

M.Sc. Student in Computer
Engineering at Budapest University of
Technology and Economics (BME

B.Sc. In Computer Science from
E6tvos Loradnd University (ELTE),
graduated in 2025.

Planning to continue with a Ph.D. in
the field of computer graphics.

Started exploring computer graphics
and game engine development
during university.

Currently focused on modern
rendering techniques, GPU-driven
rendering, high-performance engine
architecture and data-oriented
design.

Developer of the Synapse Engine, a
modern experimental AAA-style
game engine.




Infroduction |l.

Originally started as my M.Sc thesis project, but it quickly evolved into something much larger.

To provide a modern AAA-style research oriented platform for universities and computer graphics
researchers.

This engine enables rapid prototyping, benchmarking, and evolution of new rendering techniques without
the complexity of multi-million-line production engines.

To offer studios and engine developers a clean, modular environment for experimenting with modern
graphics technologies.

To bridge the gap between academic research and production-quality engine architecture.

To create an educational resource, demonstrating modern engine design, data-oriented programming,
GPU-driven rendering and software architecture.

To help students and enthusiasts understand how modern game engines can be built from scratch.

To establish a long-term research platform for future Ph.D. work and the development of novel rendering
techniques.
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Discovered OpenGL and real-time graphics during my
B.Sc. Studies.

Became deeply interested in graphics programming and
spent countless hours studying LearnOpenGL, also
created 2-3 engine implementations.

Developed my first data-oriented OpenGL engine as my
B.Sc. Thesis, which is publicly available on GitHub and
received a special award.

Started exploring Yulkan during my M.Sc. Studies and built
the first version of Synapse Engine while learning modern
techniques.

(The original implementation sfill available on vi-engine-
old branch.)

In early 2026, | decided to rewrite the engine completely
from scratch, applying everything | had learned about
engine architecture, data-oriented design, and modern
rendering.

Before writing the new version, | spent nearly two months
designing and refining the architecture to ensure a solid
long-term foundation.

Approximately 6-7 months later (10-12 hrs daily), the
current version of Synapse Engine was completed.

Development was significantly accelerated using Al
(Gemini Pro Student),
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Infroduction V.

LearnOpenGL : An outstanding introduction to OpenGL and real-tfime graphics.
Vulkan Tutorial . A fantastic resource for learning Vulkan from the ground
up.

Vulkan Guide : An invaluable reference for modern Vulkan development and

best practices.

Alan Wake 2 - GPU Driven Rendering : The single most influential
resource behind the Synapse Engine. It fundamentally shaped my understanding of modern GPU-driven
rendering and large-scale engine architecture. Without this presentation, the engine would likely never
have reached its current form.

Special thanks to my supervisor, , for his guidance and support throughout this project.

Dendrite Engine (B.Sc. Thesis — OpenGL engine):

Synapse Engine (Original implementation) :

Synapse Engine (Current version) :
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Object-Oriented
Programming
Memory Model

o | o
fte

Scattered Memory Layout

Poor cache locality and

ineffective prefetching “

P o
. . Entity
Virtual function calls and T ‘ m

deep inheritance intfroduce
Entity

overhead

Difficult to parallelize
effectively across multiple
CPU cores




Object-Oriented
Entity-Component- e i

public:
Sys-l-e m virtual ~Component() = default;
}s

class TransformComponent : public Component {
public:
glm::vec3 position{@.0f, ©.0f, 0.0f};
glm::vec3 rotation{@.06f, 0.0f, 0.06f};
glm::vec3 scale{1.0f, 1.06f, 1.6ef};

MOTCheS hOW developers glm::mat4 transform{l.0f};
c }s

think, not how modern CPUs

execute code

class Entity {

blic:

. ope i t;mplate <typename T, typename... Args>
S|gﬂ|f|COﬂﬂy S|OW€I’ dCITO T A??Component(Args&&... args) {
access )
sl oI U Cy il

I veie
}

Object-by-Object update template <typename T>

model is difficult to optimize e

}
Poor scalability with increasing private:

5 std: :unordered_map<std::type_index, std::unique_ptr<Component>> components;
enfity counts b

synchronization




Data-Oriented
Entity-Component-
System |I.

using EntityID = uint32_t;

struct TransformComponent {
glm::vec3 translation{@.0f, 0.0f, 8.ef};
glm::vec3 rotation{@.ef, 0.0f, 0.0f};

EnTITleS: UnSigned lnTeger glm::vec3 scale{1.0f, 1.0f, 1.ef};
idenhﬁers glm; ;mattl tr‘ansfon:*m{i.(a;‘};, '
(UINT32_MAX = invalid entity) »

std::for_each(std::execution::seq, denseEntities.begin(), denseEntities.end(),

Components: Plain data [&](EntityID entity) {
. o o size_t denseIndex = sparse[entity];
STI’UCTUI’eS, IﬂherITOﬂCG N TransformComponent& transformComponent = denseComponents[denseIndex];
°
O”O\Ned' bUT no VIrthl glm::mat4 localMat = glm::translate(glm::mat4(1.8f), transformComponent.translation);
functions” localMat = glm::rotate(localMat, glm::radians(transformComponent.rotation.z), glm::vec3(9, @, 1));

localMat = glm::rotate(localMat, glm::radians(transformComponent.rotation.y), glm::vec3(9, 1, 0));
localMat = glm::rotate(localMat, glm::radians(transformComponent.rotation.x), glm::vec3(1, 0, 9));

SYSTemS: OperOTe Oﬂ SpeCiﬂC localMat = glm::scale(localMat, transformComponent.scale);
component types, updating
them and performing logic »;

transformComponent.transform = localMat;

Memory Model: Components
of the same type are stored
contiguously in memory!!




Data-Oriented
Entity-Component-
System |l.

Sparse Index Array with gaps,
and a tightly packed Dense
index array

Bidirectional mapping
between Sparse and Dense
arrays

Entity Ids index directly into
the Sparse array

The dense array can be
paired 1:1 with any arbitrary
data array

In my case: Component
Storage + Bitmask

[11112[1141515

= UEEOEEE0

Dense

Index List 3 0 7

Components [DataIDataIData]

L
e (o oo

https://skypjack.github.io/
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Entity-Component- ey (o [1]2]sla]s ][]
System lll.

i l l
wote Lo [

Dense component storage
excellent cache locality and
hardware prefetching

True O(1) lookup and accessl! Dense 3 0 7
. : b Index List
Easy to parallelize by iterating
over the dense array l l l
Independent systems
(component pools) can run fully
in oarallel Components Data | Data | Data
Compact data layout enables
efficient CPU/GPU synchronization
Both Sparse and Dense arrays Bitflags sit | Bit | Bit

can be uploaded directly to the
GPU!!




Data-Oriented
Entity-Component-
System IV.

Replacing std::execution::seq with
std::execution::par parallelizes a
system with minimal code
changes

Good for quick wins, but not ideadl
for production game engines.

No control over scheduling,
thread affinity, or worker count!!

Use a custom thread pool (~ one
worker per CPU core) for
maximum performance

Split work info chunks and
schedule them as jolbs.

Taskflow: provides excellent task
scheduling and dependency
management

std::forfeachlstd::execution::parJ denseEntities.begin(), denseEntities.end(),
[&](EntityID entity) {

size_t denseIndex = sparse[entity];

TransformComponent& transformComponent = denseComponents[denseIndex];

1

glm::mat4 localMat = glm::translate(glm::mat4(1.0f), transformComponent.translation);

localMat = glm::
localMat = glm:
localMat = glm:
localMat = glm:

rotate(localMat, glm::radians(transformComponent.rotation.z), glm::vec3(@, 0, 1));

:rotate(localMat, glm::radians(transformComponent.rotation.y), glm::vec3(e, 1, 0));
:rotate(localMat, glm::radians(transformComponent.rotation.x), glm::vec3(1, 0, 8));
:scale(localMat, transformComponent.scale);

transformComponent.transform = localMat;




Data-Oriented
EﬂTlTy—COmponenT_ Entity ID
System V.

Sparse
Index List
Append the new component
and entity to the end of the sl
dense arrays.
Update the corresponding Add Component To Entity No. 5

entry in the sparse array
| tionis t O(1 ludi G
rre]soellrolgg’rlisorqt)Je QUL Entity ID [ 0 I 1 [ 2 I 3 I 4 J 5 [ 6 I 7 ]

The dense array remains J J
SEane

Y Y

compact and cache-friendly

Sparse
Index List

No shifting or reordering of
existing elements is required!!

Dense
Index List




Data-Oriented
Entity-Component-
System VI.

Entity ID

Sparse
Index List

Dense

Swap the element to remove with Indle List
the last element in the dense
arrays.

The removed element is now at
the end and can be erased with
a single pop_back

Update the sparse array: Mark the
removed entity as invalid and
remap the swapped entity to its
new dense index.

Entity ID

Sparse
Index List

Removalis also frue O(1)

Only one element is relocated,
keeping reordering to a o
minimuml! Index List




Data-Oriented #j
Entity-Component- znity 0 [11 3E 1114 [s]e l

System VII.

ot L e ]

The sparse array grows with the
maximum entity ID, leaving

unused memaory for aaps Dense

; 3 0 7
This is more noticeable on the Inaes Liat
GPU, but even 1 million entities
only require a few MB
Dense iteration is highly efficient,
but not every component needs Components [Data Data Data]
to be updated every frame

components should be

Ideally, only modified or ,,dirty” l l l
processed.

Bitflags Bit | Bit I Bit




Data-Oriented
Entity-Component-
System VIII.

Split the sparse array into fixed-
size pages (1024 entities per
slele[S)

Allocate a page only when it

contains at least one component.

Completely empty pages
consume no memory, a good
trade-off when memory usage is
the primary concern!

Extra level of indirection and
page-to-dense index calculation.

Overhead on both CPU and GPU

In this engine, the standard flat
sparse set is used!!

Entity ID

Sparse
Index List

Dense
Index List

Page 1

JE 01
l

dEEn




Data-Oriented
Entity-Component-
System IX.

State flags provide a lightweight
communication channel
between systems.

Update Bit: Marks a component
that needs to be processed.

Changed Bit: Indicates the
component was modified,
enabling hierarchical/dependent
updates.

Additional flags: Queued, custom
states or engine-specific flags.

If no entity has changed, the
entire pool can be skipped
without iterations.

Entity ID

Sparse
Index List

Dense
Index List

Components

Bitflags

3 0 7

L1
o ouone)

N

Bit I Bit I Bit




Data-Oriented
Entity-Component-
System X.

Entity ID 0 1 2 3 8 5 6 7 8 9 10

Imagine we have 1 million

entities, even if most iterations Sparse
exit immediately due to the Index List
bitflag optimization, scanning

the entire array is way too

expensive...
lteration cost should scale with Liense
Index List
the amount of changed data,
not total entity/component T T
count Static End Dynamic End Stream End

Idx: 2 Idx: 5 Idx: Last

Partition the dense array into
update-frequency segments.




Data-Oriented
Entity-Component-
System XI.

Components that rarely change.

Changed entfities are appended to a
dedicated dirty index array.

An atomic counter tracks the number
of dirty entries.

Only the dirty array is iterated during
updatesl!

Components that change
occasionally.

Uses per-component bitflags
(Update/Changed...)

Uses a pool-level dirty flag to skip the
entire segment when unchanged.

lterates the segment and updated
only flagged components

Entity ID

Sparse
Index List

Dense
Index List

T

Static End Dynamic End Stream End
ldx: 2 ldx: 5 Idx: Last




Data-Oriented
Entity-Component-
System XIl.

Entity ID 0 1 2 3 8 5 6 7 8 9 10

Components updated every frame.
No dirty tracking or filtering.

The entire segment is processed ,nsd%irifst
every frame. (Physics, Animation,
Scripting...)
Two boundary indices, stafic-end Dense
and dynamic-end define the Index List
segment ranges T T
Static End Dynamic End Stream End
These boundaries are updated ldx: 2 ldx: 5 ldx: Last

when components are added, | | I
removed or change update
frequency.
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Entity-Component-
System XII.

Worst case: only 2 swaps are
required

Insert the new component at the
end of the dense array (end of
stream region)

Swap it with the first element of the
stream region (dynamic-end + 1)
and update the boundary

Swap it with the first element of the
dynamic region (static-end + 1)
and update the boundary

The new component is finally at the
end of the static region, preserving
the segmented layout.

Dense
Index List

Dense
Index List

Dense
Index List

Swap

¢ R
B e - -]
1 ) 1

Static End
Idx: 2

Dynamic End
Idx: 5

Stream End
Idx: Last

L2 [ ]

L]

T

Static End
Idx: 2

_ 0NN
1

7
Dynamic End
Idx: 6

Stream End
Idx: Last

BEE

|- E

Static End
Idx: 3

e - (- )
T f

Dynamic End
Idx: 6

Stream End
Idx: Last
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Entity-Component- oenee [fi [a_f', [s] e]s]o]n

SYSTem le. Stia;i‘ctind Dynﬁ’rI_i%End Stlzeaiz E?d
Swap:

Worst case: only 3 swaps are onse
required IngexList [710[312[511[6}8‘9]10’
Swap the element to remove with Static End DynarIic End Stream End
the last element of the static region 2 0 o Last
and update the boundary -
Swap it with the last element of the Dense
dynamic region and update the Index List [ ! I 0 I 3 I 6 l ° I ! ] 2 ‘ 8 J ° [10 ’
boundary.

Static End Dynamic End Stream End
Swap it with the last element of the 2 o o et
stream region, moving it to the end
of the dense array.
Remove the element with a single index List [ & I : 1 3 I 6 I > T 1 } "’J ° [ ° 1 i ]
pop_back() operation. ) )

Static End Dynamic End Stream End

Idx: 2 Idx: 5 Idx: Last




Data-Oriented
Entity-Component-

Table 1: Performance comparison between the Custom Seg-

SYSTG m Xv d mented ECS (Synapse) and EnTT. CPU time in ms (lower is
better).
0 ti Entiti S EnTT
Compared against ENTT, the i i yRapeELI) il
benchmark shows similar overall Add 100k 6.08 2.99
performance. IM 59.66 35.59
In the engine update loop, this ECS Remove 100k 231 3.29
performs better due to native
. ; IM 26.18 37.01
support of §’ro’rlc/dynomlc/s’rreom
segmentation. Iterate (Seq) 100k 0.24 0.20
Test Setup: 1 million entity, 70/20/10 IM 2.46 2.25
distribution. Iterate (Par) 100k 0.25 0.25
EnTT overhead was minimized as IM 2.15 2.26
well, using flags to disable checks -
and runtime overhead. Engine Update 100k 0.11 0.14

IM 1.15 1.76

This ECS is purpose-built for this
engine, allowing more aggressive
optimizations and better update
performancell




Data-Oriented
Entity-Component-
System XVI.

Entity ID ‘ 0 1 2 3 4 5 6 7

No virtual functions, zero runtime Sparse [ ‘1' I I I ‘0' ] I I ‘2' ] o
polymorphism overhead Index List D e } Mapping
Highly modular architecture,
mapping and storage layers must
be replaceable independently
_ , , Dense Fixed N
Support multiple implementations: Il Lt "
Pool
Mapping: Flat/Paged
X Y Y Y

S’rorog.e. FIOT/SegmenTed Components [DataIDataIData} » Optional >“ Storage
Support different use cases:

Sparse Set indexing layer only Vol

Data stroage without bitflags Bitflags [ Bitl Bit I Bit } » Optional ) D

Bitflags without component data
Full data and bitflag storage

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin
e/Registry




Data-Oriented
Entity-Component-
System XVII.

Provides compile-time polymorphism
without virtual functions.

The derived class is passed as the
template parameter.

Base class forwards calls to the derived
implementation using static_cast.

Function calls are resolved at compile
time, zero runtime overhead.

Concepts enforce the required
interface at compile timel!

SparseVectorMapping and
SparsePagedMapping both implement
the same CRTP interface, any
mapping type can be used as long as
it satisfies MappingConstraint.

template<typename T>
concept MappingConstraint = std::is_base_of_v<MappingCRTP<T>, T>;

template<typename Derived>

struct MappingCRTP

{
SYN_INLINE void Set(EntityID entity, Denselndex index) { static_cast<Derived*>(this)->Set(entity, index); }
SYN_INLINE DenselIndex Get(EntityID entity) const { return static_cast<const Derived*>(this)->Get(entity); }
SYN_INLINE void Remove(EntityID entity) { static_cast<Derived*>(this)->Remove(entity); }
SYN_INLINE bool Contains(EntityID entity) const {

I

class SYN_API SparseVectorMapping : public MappingCRTP<SparseVectorMapping>
{
public:
SYN_INLINE void Set(EntityID entity, DenseIndex index);
SYN_INLINE DenseIndex Get(EntityID entity) const;
SYN_INLINE void Remove(EntityID entity);
SYN_INLINE bool Contains(EntityID entity) const;
private:
std: :vector<DenseIndex> _indices;

I

class SYN_API SparsePagedMapping : public MappingCRTP<SparsePagedMapping>
{

SYN_INLINE void Set(EntityID entity, Denselndex index);

SYN_INLINE DenseIndex Get(EntityID entity) const;

SYN_INLINE void Remove(EntityID entity);

SYN_INLINE bool Contains(EntityID entity) const;
private:

std::vector<std: :unique_ptr<DenseIndex[]>> _pages;

HH

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin
e/Regqistry/Pool/Mapping

return static_cast<const Derived*>(this)->Contains(entity);

}




Data-Oriented
Entity-Component-
System XVIII.

Mixins allow optional features to be
composed at compile tfime.

Storage can be configured with any
combinations of features:

Data-Only / Flags-Only

Data + Flags / No extra storage

Unused functionality is replaced with
empty implementation, compiler
eliminates these calls during
optimization!!

DataMixin<T>: provides component
storage

FlagMixinPolicy: provides flo?
storage (atomic, bitset, uint flags!!)

Features are composed through
inheritance at compile timell

template<typename T>
struct DataMixin
{
public:
SYN_INLINE void PushData(T&& value);
SYN_INLINE void PopData();
SYN_INLINE void SwapData(DenselIndex a, Denselndex b);
protected:
std::vector<T> _data;

Iy

template<>
struct DataMixin<void»
{
template<typename U>
SYN_INLINE void PushData(U&&) {}
SYN_INLINE void PopData() {}
SYN_INLINE void SwapData(DenseIndex, DenseIndex) {}
I

template<typename T, typename FlagMixinPolicy = NoFlagMixin> requires FlagMixinConstraint<FlagMixinPolicy>
class StorageBackend : public DataMixin<T>, public FlagMixinPolicy
{
public:
template<typename U = T> requires (!std::is_void_v<U>)
SYN_INLINE void PushBackend(EntityID entity, U&& value);
protected:
std::vector<EntityID> _entities;

I

template<typename T, typename FlagMixinPolicy> requires FlagMixinConstraint<FlagMixinPolicy>
template<typename U> requires (!std::is_void_v<U>)
SYN_INLINE void StorageBackend<T, FlagMixinPolicy>::PushBackend(EntityID entity, U&& value)
{

_entities.push_back(entity);

this->PushData(std::forward<U>(value));

this->PushFlag();
}

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engine/Registr
y/Pool/Storage/Mixin




Data-Oriented
template<typename T>
| IA .l...I. ( : : I_. —~ I_ I_ _I_ concept StorageConstraint = std::is_base_of_v<StorageCRTP<T, typename T::ValueType>, T>;
I y p O e template<typename Derived, typename DataType>

struct StorageCRTP
{
S e | ' . template<typename U = DataType> requires (!std::is_void_v<U>)
° SYN_INLINE U& Get(DenseIndex index) { return static_cast<Derived*>(this)->template Get<U>(index); }

templatectypename U = DataType> requires (!std::is_void_v<U>)
SYN_INLINE void Push(EntityID entity, U&& value) { static_cast<Derived*>(this)->Push(entity, std::forward<U>(value)); }
I

templatectypename T, typename FlagMixinPolicy = NoFlagMixin>
class FlatStorageImpl :

StorageBackend provides the Flatst L
. . public StorageBackend<T, FlagMixinPolicy>,
Common Sforgge fUnCTlonO“Ty public StorageCRTP<FlatStorageImpl«T, FlagMixinPolicy>, T>

{
using Base = StorageBackend<T, FlagMixinPolicy>;

CRTP defines a common interface public:
WiTh Zero rU nTime Overhe(]d template<typename U = T> requires (!std::is_void_v<U>)

SYN_INLINE U& Get(DenseIndex index);
F|OTSTOI’Oge|mp| iS O Thin Wr(]pper template<typename U = T> requires (!std::is_void_v<U>)

SYN_INLINE void Push(EntityID entity, U&& value);
around the backend. b

templatectypename T, typename FlagMixinPolicy = SimpleFlagMixin>
class SegmentedStorageImpl :
public StorageBackend<T, FlagMixinPolicy>,

SegmentedStoragelmpl extends the
bOCkend WiTh OddiTiOhOl |OgiC, public StorageCRTP<SegmentedStorageImpl<T, FlagMixinPolicy>, T>

{

using Base = StorageBackend<T, FlagMixinPolicy>;

adding the static/dynamic pointers, .
Ond The dirll-y ”ST Ond Ofomic COU nfer puuli:;platedypename Uu="T> requ%res (!std::is_void_v<U>)
for .I.he S.I.O.I.ic region. SYN_INLINE U& Get(DenseIndex index);

template<typename U = T> requires (!std::is_void_v<U>)

NeW STOI"Qge implemen.l.o.l.ions (Only pmt::':;ETLINE void Push(EntityID entity, U&& value);
Static/Dynamic no stream, or s e

making more regions...) can be S il % )i
added without modifying the ECS t

corell https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engine/Registry/P
ool/Storage/Core




Data-Oriented
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requires StorageConstraint<StoragePolicy>&& MappingConstraint<MappingPolicy>

class Pool :
public StorageTraits<StoragePolicy>::template Extension<Pool<T, StoragePolicy, MappingPolicy>>,
public MappingTraits<MappingPolicy>::template Extension<Pool<T, StoragePolicy, MappingPolicy>>

template<typename U = T> requires (!std::is_void_v<U>)
SYN_INLINE void Add(EntityID entity, U&& value);

template<typename U = T> requires (!std::is_void_v<U>)
SYN_INLINE U& Get(EntityID entity);

The Pool synchronizes the Mapping private:
ond Sforoge |Oyer5. StoragePolicy _storage;

MappingPolicy _mapping;

External code interacts only with the b

POOI' nO'I' 'I'he |nd|\/idUO| Mopping or temp%ate<typename ty?ename StorageF_’olicy, type?ame Mappir‘\gPelicy? .

Storage implementation!! el apbplenl oy e i

The Poo| pro des q 5ng|e n'fed SYN_INLINE void Pool<T, StoragePolicy, ﬁappi;gPolicyx:Add(EntityID entity, U&& value)
\ I , Unitl {

SYN_ASSERT(!_mapping.Contains(entity), "Entity already has this component™);

InTerfdce Whlle remclnlng fU”y _storage.Push(entity, std::forward<U>(value));
mOdUk]r. _mapping.Set(entity, static_cast<DenseIndex>(_storage.Size() - 1));
}

template<typename T, typename StoragePolicy, typename MappingPolicy>
requires StorageConstraint<StoragePolicy> && MappingConstraint<MappingPolicy>

DifferenT MOppIng Ond Sforoge template<typename U> requires (!std::is_void_v<U>)
|mp|emenTOTlonseXpose The|r OWH SYN_INLINE U& Pool<T, StoragePolicy, MappingPolicy>::Get(EntityID entity)
specialized functionality. t

Ideally, these functions should also :
be accessible through the Pool
without exposing its internal
implementation!!

return _storage.Get(_mapping.Get(entity));

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin
e/Registry/Pool




template<typename PoolType>
struct DefaultStorageExtension {};

Data-Oriented
Entity-Component-
System XXI. g

using Extension = DefaultStorageExtension<PoolType>;
IH

templatectypename DerivedPool>
struct SegmentedStorageImplExtension

{
private:
The POO' exposes Only The SYN_INLINE DerivedPool& AsDerived() { return static_cast<DerivedPool&>(*this); }

fUﬂCTIOI’]O“Ty SUppOTTed by i.I.S pUb:li\cr’h:l_lrlells.‘E const DerivedPool& AsDerived() const { return static_cast<const DerivedPool&>(*this); }

SeleCTed pO“CIeS- SYN_INLINE void SetCategory(EntityID entity, StorageCategory newCat)
{

.EOCh MOppir)g/SforOge ] . g:;iﬁs?:gi(;oii?égirﬁz;z;g().Contains(entity), "Entity not in pool");
implementation can provide its own
Pool extension.

const Denselndex index = pool.GetMapping().Get(entity);

pool.GetStorage().SetCategory(index, newCat, [&pool](EntityID movedEntity, DenseIndex newIndex) {
pool.GetMapping().Set(movedEntity, newIndex);

Hi

StorageTraits selects the correct
extension at compile fime. g

template<typename T>

No Viri-ual functionsl no runi-ime :truct StorageTraits<SegmentedStorageImpl<T>>

dispatch, and no overhead. SR et e

}

. N N using Extension = SegmentedStorageImplExtension<PoolType>;
Everything is resolved at compile g

‘l'ime. templatectypename T, typename StoragePolicy, typename MappingPolicy»

requires StorageConstraint<StoragePolicy>&& MappingConstraint<MappingPolicy>

class Pool :

public StorageTraits<StoragePolicy>::template Extension<Pool<T, StoragePolicy, MappingPolicy>>,
public MappingTraits<MappingPolicy>::template Extension<Pool<T, StoragePolicy, MappingPolicy>>
{

The SegmentedStoragelmpl injects )

SetCategory() directly into Pool. : - : : . . .
https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engine/Registry/Po

ol/Storage/Extension




Data-Oriented
Entity-Component-
System XXII.

The Registry owns and manages
all component Pools.

Each component type is
associated with its own Pool.

Active entities are stored in a
Sparse Set, providing true O(1)
lookup!!

The Pools themselves are stored
in a Data-Only Pool. (No flags are
required)

How do we map a component
type to its Pool safely across DLL
boundaries?

class SYN_API Registry

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin

e/Registry

{
public:
template<typename T>
using DefaultPoolType = ComponentPool<T>;

template<typename T»>

using WrapperType = PoolWrapper<DefaultPoolType<T>>;
public:

template<typename T>

void AddComponent(EntityID entity, T&& component);

template<typename T>
void RemoveComponent(EntityID entity);

template<typename T>
T& GetComponent(EntityID entity);

private:
EntityID _entityCounter = 0;
std::vector<EntityID> _freeEntities;
SparseSet _activeEntities;
DataPool<IPool*> _pools;

}i




Data-Oriented
Entity-Component-
System XXIII.

The first access registers the
component type in the global
TypeManager.

Registration is synchronized and
relatively expensive, but happens
only once per type.

The assigned TypelD is cached in
a template static variable
(Typelnfo<T>::ID)

All subsequent accesses are frue
O(1), with no map lookup or
string hashing!

template<typename T>
class TypeInfo {
public:
static const TypelD ID;
private:
static const char* GetName() {
#if defined(_MSC_VER)
return __FUNCSIG_ ;
#elif defined(__clang__) || defined(__GNUC__)
return _ PRETTY_FUNCTION__;

#else
#error "Unsupported compiler for TypeInfo generation.”
#endif
}
b

template<typename T>
const TypeID TypeInfo<T>::ID = TypeManager::Get().GetOrRegisterID(TypeInfo<T>: :GetName());

class SYN_API TypeManager {
public:

static TypeManager& Get();

TypelD GetOrRegisterID(const std::string& typeName);
private:

TypeManager() = default;

TypelD _counter = 0;

std: :mutex _mtx;

std: :unordered_map<std::string, TypeID> _registry;

I

TypelID TypeManager::GetOrRegisterID(const std::string& typeName)
{

std::scoped_lock lock{_mtx);

auto it = _registry.find(typeName);
if (it != _registry.end())
return it->second;

TypeID newID = _counter++;
registry[typeName] = newlID;

return newlD;

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin
e/Registry/Type




Data-Oriented
Entity-Component-
System XXIV.

struct SYN_API HierarchyComponent

Hierarchy is implemented as o {

regular ECS component. EntityID parent = NULL_ENTITY;
Represents an infrusive double EntityID firstChild = NULL_ENTITY;
linked tree using entity ids (no EntityID nextSibling = NULL_ENTITY;
pointersl!) EntityID prevSibling = NULL_ENTITY;

Parent: Previous hierarchy level
uint32_t depthLevel = 0;

FirstChild: Next hierarchy level
uint32_t topoIndex = NULL_INDEX;

NextSibling/PrevSibling: O(1) };
sibling insertion and removal ?

DepthLevel and Topological
Index locate the entity within the
topological level arrays
managed by the Hierarchy
Manager

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Component/Core/HierarchyComponent.h




Data-Oriented
Entity-Component-
System XXV.

The entire hierarchy is stored in @
single flat topological array.

Each hierarchy level owns a
preallocated contiguous
memory region for efficient
insertions.

Entities within the same level can
be processed fully in parallel
(parent doesn’t matterl!)

Excellent cache locality, thanks
to packed memory.

Rich adjacency information is
available in O(1) like parent,
children, siblings, level,
topological index, topological
siblings.

Topology of
Levels
DepthLevel = 0
P

Root

DepthLevel = 1
A B

DepthLevel = 2

Al A2

DepthLevel = 3

Al1.2

Topological
Array

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin
e/Scene/Hierarchy




Data-Oriented
Entity-Component-
System XXVI.

Without hierarchy, the segmented ECS scales
with the number of changed entifies.

Static/Dynamic/Stream segments can be
updated independently and in parallel.

Hierarchy introduces parent-child
dependencies that prevent fully parallel
execution. (Child cannot be updated before
its parent)

The segmented pool has no knowledge of the
hierarchy or update order.

Changed parents imply changed
descendants, but this information is not
available in the pool.

The challenge is to merge hierarchy traversal
with segmented updates while sfill iterating
only over affected entities.

Process hierarchy levels sequentially.

Process all entities within each level fully in
parallel.

lterate only over entities that actually require an
update.

Maintain cache-efficient, data-oriented
tfraversal.

Keep complexity proportional to the number of
affected entities, not the total entity count.

STﬁEjC parent: can have static/dynamic/stream
chi

DKTé]miC parent: can have dynamic/stream
child.

Stream parent: can have only stream child.




Data-Oriented
Entity-Component-
System XXVII.

Root

The segmented transform pool
provides the inifial set of changed
entities.

The HierarchyComponent provides
the hierarchy depth for every
entity.

WorkQueue - Depth 0
Counter: 1

Each depth level owns a dirty array D G S S
and an atomic counter. N g

WorkQueue - Depth 1
The initial dirty entities are Gounter:1
distributed into their corresponding

level queues in parallel. WorkQueue - Depth 2

Counter: 1

This produces the starting point for -
a hierarchical propagation — e e,

WorkQueue - Depth 3
Counter: 0

J J - J

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Scene/Hierar
chy/HierarchyWorkQueue.h




Data-Oriented
Entity-Component-
System XXVIII. :

’ A1l ‘ A2 B1 B2

Levels are processed sequentially ,
from root to leaves. l

Entities within each level are e
processed fully in parallel.

Each updated entity propagates
update intent only to its direct WorkQueue -Depth 0 | g oy

Counter: 1

children. _ L \

Children are inserted into the next WorkQuese -Depth 1
|eve|’S dery queue. Counter: 2

The process repeats level-by-level N S G G SN
until the entire affected hierarchy is *Counter: 4" 2| et | oM | B2
covered.

After propagation, each level WorkQueue - Depth 3 [ s I R
contains exactly the entities that
must be updated.

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/System/Core
TransformSetupSystem.cpp




Data-Oriented
Entity-Component-
System XXIX.

Each entity can be inserted into the
work queue only oncell

The QUEUED_BIT prevents duplicate
insertions during propagation.
(Remember dense bitset part of the
poolll)

Unaffected subtrees are never
traversed.

Large stafic branches incur zero
iteration cost unless an ancestor
changes.

The algorithm scales with the size of
the affected hierarchy, not the total
scenell




Data-Oriented
Entity-Component-
System XXX.

Data-oriented layout maps naturally
to GPU memory.

Each component has a GPU-ready
GLSL-compatible representation.

Only modified components are
written to a persistent mapped GPU
memory in parallel.

GPU component buffers mirror the
CPU dense arrays.

GPU sparse maps provide O(1)
lookup from Entity ID to component
data.

auto transformDataBuffer = componentBufferManager->GetComponentBuffer(BufferNames::TransformData, frameIndex);
if (!transformDataBuffer.buffer) return;
auto transformDataBufferHandler = static_cast<TransformComponentGPU*>(transformDataBuffer.buffer->Map());

auto processUpload = [transformPool, transformDataBuffer, transformDataBufferHandler](EntityID entity) {
auto& transformComponent = transformPool->Get(entity);
auto transformIndex = transformPool->GetMapping().Get(entity);

if (transformDataBuffer.versions[transformIndex] != transformComponent.version)
{
transformDataBuffer.versions[transformIndex] = transformComponent.version;
transformDataBufferHandler[transformIndex] = TransformComponentGPU(transformComponent);
}
i

struct TransformComponent {
mat4 transform;
mat4 transformlT;

I

layout(buffer_reference, std43@) readonly restrict buffer TransformPool {
TransformComponent data[];

Y
#define GET_TRANSFORM(addr, idx) TransformPool(addr).data[idx]
//Shader Code:

uint transformDenseIndex = GET_SPARSE_INDEX(ctx.transformSparseMapBufferAddr, entityId);
TransformComponent transform = GET_TRANSFORM(ctx.transformBufferAddr, transformDenselndex);

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/System/Core/TransformSystem.cpp




Data-Oriented
Entity-Component-
System XXXI.

Materjal Parallel
System

} Parallel
} Parallel

Transform
System

Camera
System

Every system is represented as a
Taskflow task.

Dependencies are generated
automatically from component
read/write access.

Render
Command

System

Independent systems execute
concurrently without manual
scheduling.

Each system internally parallelizes its
workload across CPU cores.

Culling

Taskflow provides efficient task System CPU
scheduling, synchronization and

work stealing!

| recommend using Taskflow, | really

liked it personally ©
https://github.com/taskflow/taskflow
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Software
Architecture |.

Writing code is easy, but writing maintainable
code isreally hard, especially in the age of Al.

Synapse Engine consists of ~90.000 lines of
code developed by a single engineer (me ©).

Without a well-designed architecture,
maintaining and extending a project of this
size becomes increasingly difficult.

Every subsystem should answer one important
question:

Modularity and scalability are essential for
long-term maintainability: we already explored
these principles in the ECS implementation
through compile-time composition and
interchangeable Pool policies.

Clear architecture reduces complexity and
accelerates development, easier to test code
and also developers can understand code
much easier.

The SOLID principles, especially Single
Responsibility and Dependency Inversion play
a key role in clean code.

Layered architecture should exist at every
scale, from the entire engine down to
individual subsystemes.

Data-oriented design and object-oriented
architecture are complementary, the goal is
to combine the strengths of both.




Software
Architecture |l.

The Model class is responsible for
loading the assets (Assimp)

The asset loading implementation is
hard-coded, violation Dependency
Inversion

The class owns and manages all Cpu-
side data.

It also creates and manages GPU
resources.

Additional responsibilities include AABB
generation, LOD management,
INstancing, and animation support.

The class violates Single Responsibility
principle and becomes difficult to
extend, test and maintain.

Replacing assimp with another importer
required modify the model class.

Procedural meshes and imported
meshes cannot share a common
pipeline.

One class becomes the dependency
hub of the entire rendering pipeline.

class ENGINE_API Model
{
public:
Model();
virtual ~Model();
bool Load(const std::stringk path);

void Bind();
void UnBind();

void UpdatelInstanceSsbo();
void UpdateShadowInstanceSsbo();
private:
void GenerateBuffers();
void Process(aiNode* node, const aiScene* scene);
void ProcessGeometry(aiMesh* mesh, const aiScene* scene, unsigned int& count);
private:
std::vector<Vertex> m_Vertices;
std: :vector<glm: :uvecd4> m_Instances;
private: //GPU RESOURCES
std::unique_ptr<VertexArrayGL> m_Vao;
std: :unique_ptr<BufferGL> m_Ibo;
std: :unique_ptr<BufferGL> m_Vbo;
std: :unique_ptr<ShaderStorageBufferGL> m_MaterialSsbo;
std: :unique_ptr<ShaderStorageBufferGL> m_InstanceSsbo;

b

bool Model::Load(const std::string& path)
{
Assimp::Importer importer;
const aiScene* scene = importer.ReadFile(path, aiProcess_Triangulate |
aiProcess_JoinIdenticalVertices
aiProcess_CalcTangentSpace);

if (Iscene || scene-»>mFlags & AI_SCENE_FLAGS_INCOMPLETE || !scene->mRootNode)
return false;

hasAnimation = scene->HasAnimations();
m_Path = path;
m_Directory = path.substr(®, path.find last_of('/"));

Process(scene->mRootNode, scene);
GenerateBuffers();
GenerateObb();

return true;

https://github.com/TamasPetii/DendriteEngine/blob/main/GameEngine/Engine
/Model/Model.h
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Architecture lll.

Layered architecture with clear
separation of responsibilities.

Every stage follows the Single
Responsibility Principle.

Use Dependency Injection to
eliminate hard-coded
dependencies.

Keep all data representations
data-oriented and cache-
friendly.

Each representation stores only
the data required at its stage.

Procedural and imported assets
follow the exact same pipeline.

Compose the pipeline from
small, reusable processing
stfages.

ocader

NormalGenerator

mmmmmmmmmm

ProceduralMeshSource

ree BezierMeshSource

ILodProcessor

IMeshletProcessor

ColliderGenerator -

IGpuUploader

nnnnnnnnnnnnn

|
CpuModel
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Architecture IV.

RawModel

The first representation in the mesh
pipeline.

Contains only raw geometry data
(vertices and indices)

No LODs, meshlets, colliders, GPU
resources...

A RawModel consists of one or more
RawMesh objects

Mesh Sources

IMeshSource has a single responsibility:

produce a RawModel

FileMeshSource generates a
RawModel using and injected mesh
loader (Dependency Injection)

Procedural mesh sources generate
’rhedsome RawModel directly from
code.

Every asset source produces and
identical representation, independent
of its origin.

h 33 duce:
a
IMeshLoader ;—Dependency Injection—>  FileMeshSource ProceduralMeshSource
T i A e e
AssimpMeshLoader ‘ TinyObjMeshLoader ShapeMeshSource BezierMeshSource
T
|
CubeMeshSource SphereMeshSource

struct SYN_API RawMesh

{
std: :vector<uint32_t> indices;
std::vector<Vertex> vertices;

fleos
b
struct SYN_API RawModel
{
std::vector<RawMesh> meshes;
[eos
15
class SYN_API IMeshSource
{
public:
virtual std::optional<RawModel> Produce() = ©;
b
class SYN_API IMeshLoader
{
public:

virtual std::optional<RawModel> LoadFile(const std::filesystem::path& path) = @;
virtual std::vector<¢std::string> GetSupportedExtensions() const = @;

Y

class SYN_API FileMeshSource : public IMeshSource
{
public:
FileMeshSource(const std::filesystem::path& path, IMeshLoader* loader);
virtual std::optional<RawModel> Produce() override;
private:
IMeshLoader* _loader;
std::filesystem::path _path;
b

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin
e/Mesh/Data/Raw
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Implements IMeshSource to produce

a standard RawModel. ¢
Uses the Template Method Pattern to

define the common generation

workflow.

The overall algorithm is implemented

once in the base class.

Derived shapes override only
geometry-specific steps.

GeneratePositions, Generatelndices,
GenerateUVs, GenerateNormals are

virtual functions which are going to

be overridden.

Eliminates duplicating mesh

generation logics.

Each shape implements what is

unigque. )
Code is super clean! 22

ShapeMeshSource

CubeMeshSource SphereMeshSource Capsule/Cylinder/Pyramid/...

:optional<RawModel> ShapeMeshSource::Produce()

std::
std::
std:

vector<glm: :vec3> positions;
vector<glm::vec3> normals;
:vector<glm::vec2> uvs;
std::vector<uint32_t> indices;

GeneratePositions(positions);
GenerateIndices(indices);

uvs.resize(positions.size(), glm::vec2(0.06f));
normals.resize(positions.size(), glm::vec3(e.ef, 1.ef, ©.ef));

GenerateUVs(uvs);
GenerateNormals(positions, indices, normals);

RawModel model{};

RawMesh mesh{};

mesh.name = _name;
mesh.materiallndex = @;
mesh.indices = std::move(indices);
mesh.hasNormals = true;
mesh.hasTangents = false;

mesh.vertices.reserve(positions.size());
for (size_t i = @; i < positions.size();
{
Vertex v{ v.position = positions[i],
mesh.vertices.push_back(v);

}

++1)

v.normal = normals[i], v.tangent = glm::vec3(@.0f), v.uv = uvs[i], };

model.meshes.push_back(std: :move(mesh));

...

ps://github.com/TamasPetii/SynapseEngine/free/main/SynapseEngine/Engine/Mesh/Sour
/Procedural/Shape
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Architecture VI.

The second stage of the mesh
pipeline is the cooked stage.

A dedicated converter transforms
RawModel info a CookedModel.

Extends the RawModel with engine-
specific runtime data.

Adds storage for colliders, LODs,
meshlets, and other derived data.

Initially, these structures are empty,
only the data layout is defined.

The mesh-based organization from
the RawModel is preserved, this
representation becomes the
foundation for all asset processing.

Specialized processors populate the
empty data (LODs, meshlets,
colliders)

NormalGenerator E ILodProcessor IMeshletProcessor

o o

TangentGenerator +---- ':‘ Meshop dP! MeshoptimizerMeshletPr

ColliderGenerator ~---- <

struct SYN_API CookedMeshLod {
//Normal pipeline
std: :vector<uint32_t> indices;

//Meshlet pipeline

std: :vector<CookedMeshlet> meshlets;
std::vector<uint32_t> meshletVertexIndices;
std::vector<uint8_t> meshletTriangleIndices;

| H

struct SYN_API CookedMesh

{
y
std: :vector<Vertex> vertices;
std: :vector<CookedMeshLod> lods;
CookedMeshCollisionData collider;

}s

struct SYN_API CookedModel

{
CookedMeshCollisionData globalCollider;
std: :vector<CookedMesh> meshes;
Mfisam

b

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engine/Mesh/Dat

a/Cooked

» CookedModel
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Each processor has a single
responsibility.

Processors operate on the
CookedModel representation.

Each stage enriches the model with
additional derived data.

Processing is performed independently
for each mesh.

The processing order is defined by the
pipeline.

Processors can be added, removed or
replaced without affecting the rest of
the system.

Lod Processor: Generated simplified lod
index buffers using Meshoptimizer.

Meshlet Processor; Generates meshlet
vertex indices and triangle indices using
Meshopftimizer.

Collider Processor: Generates collision
geometry.

| ‘ ( ) (
Cooketivode] Normal Processor |4> Tangent Processor ———> Meshopt LOD
| | \ | L Processor

(Empty)

Meshopt Meshlet | !| Meshopt Meshlet | > Collider Processor ) CookedModel

(Full)

Processor | \(Model/Mesh/Meshlet)|

| Processor |

class SYN_API IMeshProcessor

{
public:

virtual ~IMeshProcessor() = default;

virtual void Process(CookedModel& cookedModel) = ©;
}s

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engine/Mesh/Proc
essor/MeshProcessor
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Architecture VIII.

The CookedModel stores geometry on
per-mesh basis.

Each mesh can be processed
completely independently.

This enabled maximum CPU parallelism
during asset processing.

Every processor follows the same parallel
execution model.

Taskflow distributes mesh-processing jobs
across the shared engine thread pool.

Every mesh is transformed into its local
node space.

Bounding volumes (AABB and Sphere)
are generated for each mesh.

Meshlet bounds are computed in
parallel for every meshlet.

The final global bounds are produced
with a parallel Map-Reduce step.

void ColliderProcessor::Process(CookedModel& cookedModel)

{
tf::Taskflow taskflow;
tf::GuidedPartitioner partitioner(1);

taskflow.for_each(cookedModel.meshes.begin(), cookedModel.meshes.end(),

[this](CookedMesh& mesh) {

if (!mesh.vertices.empty()) {
ComputeMeshLocalBounds(mesh);

}

}J

partitioner

);

Servicelocator::GetTaskExecutor()->run(taskflow).wait();
taskflow.clear();

std::vector<MeshletJob> meshletJobs;
for (auto& mesh : cookedModel.meshes) {
for (auto& lod : mesh.lods) {
for (auto& meshlet : lod.meshlets) {
meshletJobs.push_back({ &mesh, &lod, &meshlet });
}
}
}

taskflow.for_each(meshletJobs.begin(), meshletJobs.end(),
[this](MeshletJob& job) {
ComputeMeshletBoundsJob(*job.mesh, *job.lod, *job.meshlet);
}J
partitioner

)i

Servicelocator: :GetTaskExecutor()=->run(taskflow).wait();
taskflow.clear();

// (Map-Reduce)
ComputeGlobalBounds (cookedModel, taskflow);

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Mesh/Proc

essor/MeshProcessor/Geometry/ColliderProcessor.cpp
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The final representation is optimized for
U memory and rendering.

All mesh data is flattened into
contiguous batched arrays.

Each resource type has its own
dedicated buffer (position, attributes,
indices, meshlets, colliders)

Everything is pure data matching with
GLSL shader structure layout.

The converter converts the cooked
representation into a batched flat GPU
representation.

Generates descriptor structures
describing the location of each mesh
within the batched arrays.

A staging buffer is created and all data
copied once into that and uploaded as
a large contiguous transfer.

struct SYN_API GpuVertexPosition

{

glm::vec3 position;

uint32_t packedIndex; // nodeIndex, meshIndex

void SetMeshAndNodeIndex(uintl16_t meshIndex, uint16_t nodeIndex);
b

struct SYN_API GpuVertexAttributes {
glm::vec3 normal;
float uv_x;
glm::vec3 tangent;

float uv_y;
s
struct SYN_API GpuVertexData
{
std::vector<GpuVertexPosition> vertexPositions;
std::vector<GpuVertexAttributes> vertexAttributes;
¥
struct SYN_API GpuIndexedDrawData
{
std::vector<uint32_t> indices;
//New: [(Mesh®_Lod®, Mesh@_Lodl, Mesh@_Lod2, Mesh@_Lod3), (Meshl_Lod@, ..
std::vector<GpuMeshDescriptor> meshDescriptors;
std: :vector<GpuMeshLodDescriptor> lodDescriptors;
std::vector<GpuMeshCollider> meshColliders;
}
| IGpuUploader
struct SYN_API GpuBatchedModel A
£ :
GpuVertexData vertexData;
GpulndexedDrawData indexedData;
GpuMeshletDrawData meshletData; i
1/ .. IGpuUploader
¥

)]

% GpuModel

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engine/Mesh/D

ata/Gpu
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This is the last representational layer,
which contains only the data required
by CPU-side systems.

Retains descriptors, colliders, draw
descriptors and runtime metadata.

Vertex and Index buffers are preserved
for physics simulation triangle collider.

Coordinates the complete asset
processing pipeline.

Every stage transforms the model intfo a
more specialized representation.

The builder itself contains no processing
logic, it only orchestrates the pipeline.
Everything Is dependency injected.

GPU upload is managed by the
ModelManager, not the builder since
models are loaded async and GPU
upload require synchronization, fences

struct SYN_API CpuModelData

{

uint32_t globalVertexCount = 9;

uint32_t globalIndexCount = @;

uint32_t globalMeshCount = 0;

uint32_t globalAveragelodIndexCount = 9;

GpuMeshCollider globalCollider;

std::vector<GpuMeshCollider> meshColliders;
std::vector<GpuMeshDescriptor> meshDescriptors;
std::vector<GpuMeshletDrawDescriptor> meshletDrawDescriptors;
std::vector<GpuMeshLodDescriptor> lodDescriptors;
std::vector<MeshInstanceDescriptor> meshNodeDescriptors;

std::vector<glm::vec3> vertices;

std::vector<uint32_t> indices;

:shared_ptr<StaticMesh> StaticMeshBuilder::BuildFromSource(IMeshSource& source)
auto rawModelOpt = source.Produce();

if (!rawModelOpt)
return nullptr;

auto staticMesh = std::make_shared<StaticMesh>();
staticMesh->transientCpuData = std::make_unique<CookedModel>();
staticMesh->transientGpuData = std::make_unique<GpuBatchedModel>();

*(staticMesh->transientCpuData) = _cooker->Cook(std: :move(rawModelOpt).value());
_meshPipeline->Run(*(staticMesh->transientCpuData));

*(staticMesh->transientGpuData) = _converter->Convert(*(staticMesh->transientCpuData));

_extractor->Extract(*(staticMesh->transientGpuData), staticMesh->cpuData);
_cpuModelPipeline->Run(staticMesh->cpuData);

return staticMesh;

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin

' |
and graphics APl commands! o/Mosh/Builder
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Central entry point for all model
loading requests.

All assets are loading asynchronously
using Taskflow futures and worker
threads.

Schedules GPU uploads while
handling synchronization.

All loaded models are stored in a
compact contiguous array.

Data-oriented storage forms @
foundation for GPU-driven rendering,
since all GPU resources (vertex, index
buffers...) are accessible via
centralized buffer addresses.

All model resources become globally
accessible to every shaders.

template <typename TResource>

void BaseResourceManager<TResource>::Load() {
EntryType newEntry{};
newEntry.path = key;
newEntry.state = ResourceState::LoadingCPU;
newEntry.isSyncLoad = lisAsync;

if (isAsync) {
auto executor = Servicelocator::Get<tf::Executor>();
newEntry.cpuFuture = executor->async(std::move(task));
_entries.push_back(std: :move(newEntry));

OnEntryCreated(newld);

}

e
}

template <typename TResource>
void BaseResourceManager<TResource>::Update() {
std::lock_guard lock(_mutex);

for (auto& entry : _entries) {
if (entry.state == ResourceState::LoadingCPU) {
if (entry.cpuFuture.valid() && entry.cpuFuture.wait_for(std::chrono::seconds(@)) == std::future_status::ready) {

auto result = entry.cpuFuture.get();

if (result != nullptr) {
entry.resource = result;
entry.state = ResourceState::UploadingGPU;
StartGpuUpload(entry);

}
else {

entry.state = ResourceState::Failed;
}

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Mesh/Model

Manager.cpp
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Layered architecture with dedicated Raw,
Cooked, Gpu, Cpu representations, each
stores only the data required for its specific
stage.

Processing is performed through a modular
pipeline of independent processors.

The entire asset pipeline is highly parallel and
scales naturally using Taskflow.

Dependency Injection enables
interchangeable loaders and asset sources.

Single Responsibility is applied throughout the
pipeline, from loaders to processors and
converters.

Procedural and imported assets follow the
exact same processing pipeline.

The architecture is modular, scalable and
straightforward to extend with new processors
or asset formats.

The same architectural principles are reused
across the engine for animation, images.

Animation Pipeline: The architecture is 100%
the same, supporting both imported
animations and procedurally generated data.

Image Pipeline: The architecture is 100% the
same, supporting multiple image loaders (GLI,
SVG, STB) alongside procedural image
generations (noise, lookup table, generated
textures).
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class SYN_API Servicelocator {

public:
Servicelocator() = delete;
ServicelLocator(const ServicelLocator&) = delete;
Servicelocator& operator=(const ServicelLocator8) = delete;

Singletons hide object lifetime and SREpIARR Chypetams 12

9 static void Provide(typename ServiceTrait<T>::ProvideType service);
ownership.

template <typename T>

|rTWF)lEE(TWgEr\TC]TiC)rW becomes hard-coded static typename ServiceTrait<T>::ReturnType Get();
and difficult to replace. private:

static IGpuProfiler* _gpuProfiler;
static ICpuProfiler* _cpuProfiler;

Strong coupling reduces modularity _
and festability. B

. . template <> SYN_API void Servicelocator::Provide<IGpuProfiler>(IGpuProfiler*);
M_OCk ImplemenTOTlonS COnnOT be template <> SYN_API void ServicelLocator::Provide<ICpuProfiler>(ICpuProfiler*);
injected easily.

template <> SYN_API IGpuProfiler* Servicelocator::Get<IGpuProfiler>();
template <> SYN_API ICpuProfiler* Servicelocator::Get<ICpuProfiler>();

The Engine owns and manages the o i SRR
lifetime of all services. g BRI

_gpuProfiler = std::make_unique<DefaultGpuProfiler>(_frameContext.framesInFlight, timestampPeriod);
Servicelocator::Provide<IGpuProfiler>(_gpuProfiler.get());

Services are creatfed, registered and
destroyed explicitly.

_cpuProfiler = std::make_unique<DefaultCpuProfiler>(_frameContext.framesInFlight);
STOI’eS OI’]|y in-l-erfgce pOinTerS, Concre-l-e Servicelocator::Provide<ICpuProfiler>(_cpuProfiler.get());
implementations can be replaced

transparently.

Supports polymorphism, dependency
inversion and unit testing.

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/ServicelLocator.h
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struct SYN_API EngineInitParams {
std::function<void(VkInstance, VkSurfaceKHR*)> createSurfaceCallback;
std::function<std: :pair<uint32_t, uint32_t>()> getWindowExtentCallback;
std::function<std: :vector<const char*>()> getSurfaceExtensionsCallback;
std::function<void(VkCommandBuffer)> onRenderGuiCallback;

Managers never store references to std::function<void(uint32_t)> onGuiFlushCallback;
other managers. b

Cross-system operations are injected as Vel SynpsesBRARILG) 4

CO”bOCkS or |Ombd05 Syn::EnginelInitParams params;

The caller defines what should happen,
the manager only decides when to
invoke it.

Eliminates unnecessary dependencies
between subsystems.

Supports Dependency Injection at a
function level.

ModelManager requests material
loading through and injected callback
instead of directly accessing the
MaterialManager.

The Vulkan renderer invokes the ImGui
rendering callback without depending
on the editor or Ul framework.

The Engine remains completely
independent from the Presentation
Layers.

}

params.createSurfaceCallback = [&](VkInstance instance, VkSurfaceKHR* surface) {
GetWindow().CreateSurface(instance, surface);

1

params.getSurfaceExtensionsCallback = [&]() {
return GetWindow().GetRequiredExtensions();

b

params.getWindowExtentCallback = [&]() {
return GetWindow().GetSize();

3

params.onRenderGuiCallback = [&](VkCommandBuffer cmd) {
if (_guiManager) {
_guiManager->Render(cmd);
}
Y

params.onGuiFlushCallback = [&](uint32_t frameIndex) {
_guiManager->GetTextureManager()->FlushQueue(frameIndex);

I H

_engine = std::make_unique<Syn::Engine>(params);

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Edito
r/Synapse.cpp
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Editor (.exe)
Presentation Layer
ImGui/ GLFW /Qt/ SDL

e J

Engine (.dll) - Data Layer

Contains the core engine
implementation.

ECS, Renderer, Asset System, Physics, & ™
Algorithms, Shaders, Manager

Completely independent from the EditorCore (.lib)

Editor!! _ Domain Layer ‘
ViewModels / Commands / Logic

- P

EditorCore (.lib) - Domain Layer

Contains the Editor's business logic
and application state.

Implements ViewModels and Editor
algorithms, also independent of any
Ul framework! 4 )

Editor (.exe) — Presentation Layer Engine (.dll)

. . . 5 Data Layer
Application enfry point and main ECS / Renderer / Phyics / ...

loop.

Window management, user NG ¥
interface.

Contains only presentation logic.




Software
Architecture XVI.

The Engine should remain completely
independent of any user interface.

Rendering, Ecs, Asset management
and simulation must work without an
editor.

Ul frameworks should be replaceable
without modifying engine logic.

Ul business logic should not depend on
ImGui, Qt, Glftw or any presentation
framework.

Editor state and user workflows belong
outside the engine.

Layered architecture improves
maintainability, extensibllity.

Editor (.exe)
Presentation Layer
ImGui / GLFW / Qt/ SDL

EditorCore (.lib)
Domain Layer
ViewModels / Commands / Logic

Engine (.dll)
Data Layer
ECS / Renderer / Phyics / ...



Software
Architecture XVII.

Data Layer (Engine): The single source of
truth containing all runtime engine data.

Domain Layer (EditorCore): Business logic,
editor state, viewmodels and intents.

H . i i N e ™\ (
Ul Layer (Editor): ImGui windows % Sends Events—— Updates Data——| _—
responsible onyl for rendering the user il i (Dataf’L: -
interface and sending intents. (Ullayen L etsuistate (Domain Layer) | syneData y
J \ v .
MVl is similar to MVVM, but u u
communication is intent-driven rather than Renders Ul b iaindle Evelits
Shows Windows Provide Ul State

direct.

Handles Interaction

The View never modifies application state
directly.

Every user interaction is wrapped intfo an
Intent object describing the requested
action.

ViewModels receive Intents, execute the
required business logic, and update state.

The Ul simply reflects the current
ViewModel state on the next frame.




Software
Architecture XVIII.

Transform Component represents
the ground fruth of an entity’s
transform inside the Engine.

Stores only the runtime data
required by engine systems.

Completely independent from the
editor and any Ul framework.

Optimized for runtime execution
rather than user interaction.

All editor modifications eventually
propagate to this component.

struct SYN_API TransformComponent : public Component

{

TransformComponent();

glm::vec3 translation;
glm::vec3 rotation;
glm::vec3 scale;
glm::mat4 transform;
glm::mat4 transformIT;

};

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Component
Core/TransformComponent.h
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State:

Represents the data currently displayed by the
View.

Contains only the information required by the
user interface.

Completely independent from the Engine’s
internal component representation.

Synchronized with the Engine at the beginning
of each frame.

Intents:

Represents user actions of direct function calls.

Each intent describes what the user wants to
change, not how it should be changed.

Immutable message objects passed from the
View to the ViewModel

Carry all information required to execute the
requested operation.

Multiple Intent types are grouped into a single
std::variant for type-safe dispatching

struct SetPositionIntent {
glm::vec3 newPosition;
bool isDragging;

};

struct SetRotationIntent {
glm::vec3 newRotation;
bool isDragging;

};

struct SetScalelntent {
glm::vec3 newScale;
bool isDragging;

}s

using TransformIntent = std::variant<
SetPositionIntent,
SetRotationIntent,
SetScaleIntent

>3

struct TransformState

{
glm::vec3 position{ @.0f, @.0f, 90.0f };
glm::vec3 rotation{ @.0f, @.0f, 0.0f };
glm::vec3 scale{ 1.0f, 1.0f, 1.0f };

};

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/EditorCore/ViewM
odels/SceneWorkspace/Component/Core/Transform
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Acts as the coordinator between
View and the Engine.

Owns the current Ul state displayed
by the View.

Receives Intents and dispatches
them to the appropriate command
handlers.

Communicates with the Engine
exclusively through APl interfaces.

Synchronizes its state with the Engine
at the beginning of every frame.

Uses std::visit for compile-time type-
safe intent dispatching.

Avoids virtual inheritance and
dynamic casting.

Adding new user actions only
requires defining a new Intent and its
handler!

class TransformViewModel :
public:
TransformViewModel (ITransformApi* transformApi);
~TransformViewModel() override = default;

public IViewModel<TransformState, TransformIntent> {

const TransformState& GetState() const override;
void SyncWithEngine() override;
void Dispatch(const TransformIntent& intent) override;

private:
void HandleSetPosition(const SetPositionIntent& intent);
void HandleSetRotation(const SetRotationIntent& intent);
void HandleSetScale(const SetScalelntent& intent);
private:
ITransformApi* _transformApi = nullptr;
TransformState _state;

}s

void TransformViewModel::Dispatch(const TransformIntent& intent) {
std::visit([this](auto&& arg) {
using T = std::decay_t<decltype(arg)>;

if constexpr (std::is_same_v<T, SetPositionIntent>)
HandleSetPosition(arg);

else if constexpr (std::is_same_v<T, SetRotationIntent>)
HandleSetRotation(arg);

else if constexpr (std::is_same_v<T, SetScaleIntent>)
HandleSetScale(arg);

}, intent);

}

void TransformViewModel::SyncWithEngine() {
if (!_selectionApi || !_transformApi) return;
EntityID activeEntity = _selectionApi->GetSelectedEntity();

if (activeEntity != NULL_ENTITY) {
if (!_positionDrag.IsDragging()) _state.position = _transformApi->GetEntityPosition(activeEntity);
if (!_rotationDrag.IsDragging()) _state.rotation = _transformApi->GetEntityRotation(activeEntity);
if (!_scaleDrag.IsDragging()) _state.scale = _transformApi->GetEntityScale(activeEntity);
}
}
https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/EditorCore/ViewModels
/SceneWorkspace/Component/Core/Transform/TransformViewModel.cpp
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Responsible only for rendering the user
interface.

Contains no business logic and no
direct Engine access.

Reads the current State form the
ViewModel and converts user
interactions into intent objects.

Forwards every Intent to the
ViewModels for processing.

The view remains completely stateless
apart from local Ul-only state.

Different user interactions can produce
different Intent types, for example
dragging a value and releasing it may
generate separate Intents

This enables features such as
Undo/Redo, command history,
validation or even deferred execution
without modifying the View.

class TransformView : public IView<TransformViewModel> {
public:

void Draw(TransformViewModel& vm) override;
private:

bool _isCardOpen = true;

b

void TransformView::Draw(TransformViewModel& vm) {
constexpr const char* CardTransformTitle = "Transform";

if (Syn::UI::BeginCard(CardTransformTitle, SYN_ICON_ARROWS_ALT, _isCardOpen)) {

TransformState tState = vm.GetState();
bool changed = false;
bool deactivated = false;

if (Syn::UI::BeginPropertyGrid("TransformGrid")) {

Syn::UI::BeginProperty("Position");
changed = Syn::UI::DrawVec3Control("##Pos", tState.position, ©.0f, deactivated);
if (changed || deactivated) {

vm.Dispatch(SetPositionIntent{ tState.position, !deactivated });

}

Syn::UI::BeginProperty("Rotation");
changed = Syn::UI::DrawVec3Control("##Rot", tState.rotation, ©.0f, deactivated);
if (changed || deactivated) {

vm.Dispatch(SetRotationIntent{ tState.rotation, !deactivated });

}

Syn::UI::BeginProperty("Scale");
changed = Syn::UI::DrawVec3Control("##Scale", tState.scale, 1.9f, deactivated);
if (changed || deactivated) {
vm.Dispatch(SetScaleIntent{ tState.scale, !deactivated });
}

Syn::UI::EndPropertyGrid();
}

Syn::UI::EndCard(); https://github.com/TamasPetii/SynapseEngine/blob/m
} ain/SynapseEngine/Editor/Workspace/SceneWorkspac
e/View/Component/Core/TransformView.cpp
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Provide the only communication channel
kEJe’rween the Domain Layer and the
ngine.

Using Api interfaces in ViewModels allows
the Domain Layer to depend only on
abstractions not implementations!.
(Dependency Inversion Principle)

Implement api interface in the Editor layer
where both the Engine and the Ul are
accessible.

Can coordinate Engine and Ul
functionality when required (registering
Vulkan images as ImGui texture
descriptors)

Encapsulate all engine-specific
operations behind a clean APl interface.
e

Automatically perform engine tasks such
as updating dirty flags, scheduling
refreshes.

//Api Interface - Domain Layer
class ITransformApi : public IApi {
public:

virtual ~ITransformApi() = default;

virtual glm::vec3 GetEntityPosition(EntityID entity) const = @;
virtual glm::vec3 GetEntityRotation(EntityID entity) const =
virtual glm::vec3 GetEntityScale(EntityID entity) const = @;

virtual void SetEntityPosition(EntityID entity, const glm::vec3& position) = @;
virtual void SetEntityRotation(EntityID entity, const glm::vec3& rotation) =
virtual void SetEntityScale(EntityID entity, const glm::vec3& scale) = 9;

virtual glm::mat4 GetEntityWorldMatrix(EntityID entity) const = @;

b

//Api implementation - Editor Layer
glm: :vec3 TransformApiImpl::GetEntityPosition(EntityID entity) const {
return EditorApiUtils::ReadComponent<TransformComponent>(_sceneManager, entity, [](const auto& c) { return c.translation; }, glm::vec3(@.ef));

}

void TransformApiImpl::SetEntityPosition(EntityID entity, const glm::vec3& position) {
EditorApiUtils: :ModifyComponent<TransformComponent>(_sceneManager, entity, [&](auto& c, auto pool) {
c.translation = position;
pool->template SetBit<TRANSFORM_POS_CHANGED>(entity);
s
}

template <typename T, typename Getter, typename ReturnType>
static ReturnType ReadComponent(SceneManager* sm, EntityID entity, Getter&& getter, ReturnType defaultValue) {
auto scene = sm->GetActiveScene();
if (!scene) return defaultValue;

auto registry = scene->GetRegistry();
if (!registry || !registry->HasComponent<T>(entity)) return defaultValue;

return getter(registry->GetComponent<T>(entity));

}

template <typename T, typename Modifier>

static void ModifyComponent(SceneManager* sm, EntityID entity, Modifier8& modifier) {
auto scene = sm->GetActiveScene();
if (!scene) return;

auto registry = scene->GetRegistry();
if (lregistry || !registry->HasComponent<T>(entity)) return;

auto pool = registry->GetPool<T>();
modifier(pool->Get(entity), pool);

if (pool-»IsStatic(entity)) {
pool->MarkStaticDirty(entity);

}

else if (pool->IsDynamic(entity)) {
pool->template SetBit<UPDATE_BIT>(entity);

https://github.com/TamasPetii/SynapseEngi
) ne/blob/main/SynapseEngine/Editor/EditorA
} pi/Impl/TransformApilmpl.cpp
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Intent-based communication
naturally maps to the Command
Pattern.

Commands store the old and new
values required for Undo and Redo.

The same Api used by ViewModels
are reused by Commands,

eliminating duplicated editing logic.

Only finalized user actions create
undoable commands, continuous
drag updates modifies the Engine
immediately but are not stored in
the Undo/Redo command registry!

Executed commands are
automatically stored in the
Undo/Redo history.

The registry manages the complete
ehdiﬂngl; history independently from
the Ul!

template <typename ApiType, typename ValueType, auto SetterFunc>
class ComponentChangeCommand : public ICommand {
public:
ComponentChangeCommand(ApiType* api, EntityID entity, const ValueType& oldval, const ValueType& newVal)
: _api(api), _entity(entity), _oldval(oldval), _newVal(newval) {}

void Execute() override {
(_api->*SetterFunc)(_entity, _newval);

}

void Undo() override {
(_api->*SetterFunc)(_entity, _oldval);

}

private:
ApiType* _api;
EntityID _entity;
ValueType _oldVal;
ValueType _newVal;

};

using ChangePositionCommand = ComponentChangeCommand<ITransformApi, glm::vec3, &ITransformApi::SetEntityPosition>;
using ChangeRotationCommand = ComponentChangeCommand<ITransformApi, glm::vec3, &ITransformApi::SetEntityRotation>;
using ChangeScaleCommand = ComponentChangeCommand<ITransformApi, glm::vec3, &ITransformApi::SetEntityScale>;

class CommandRegistry {
public:
void ExecuteCommand(std::shared_ptr<ICommand> command) {
command->Execute();
_undoStack. push_back(command) ;
_redoStack.clear();

}

void Undo() {
if (_undoStack.empty()) return;
auto cmd = _undoStack.back();
cmd->Undo();
_undoStack.pop_back();
_redoStack.push_back(emd) ;

}

void Redo() {
if (_redoStack.empty()) return;
auto cmd = _redoStack.back();
cmd->Execute();
_redoStack.pop_back();
_undoStack.push_back(emd);

}

P”i"?“ S — https://github.com/TamasPetii/SynapseEngine
ommandRegistry = default; . . . .
std::vector<std::shared_ptr<ICommand>> _undoStack; /b|0b/m0|n/3yl’10IOSGEﬂglﬂe/EleOFCOFG/VIeWM
std: :vector<std: :shared_ptr<ICommand>> _redoStack; OdelS/SceﬂeWOrkspoce/ComponenT/Core/Tr

& ansform/TransformCommands.h
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Software , \

Entity-Component- Managers

Architecture XXIV. A O i
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Vulkan Resources Physics

Clear seémro’rion between Engine
iBo’ro), ,

ditorCore (Domain), Editor —

)

The Engine remains the single source chad
of truth for all runtime data. Renderer aders

The Ul is purely declarative and
communicates exclusively through

Intents. ~ I g
APIs isolate engine-specific operations, L g L,
enabling reuse, testing, and

IﬂTeI’ChOngeO ble |mp emeﬂTCITIOﬂS 4 View (Ul Layer) R ( ViewModel (Domain Layer)

Intent-based communication naturally

enables features such as Undo/Redo, Al
COmmCIﬂd hls.l.ory Manager Stores Implementation ---Implements-----

Replacing the Ul framework (ImGui to )
Qft) requires rewriting only the View State
layer, while the Domain and Engine CEE—
remain unchanged. - View @ —coni ——

Y

Triggers Handles Intents —_—
Events Send Intents > Intent
~—_ |
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Layered serialization architecture separating
data schemas, archive formats and |/O
stfreams.

Multiple stream backends supporting file,
string, network and custom |/O sources.

Format-independent data representation
allowing the same data to be serialized as
JSOn, YAML, XML, BINARY or future formats.

Schema-driven serialization defining
serializable data independently from the
underlying archive implementation

Compile-time type dispatch using template
metaprogramming to automatically handle
primitive, enum, and schema-defined types.

Data-oriented and ECS-friendly serialization
designed around compact, contiguous data
structures and efficient binary persistence.

Asset-pipeline integration enabling the same
serialization architecture to persist and restore
engine assets and runtime data.

Extensible and future-proof allowing new
archive formats and stream backends without
modifying existing engine data structures.
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|/O abstraction hides whether data
comes from or goes to a file,
memory, or network.

Input/Output are strictly separated
through dedicated stream
interfaces.

File streams provide persistent asset
and scene serialization

Memory streams enable fast in-
memory serialization and temporary
data processing.

Network streams allow remote data
transfer and multiplayer
synchronization

New stream backends can be
intfroduced independently without
modifying the serialization or
schema layers.

linputStream

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

FilelnputStream

MemoryinputStream NetworkInputStream

10utputStream

StringInputStream

___________________________________________________________________________

FileOutputStream

MemoryOQutputStream NetworkOutputStream

StringOutputStream

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin

e/Serialization/Stream




class SYN_API IOutputArchive : public IArchive {
public:
explicit IOutputArchive(IOutputStream& stream) : _stream(stream) {}

S Of-I-WO re virtual ~IOutputArchive() = default;
L virtual void PropertyBool(const char* name, bool value) = 9;
< I ‘ l re virtual void PropertyInt32(const char* name, int32_t value) = 8;
[ J 0;

virtual void PropertyUint32(const char* name, uint32_t value) =
virtual void PropertyInt64(const char* name, int64_t value) = @;
virtual void PropertyUint64(const char* name, uint64_t value) =
virtual void PropertyFloat(const char* name, float value) = @;
virtual void PropertyString(const char* name, const std::string& value) = ©;
virtual void PropertyBytes(const char* name, const void* data, size_t size) = @;

Archives define the serialization template <typenane T>
void Property(const char* name, const T& value);

mechanism while remaining protected:
independent form the actual data ik Bihas

types.

. . . void IQutputArchive::Property(const char* name, const T& value) {
SChemOS deﬂne The SerlOlIZO ble if constexpr (std::is_same_v<T, bool>) PropertyBool(name, value);
STrUCTUre Of Complex engine -I-ypes else if constexpr (std::is_same_v<T, int32_t>) PropertyInt32(name, value);

else if constexpr (std::is_same_v<T, uint32_t>) PropertyUint32(name, value);

Ond eXpliCiﬂy SeleCT WhiCh else if constexpr (std::is_same_v<T, int64_t>) PropertyInt64(name, value);

. . else if constexpr (std::is_same_v<T, uint64_t>) PropertyUint64(name, value);
prOperTleS Ore perSISTeﬂT else if constexpr (std::is_same_v<T, float>) PropertyFloat(name, value);

else if constexpr (std::is_convertible_v<T, std::string>) PropertyString(name, static_cast<std::string>(value));

Te m pl.(] Te m eTO prog rO m m I n g ElsePiZnZﬁ:;E::z:, (zt:;;ii::z:r;:;?znier1yingjypeft<T>>(va1ue));
recursively resolves types. )

else if constexpr (has_schema<T, std::remove_reference_t<decltype(*this)>>) {
Complex _I_ypes are decomposed ; Schema<std: :remove_cvref_t<T>>::Invoke(*this, name, value);
recursively ThrOUgh Their SChemO<T> else static_assert(has_schema<T>, "Serialization Error: Type has no defined Schema specialization!");
specialization.
template <>

Data structures remail serialization- ERVAICE SEheMSTR S ROPCONONGITES

OgﬂOSTIC, Componen-l-s do Nno static constexpr bool exists = true;

contain JSON, XML, YAML or binOry- tenplate <typename Archive, typename T>

specific logic. g iR oin bt ik

auto& comp = const_cast<std::remove_const_t<T>& (val);

0;

i

template <typename T>

Serialization logic is reusable across

ar.Property("“translation”, comp.translation);

archive formats. ar.Property(“rotation”, comp.rotation); https://github.com/TamasPetii/SynapseEngine/b
M lob/main/SynapseEngine/Engine/Serialization/Sc
b hema/Component/Core/TransformComponent

Schema h




class SYN_API NlohmannlsonOutputArchive : public IJsonOutputArchive

{

public:
S Of-I-WO re static std::vector<std::string> GetSupportedExtensions() { return {".json", ".jsn"}; } “TransformComponent": {

“rotation": {

O explicit NlohmannJsonOutputArchive(IOutputStream& stream); "x": 176.0,
< I ( l ' re ~NlohmannlsonOutputArchive() override = default; "y": 286.0,
° "z": 320.0

std::string ToString() const override; 1

void Serialize() override; "scale": {

T 1.0
void EnterObject(const char* name) override; Sy 1.8,
void LeaveObject() override; 2% 1.0
void EnterArray(const char* name, uint32_t size) override; 1

Each archive implements the same S b =g

X' e

SeriC!“ZCIﬁOH iﬂTerfOCG Wh”e USiﬂg O vo::.d PropertyIr?tBZ(const char* name, i.n'_c32_t value) over‘ride_z; y' 759.0,
dedlcc‘l'ed ‘I‘hlrd_pOrTy ||br0ry |n-|-ernd||y. void PropertyUint32(const char* name, uint32_t value) override; X z": -316.0

void PropertyFloat(const char* name, float value) override;
void PropertyDouble(const char* name, double value) override; 1,

JSON serialization is backed by e
nlohmann, while YAML uses yaml-cpp. o

nlohmann::json _root;
std::vector<nlohmann::json*> _stack;

Human-readable formats such as B
YAML Ore |deO| fOI’ d.eve|0pmeﬂf Ond class SYN_API YamlCppOutputArchive : public IYamlOutputArchive
version conftrol, making scene files {

. . N R public:
ecsy TO reV|eW Ond dlf |n GlT_ static std::vector<std::string> GetSupportedExtensions() { return { ".yaml", ".yml" }; } TransformComponent :
translation:
0 explicit YamlCppOutputArchive(IOutputStream& stream); 1 1087
JSON Ond XMI— Ore We” SU”-ed for ~YamlCppOutputArchive() override = default; ; 154.99231
structured data exchange and , , . 2: 166
_I_ |( . std::string ToString() const override; rotation:
ne WOr Iﬂg Scne(]rlos. void Serialize() override; x: @
. . . . . y: ‘e
BIHCH'Y SGFIO“ZOTIOH |S Used for vo?d Enter‘Obj:ect(const charf name) override; z: @
K . void LeaveObject() override; scale:
prOdUChon OsseTS Ond runhme dOTO, void EnterArray(const char* name, uint32_t size) override; x: 1

1A void LeaveArray() override; ;
providing compact storage and fast . ot
loading.

void PropertyInt32(const char* name, int32_t value) override;
void PropertyUint32(const char* name, uint32_t value) override;
void PropertyFloat(const char* name, float value) override;
void PropertyDouble(const char* name, double value) override;
void PropertyString(const char* name, const std::string& value) override;
void PropertyBytes(const char* name, const void* data, size_t size) override;
s
private:
YAML: :Node _root; . . .
std: :vector<VAML: :Node> _stack; https://github.com/TamasPetii/SynapseEngine/tr
b ee/main/SynapseEngine/Engine/Serialization/Ar

chive
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Layered Architecture separates responsibilities
across systems and allows individual
implementations to evolve independently.

Single Responsibility keeps each component
focused on one well-defined task, making the
architecture easier to understand and extend.

Dependency Inversion & Injection prevent
concrete implementations from leaking across
system boundaries and enable
interchangeable implementations.

Data-Oriented Design is applied beyond the
ECS, shaping the asset pipeline, runtime data
representations, serialization and GPU
interfaces.

Pipeline Architecture transforms data through
clearly defined stages, allowing processing to
remain modular, parallel, and replaceable.

MVI Architecture completely separates the Ul
from engine data and business logic, enabling
framework-independent editor functionality
and natural Undo/Redo integration.

Schema-Based Serialization decouples data
structures from storage formats, allowing the
same engine data to be serialized to human-
readable or high efficient binary
representations.
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Rendering
Architecture |.

Move rendering decisions from the CPU to the
GPU wherever possible.

The CPU should primarily provide scene data
and orchestrate high-level execution.

Visibility, LOD selection, and draw generation
should be performed on the GPU.

Minimize CPU-side iteration over scene entities
and rendering objects.

Generate rendering work dynamically through
GPU-driven pipelines.

Rendering workloads should be generated
dynamically based on the current scene and
visibility state.

Indirect execution allows GPU-generated
visibility results to directly drive the final
rendering workload without CPU intervention.

GPU data must be stored in tightly packed,
cache-friendly representations.

CPU-orineted object structures should not
be directly mirrored on the GPU.

Large batched buffers are preferred over
thousands of individual allocations.

GPU descriptor structures

provide the indirection required
to reconstruct logical objects from flat GPU
data.

Data layout is designed around how shaders
consume the data.




Rendering
Architecture |l.

Avoid per-object descriptor binding and CPU-
side resource management.

Resources are globally accessible through GPU-
visible identifiers and descriptor tables.

Shaders resolve models, materials, textures,
samplers, and other resources dynamically.

Resource access should scale independently
from the number of rendered objects.

Culling should happen as close as possible to the
actual rendering workload.

Frustum, hierarchical occlusion, meshlet, and
other visibility tests can run parallel on the GPU.

Invisible objects should be eliminated before
expensive rendering work is generated.

Hierarchical representations allow large parts of
the scene to be rejected at once.

The CPU should not generate individual draw
calls for every visible objects.

GPU-generated commands allow visibility results
to directly drive rendering.

Multi-draw and indirect execution reduce CPU
submission overhead.

Rendering becomes a data flow rather than a
sequence of CPU-issued commands.

Large meshes are decomposed into small,
independently processable meshlets.

Meshlets provide a natural granularity for GPU
culling and rendering.

Task and Mesh shaders allow geometry
amplification and processing to happen entirely
on the GPU.

Meshlet-level visibility enables finer-grained
rejection than object-level culling.




Rendering
Architecture lll.

LOD selection should be performed dynamically
based on the current view.

Multiple LOD representations remain available
directly on the GPU.

The GPU selects the appropriate representation
without CPU-side asset manipulation.

LOD selection becomes part of the GPU-driven
rendering pipeline.

Rendering workloads should expose as much
parallel work as possible.

GPU workloads are structured around massively
parallel execution.

CPU-side preparation is also parallelized where
applicable.

Task dependencies should be minimized and
explicit.

Vulkan provides explicit control over memory,
synchronization, and GPU execution.

Buffer Device Address, Descriptor Indexing, Descriptor
Buffers, Mesh Shaders, and Indirect Execution work
together as part of the architecture.

API decisions are driven by rendering requirements
rather than feature availabilty alone.

The renderer should scale with scene complexity without
linearly increasing CPU overhead.

Adding more models, materials, or instances should
primarily increase GPU workload.

Resource management, culling, LOD, and rendering
should operate on data-oriented representations.

The architecture should remain extensible as new
rendering techniques are infroduced.
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Representation |.

A model is composed of multiple meshes,
gotch containing its own vertex and index
ata.

Mesh \lxer’rices are defined in

The hierarchy between meshesis
represented by a node transform hierarchy.

During asset processing, the node hierarchy
is traversed and parent tfransforms are
accumulated into each node’s global
transform!

Each node stores a transform and may
either reference a mesh or exist purely as a
transform node.

To reconstruct the complete model in
model space, each mesh'’s vertices are
transformed using the transform of their
associated node (in shader).

The same node hierarchy is reused by the
animation system, where bone tracks
provide animated node fransform instead
of static tfransformes.

This representation separates %eo,me’rry
from hierarchical transform, allowing the
same structure to support static an
animated models.

Node - Empty

Node - Empty

Node - Empty
Node - Mesh

Node - Mesh

Y

Node - Empty Node - Mesh

Node - Mesh Node - Mesh

struct SYN_API GpuNodeTransform
{

glm::mat4 transform;
glm::mat4 transformIT;

};

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Mesh/Loader/AssimpMeshLoader.cpp




Model
Representation Il.

Vertex data is
. positions and attributes.

Vertex positions remain in local mesh space,

and do not contain the node

’gonsformoﬁon, so its not pre-applied on the
PU.

Separating them allows shaders that only
require positions to avoid loading hormals,
tangents, uvs, so this improves cache
locality, memory bandwith and data
prefetching.

Both structure follow the GPU's std430
layout, with explicit packing to match GPU
memory alignment requirements.

Each vertex position stores a packed mesh
index and node index (16-16 bit) allowing
the shader to reconstruct the corresponding
node transforms.

The mesh index also becomes important
later for material batching and GPU-driven
rendering.

Bitangent vectors are not stored explicitly,
Tﬂeéorle reconstructed dynamically in the
shader!

struct SYN_API GpuVertexPosition

{

glm::vec3 position;

uint32_t packedIndex; // nodeIndex, meshIndex

void SetMeshAndNodeIndex(uintl6_t meshIndex, uintl6_t nodelIndex);
b

struct SYN_API GpuVertexAttributes {
glm::vec3 normal;
float uv_x;
glm::vec3 tangent;
float uv_y;
};

void main()

{
//NO VERTEX ATTRIB READ!!

uint realVertexIndex = GET_INDEX(addrs.indices, gl_VertexIndex);
GpuVertexPosition v = GET_VERTEX_POS(addrs.vertexPositions, realVertexIndex);

// Fetch Transform and Camera
TransformComponent transform = GET_TRANSFORM(ctx.transformBufferAddr, transformDenselndex);

// Evaluate Static Hierarchy (Default pose)
uint nodeIndex = UNPACK_UINT16_X(v.packedIndex);
uint meshIndex = UNPACK_UINT16_Y(v.packedIndex);

GpuNodeTransform staticNodeTransform = GET_NODE_TRANSFORM(addrs.nodeTransforms, nodelIndex);
mat4 finalModelMat = staticNodeTransform.globalTransform;

// Resolve Directional Light Shadow component
mat4 viewProj = GET_DIRECTION_LIGHT_SHADOW(ctx.directionLightShadowDataBufferAddr, lightShadowDenseIndex);

// Calculate Final World Position and Outputs
vecd clipPos = viewProj * transform.transform * finalModelMat * vec4(v.position, 1.0);
gl_Position = clipPos;

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Mesh/Data/Gpu/GpuVertexData.h
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A meshlet is a compact partition of a
mesh’s geometry, built on top of the
original vertex and index data.

Meshlets reference the existing vertex
data through a dedicated vertex
index buffer and friangle index buffer.

The original mesh index data is used as
the input for meshlet generation and
partitioning.

size_t meshlet_count = meshopt_buildMeshlets(
meshoptMeshlets.data(),
meshoptVertexIndices.data(),

Eoch mesh iS processed meshoptTr'iangleIndices.data(),
independently, with meshlets typically e vt

lod.indices.size(),
&mesh.vertices[@].position.x,
mesh.vertices.size(),

limited to 64 vertices and 64 triangles
in the current implementation.

Meshlet generation is performed using sizeof(Vertex},
_maxVertices,
. _maxTriangles,
Meshlets are generated separately for _coneWeight

every mesh and later consumed by );
the Task and Mesh Shader pipeline.

The meshlet representation enables
fine-grained GPU culling and highly

: https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Mesh
parallel meshlet processing. ps://githu / i/SynapseEngine/blob/main/SynapseEngine/Engine/

/Processor/MeshProcessor/Meshlet/MeshoptimizerMeshletProcessor.cpp
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Multiple LOD levels are generated
automatically using meshoptimizer.

The vertex data remains unchanged across
LOD levels, only the index data is
progressively simplified.

The current implementation uses four LOD
levels: 100%, 50%, 25%, 12.5% of the original
geometric complexity.

Each mesh therefore has its own set of LOD-
specific index data.

Since meshlets depend on the index
topology, meshlets are regenerated
independently for every LOD level.

The final GPU representation therefore
contains LOD-specific index data and LOD-
specific meshlet data.

: the GPU must
be able to dynamically resolve the correct
LOD and its associated meshlet data
directly fromm compact LOD descriptors.

This representation forms the foundation for
GPU-driven, compute-based dynamic LOD
selection

LODO - 100%

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Mesh/Processor/MeshProcessor/Lod/MeshoptimizerLodProcessor.cpp
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Every mesh generates AABB and Sphere
colliders from its vertices.

Every meshlet also generates AABB, Sphere
and Cone bounds, generated by
meshoptimizer.

A model-level collider is generated from the
colladelrs of all meshes belonging to the
model.

I I during
asset processing to avoid unnecessary
transform calculations during GPU culling.

The data-oriented mesh processor pipeline
allows collider generation to run fully in
parallel across meshes and meshlets!

OBB colliders are intentionally avoided,
AABBs and spheres provide better trade-off
between culling accuracy, memory usage
and computational cost for GPU-driven
rendering.

Mesh-level colliders are generated only for
LODO, since LOD selection is performed
dynamically on the GPU, %enero’rlng
separate colliders for each LOD would
require knowing the selected LOD
beftorehand.

Mesh — AABB/Sphere Collider

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Mesh/Processor/MeshProcessor/Geometry/ColliderProcessor.cpp
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{

// Geometry Buffers
std: :unique_ptr<Vk: :Buffer> vertexPositions;
std: :unique_ptr<Vk: :Buffer> vertexAttributes;

The modelis a single logical asset

composed of mulfiple meshes, so GPU std: :unique_ptr<Vk::Buffer> indices;
resources are batched across all std: :unique_ptr<Vk::Buffer> meshMaterialIndices;
meshes into shader buffers.

A per-mesh buffer allocation would i TrEpaEinhel [TIARg BEFEyE

result in an excessive number of GPU std: :unique_ptr<Vk: :Buffer> meshDescriptors;
buffers... std: :unique_ptr<Vk::Buffer> meshColliders;

F.U||y bOTChiﬂg the eﬂ.ﬂfe model into a std: :unique_ptr<Vk::Buffer> lodDescriptors;

sin Ie,rerg)cljerob,ITe unit is chlso . I

undesirable, as it prevents mesh-leve i wesh Shader Butbeps

CU”mg and limits renderlng ﬂeXIb”ITy' std: :unique_ptr<Vk: :Buffer> meshletVertexIndices;
E)heffsomhonf |5||quJPr}|‘]d '('jepr%$|eniq“%n3 std::unique_ptr<Vk: :Buffer> meshletTriangleIndices;
m%Sﬁr%ggedngCO?e% dees'cvr\fpl’rce)rse’roh%’r std::unique ptr<Vk::Buffer> meshletDescriptors;
define its data is located within the std: :unique_ptr<Vk: :Buffer> meshletDrawDescriptors;
shared buffers. std: :unique_ptr<Vk::Buffer> meshletColliders;

The mesh descriptors allow the , .

renderer 1o reconstruct each mesh'’s //Hierarchy Buffers

vertices, indices, meshlefts, colliders. std::unique_ptr<Vk::Buffer> nodeTransforms;

Although the ECS and high-level logic ¥
operaté on models, s
, Wi

each mesh corresponding to its own

draw command. https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi

ne/Mesh/Uploader/DefaultGpuModelUploader.cpp
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A 4

Node8 - Mesh

Flatten the node hierarchy info a level-
contiguous, data-oriented vector
representation, preserving parent-child
relationships.

Node5 - Mesh
Node6 - Mesh

Traverse the nodes and concatenate
each mesh's vertices, indices, collider,
meshlets and other data into the
corresponding global model buffers.

Node4 - Mesh

Node3 - Mesh

Record the starting offsets and sizes to

build hd ipt dd
C(L;Imnr%ensd& s [ 1P11S1E (Rl EIeh [ NE%‘::&‘ I “l';,:"::y' I P‘IIE(:::Zy- I "I'E"n‘::tzy' ]Nodes -Mesh {Nodes-MeshJNodea-Mesh [Node4-Mesh I'Nodeﬁ-Mesh
Store each mesh’s LOD data as well, with
dedicated draw commands for every
LOD level.
The batching itself is straightforward, the
real challenge is uniquely identifying
each mesh and its LOD data. -
The GPU must be able to reconstruct \"f::i':f;s it Q,":j:‘cis
these data ranges efficiently using ' :
compact buffers and compute shaders.
The final layout is designed around GPU-
driven access and dynamic LOD
selection 3
MeshA- | MeshA- | MeshB - MeshB - MeshB - MeshB -

Indices LODO | Indices LOD1 Indices LODO Indices LOD1 Indices LOD2 Indices LOD3 |Indices LODO
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Each mesh can have up to 4 LOD levels, but
Ino’r |every mesh can be simplified to all four
evels. MeshA - MeshB -

Vertices Vertices

Simple geometry, such as a cube, may only
have one valid LOD, while more complex
meshes may have two, three, or all four
levels.
To end ble ’[rue O(] ) GPU indexing, ever |n;f:::fénn‘|n::::::6m rm:f:::Eéno In:::::EC;DI |nx§::E6m In:::::f(;ﬂ:i lng:::;‘féno
mesh is assigned a fixed number of 4 LOD \ =
descriptors and draw commands, regardless
of hgr)w many valid LOD levels it actually
contains.
The LOD descriptor buffer is therefore a s fovie | Dmiarte | atcriohoe | Debrboiat)| Dasciossr | Descrrane | Descrpinr | Descipe [r"'"'?ﬁ' Degoriptor | Desorivtor D’:::rri':):t;r}
compact, GPU-friendly array where each Lo Lt Looz Loos Lopo Loot Lob2 Lop3 Logo Lo Lopz Loos
mqrs‘h occupies exactly four consecutive ] { [ [ [ ]
enfries.
Any missing LOD descriptors simply references
the last valid LOD level. Draw | Draw | Draw Draw Draw Draw Draw Draw Draw Draw Draw Draw
C Ci C. d
C C | c ommmand | C c c c c e

1 valid: LODO, LODO, LODO, LODO
3 valid: LODO, LODI1, LOD2, LOD2

Any mesh and LOD descriptors can then be
resolved in O(1) using

The trade-off is minor rendering overhead:
meshes with fewer LODs may ?enerote
multiple draw commands that ultimatel
reference the same geometry, but the GPU
indexing remains simple and fully predictable https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi

ne/Mesh/Converter/DefaultGpuModelConverter.cpp
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The same descriptor-based approach is
used for meshlets, as the Mesh Shader
pipeline operates on meshlet-level
geometry rather than entire meshes.

Meshlet data, including vertex indices and
triangle indices is fully batched into shared
GPU buffers.

During allocation, each meshlet records its
offset and count, forming a dedicated
meshlet descriptor.

Every mesh and every LOD level has its
own set of meshlet descriptors, generated
from the corresponding data.

Meshlet descriptors are stored in a
compact batched array, with the
descriptors belonging to each mesh and
LOD stored consecutively.

If a mesh has fewer than four valid LOD
levels, the missing LODs simply reuse the
meshlets of the last valid LOD.

Task and Mesh shaders can then

using their built-in invocation Ids, enabling
highly parallel meshlet processing.

MeshA LODO -MeshA LOD1 -MeshB LODO -

Meshlet Meshlet Meshlet
Vertex Indices Vertex Indices Vertex mmces\
Meshlet | Meshlet Meshlet | Meshlet Meshlet Meshlet

Descriptor 0. -
MeshA/LODO | - MeshA/LODO! MeshNLOD1

o

Descriptor 10. Descriptor 0. - Descriptor 6. Descriptor 0. -

MeshAl LOD1 MeshBILODD

Descriptor 23.
- MeshB/LODO

MeshC -
=

MeshC -
B

MeshC -
B

LOD1 LoD2

LoD3

|

A A

MeshA- | MeshA - MeshA- | MeshA- MeshB - MeshB - MeshB - MeshB - MeshC -
Descriptor Descriptor | Descriptor Descriptor Descriptor Descriptor Descriptor Descriptor | Descriptor
LODO LoD1 Lopz | LOD3 LODO LOD1 LOD2 LOD3 LODO
Draw [ Draw Draw Draw Draw Draw Draw Draw Draw
d  C d C d Commmand Commmand Commmand C C

d | Commmand

Draw Draw

Commmand

Draw
Commmand

J

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi

ne/Mesh/Converter/DefaultGpuModelConverter.cpp
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A single model has 10+ GPU buffers,
and many models can be loaded
simultaneously.

The renderer requires global GPU
access to every model and all of its
resources.

The ModelManager stores all loaded
models in a compact, data-oriented
vector so a ?Iobol GPU buffer stores the
addresses of all model-specific buffers,
index by the Modellndex.

Shaders can use the Modelindex to
dynamically resolve and access the
corresponding model resources.

This creates a hierarchical resource
structure: a global buffer contains
model-level addresses, which point to
the actual GPU data buffers.

AN

Model Manager - Model Address Buffer
Model I. Model II. Model Il
' N\ ' N ( N
VertexPositionBuffer VertexPositionBuffer VertexPositionBuffer
- < > < e <
VertexAttribBuffer VertexAttribBuffer VertexAttribBuffer
\ Z \ vy \ Z
s A s N 's ™
IndexBuffer IndexBuffer IndexBuffer

\ <z \ Z \

( 3 ( N (

ColliderBuffer ColliderBuffer ColliderBuffer

e ~ g ~ e <
, J . J . J

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Manager/AddressResourceManager.h
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Vulkan's Buffer Device Address

functionality provides a 64-bit
GPU address for a buffer, allowing shaders to
access GPU memory through device
addresses.

This removes the need to explicitly bind
every individual buffer through traditional
descriptor bindings.

In a GPU-driven renderer, many models and
resources must be accessible simultaneously,
making fraditional per-resource binding
increasingly complex and inflexible.

The ModelManager therefore maintains a
global buffer of GPU device addresses,
where each model entry contains the
addresses of its GPU resources.

The address of this global resource table is
passed to the GPU once, for example
through a push constant.

, Where buffers can contain the
device address of other buffers, allowing
complex GPU data structures to be
rgPerJesen’red and traversed entirely on the

Model Manager - Model Address Buffer
Model I. Model Il Model il
Push Constant

VertexPositionBuffer } [ VertexPositionBuffer } [ VertexPositionBuffer }

_ { VertexAttribBuffer } [ VertexAttribBuffer J [ VertexAttribBuffer J
{ IndexBuffer } [ IndexBuffer J [ IndexBuffer }
{ ColliderBuffer ] [ ColliderBuffer } { ColliderBuffer }

J

#extension GL_EXT_buffer_reference :

struct GpuModelAddresses

require

{
uint64_t vertexPositionsAddress;
uint64_t vertexAttributesAddress;
uint64_t indexBufferAddress;
uint64_t meshCollidersAddress;
Eh i

Y

layout(buffer_reference, std430) readonly restrict buffer ModelAddressBuffer { GpuModelAddresses data[]; };
layout(buffer_reference, std430) readonly restrict buffer PositionBuffer { GpuVertexPosition data[]; };
layout (buffer_reference, std43@) readonly restrict buffer AttributeBuffer { GpuVertexAttributes data[]; };

layout(push_constant) uniform PushConstants

{

uint64_t modelAddressBufferAddress;
} pc;

void main()

{
// Model selected by the GPU-driven rendering workload
uint modellIndex = ...;

// Resolve the model's resource addresses
GpuModelAddresses model = ModelAddressBuffer(pc.modelAddressBufferAddress).data[modelIndex];

// Resolve the actual GPU buffers
PositionBuffer positions = PositionBuffer(model.vertexPositionsAddress);
AttributeBuffer attributes = AttributeBuffer(model.vertexAttributesAddress);

// Access model data directly through GPU addresses
GpuVertexPosition vertex = positions.data[gl_VertexIndex];

GpuVertexAttributes attribute = attributes.data[gl_VertexIndex];

i )
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Models are represented through a layered
GPU-oriented structure built from nodes,
meshes, LODs, meshlets and descriptors.

Vertex data is split into positions and
attributes, allowing shaders to fetch only the
data required by a particular rendering
Pass.

Vertex positions remain in local mesh space,
while colliders are stored in model space

already containing the node transformation.

Mesh data is stored in large batched GPU
buffers, while per-mesh descriptors provide
the offsets and counts required to
reconstruct individual meshes from the
packed storage.

Each mesh supports up to four LOD levels,
with a fixed-size LOD descriptor array
enabling O(1) GPU indexing even when a
mesh has fewer valid LODs

Every LOD has its own meshlet representation,
with a batched meshlet descriptors and index
data enabling fine-grained meshlet-level
processing and culling.

AABB and Sphere bounds are generated for
meshes and models, while meshlets
additionally use Cone bounds for efficient
GPU-driven culling.

The same data-oriented representation
supports both traditional mesh rendering and
mesh-shader pipelines, allowing the renderer
to operate at mesh or meshlet granularity.

The resulting representation is

, Using compact descriptors, batched
buffers, and GPU addresses to dynamically
resolve model, mesh, LOD, and meshlet data
without CPU-side resource rebinding.




Rendering I.

Fully CPU-driven rendering: the CPU iterates
over every renderable entity and processes
each model individually.

Visibility is checked on the CPU before
rendering each entity.

For every visible model, the CPU iterates
through all meshes and prepares the
required rendering state.

Vertex and index buffers are bound,
material resources and transform data are
updated, then is
issued for each mesh.

’

even when the same mesh is rendered
repeatedly across many instances.

Rendering the same large mesh thousands
of times can therefore generate enormous
amounts of redundant GPU work.

The CPU becomes responsible for both
scene traversal and rendering workload
generation, creating a major scalability
bottleneck.

CPU iterates — CPU culls - CPU binds —
CPU submits — GPU renders

for (EntityID entity :

{

scene.GetEntities())

if (!scene.IsVisible(entity))
continue;

const Model& model = scene.GetModel(entity);
const glm::mat4& transform = scene.GetTransform(entity);

for (const Mesh& mesh : model.GetMeshes())

{
// Update per-object state
pushConstants.transform = transform;
pushConstants.materialIndex = mesh.GetMateriallndex();

vkCmdPushConstants(commandBuffer, pipelinelayout,
VK_SHADER_STAGE_VERTEX_BIT | VK_SHADER_STAGE_FRAGMENT_BIT,
0, sizeof(PushConstants), &pushConstants);

// Bind mesh-specific index buffer
VkBuffer indexBuffer = mesh.GetIndexBuffer();

vikCmdBindIndexBuffer(commandBuffer, indexBuffer, @, VK_INDEX_TYPE_UINT32);

// Render the mesh

vkCmdDrawIndexed(
commandBuffer,
mesh.GetIndexCount(),
Ty // instanceCount
e, // firstIndex
9, // vertexOffset
%] // firstInstance

);




Rendering Il.

Visible instances of the same mesh are
grouped together and rendered with
a single draw call.

Each mesh maintains an instance
index buffer containing the EntitylD of
every visible instance.

) is issued once per
mesh, with instanc set to the
number of visible instances.

( i directly indexes the
instance index buffer, resolving the
corresponding EntitylD for eac
instance.

The EntityID is then used to retrieve the
instance’s tfransform and other per-
entity data from the Sparse/Dense ECS
GPU buffers.

All instances reuse the same vertex

and index data, avoiding redundant

%e%mefry processing and buffer
IgleligleR

The GPU processes the shared mesh.
data once and executes the rendering
workload across all visible instances.

One Mesh — Many Instances — One
Draw Call

// CPU: collect visible instances for each mesh
for (EntityID entity : scene.GetEntities())

{
if (lscene.IsVisible(entity))
continue;

const Model& model = scene.GetModel(entity);

for (const Mesh& mesh : model.GetMeshes())

{

// Store the entity associated with this mesh instance
meshInstanceIndices[mesh.GetID()].push_back(entity);
}
}

// Render each mesh once
for (const Mesh& mesh : scene.GetMeshes())

{

const auto& instances = meshInstanceIndices[mesh.GetID()];

if (instances.empty())
continue;

// Upload visible EntityIDs for this mesh
UploadInstanceIndices(mesh, instances);

vkCmdBindIndexBuffer(commandBuffer, mesh.GetIndexBuffer(), @, VK_INDEX_TYPE_UINT32);

vkCmdDrawIndexed(commandBuffer, mesh.GetIndexCount(), static_cast<uint32_t>(instances.size()), @, @, @);

layout(buffer_reference, std438) readonly buffer InstanceIndexBuffer

{
uint entityIDs[];

L

layout(push_constant) uniform PushConstants

{
uint64_t instanceIndexBufferAddress;

} pc;

void main()

{
// Resolve the EntityID of the current instance
uint entityID = InstancelndexBuffer(pc.instanceIndexBufferAddress).entityIDs[gl_InstanceIndex];

// Resolve per-entity data through the ECS
Transform transform = GetTransform(entityID);

// Resolve the vertex through the index buffer
uint vertexIndex =IndexBuffer(pc.indexBufferAddress).indices[gl_VertexIndex];

// Fetch shared mesh geometry
vec3 position = VertexBuffer(pc.vertexBufferAddress).vertices[vertexIndex];

// Transform the shared vertex for this instance
vec3 worldPosition = (transform.matrix * vecd(position, 1.8)).xyz;

/o
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The fundamental limitation of traditional and
instanced rendering is that the CPU sfill
]genero’res the rendering workload every
rame.

Consider a scene with thousands of different
meshes, each potentially having thousands
of visible instances.

The CPU must continuously iterate over
entities, perform visibility checks, group
instances, and update instance index
buffers.

Even with parallel processing and atomic
counters, repeatedly rebuilding this data on
the CPU introduces significant
synchronization and memory overhead.

The CPU must still iterate over thousands of
meshes, bind their resources, and issue
thousands of calls
every frame.

Most of this work is redundant when the scene
structure and mesh resources remain relatively
stable between frames.

The CPU should not have to repeatedly
describe what needs to be rendered, it should
primarily provide scene data and orchestrate
the rendering pipeline.

A better approach is to predefine or generate
rendering commands in a GPU-accessible
buffer, allowing the CPU to submit the
workload with minimal per-mesh interaction.

This leads naturally to , Where
the GPU can consume a buffer of draw
commands instead of the CPU issuing every
draw individually.

Instead of the CPU issuing thousands of draw
calls, the CPU should provide the GPU with the
data required to generate and execute the
rendering workload.
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Draw parameters are stored in a GPU-
accessible indirect command buffer instead
of being provided directly by the CPU.

A single call
can execute a large number of draw
commands stored sequentially in the buffer.

The CPU no longer needs to issue an
individual draw call for every mesh,
significantly reducing CPU-side rendering
overhead.

The command buffer can contain draw
commands for all meshes and LOD levels in
the scene.

The entire scene can therefore be submitted
with a single indirect rendering call, covering
all entities, models, meshes, and their
instances.

However, all commands share the same
bound rendering state, creating a
fundamental problem:

Solving this limitation requires moving away
from traditional per-draw index buffer
binding and infroducing

struct VkDrawIndexedIndirectCommand

{

}s

uint32_t indexCount;
uint32_t instanceCount;
uint32_t firstIndex;
int32_t vertexOffset;
uint32_t firstInstance;

// GPU-visible indirect command buffer
VkBuffer indirectBuffer = CreatelndirectBuffer();
VkDrawIndexedIndirectCommand* commands = MapBuffer<VkDrawIndexedIndirectCommand>(indirectBuffer);

for (const Mesh& mesh : scene.GetMeshes())

{

}

commands [mesh.GetDrawIndex()] = {

.indexCount = mesh.GetIndexCount(),
.instanceCount = mesh.GetInstanceCount(),
.firstIndex = mesh.GetFirstIndex(),
.vertexOffset = mesh.GetVertexOffset(),

.firstInstance = mesh.GetFirstInstance()

};

// One CPU command executes all indirect draw commands
vkCmdDrawIndexedIndirect(

);

commandBuffer,

indirectBuffer,

a’

scene.GetDrawCount(),
sizeof(VkDrawIndexedIndirectCommand)
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allows the GPU to
control how many indirect draw commands
are actually executed.

The indirect command buffer can therefore
be larger than the current number of active
draw commands, avoiding frequent
reallocations as the scene changes.

The actual draw count is stored in a
separate GPU-resident count buffer and can
be updated dynamically by GPU workloads.

A draw command with instanceCount of 0 is
already efficiently skipped by the GPU, so
explicitly compacting such commands is
usually overhead.

Since the renderer no longer binds individual
index buffers, the pipeline uses non-indexed
indirect draw commands instead of

identifies the currently executed
draw command, allowing the shader to
resolve the corresponding mesh and its
associated GPU data.

If all meshes are rendered through one

indirect command buffer,
2

// GPU-generated number of active draw commands
uint drawIndex = atomicAdd(drawCount, 1);

// Append a new draw command
drawCommands[drawIndex] = DrawIndirectCommand/(
vertexCount,
instanceCount,
firstVertex,
firstInstance

);

vkCmdDrawIndirectCount(
commandBuffer,
drawCommandBuffer,
e,
drawCountBuffer,
a,
maxDrawCount,
sizeof(VkDrawIndirectCommand)

)
//Vertex Shader:

void main()

{

// Identifies the current indirect draw command
uint meshIndex = gl_DrawID;

// Resolve the mesh descriptor
MeshDescriptor mesh = meshDescriptors[meshIndex];

A wm
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No vertex and index buffer is explicitly
bound to the graphics pipeline.

All model buffers are already resident
on the GPU and globally accessible
’rhrou?h the bindless resource
archifecture infroduced earlier.

The indirect draw command’s

that need to be
processed.

( N identifies the current
Index position, which is used to
manually fetch the actual index from
the model’s index buffer.

The fetched index is then used to
retrieve the corresponding vertex from
the model’s vertex buffer.

Ver’rex_pullin? replaces traditiongl
vertex input fetching with explicit
shader-side buffer access.

This allows a single indirect rendering
pass to process meshes from many
different models without rebindin
vertex or index buffers between draw
commands.

// Traditional pipeline: Vertex and index buffers are bound before drawing.

uint index = indexBuffer[gl_VertexIndex];
vec3 position = vertexBuffer[index];

// Vertex Pulling:
#extension GL_EXT_buffer_reference : require

layout(buffer_reference, std430) readonly buffer IndexBuffer

{
uint indices[];
};
layout(buffer_reference, std430) readonly buffer VertexBuffer
{
GpuVertexPosition vertices[];
Y
layout(buffer_reference, std43@) readonly buffer ModelAddressBuffer
{
GpuModelAddresses data[];
Y
layout(push_constant) uniform PushConstants
{
uint64_t modelAddressBuffer;
} pes

void main()

{
// One draw command corresponds to one mesh
uint meshIndex = gl_DrawID;

// Resolve the resources belonging to this mesh/model
GpuModelAddresses model = ModelAddressBuffer(pc.modelAddressBuffer).data[meshIndex];

// Resolve GPU buffers through their device addresses
// gl_VertexIndex now represents the index-buffer position

uint vertexIndex = IndexBuffer(model.indexBufferAddress).indices[gl_VertexIndex];

// Resolve the actual vertex
GpuVertexPosition vertex = VertexBuffer(model.vertexPositionsAddress).vertices[vertexIndex];

vec3 position = vertex.position;

1L v
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Minimize CPU involvement in the =~
rendering process and move rendering
workload management to the GPU
wherever possible.

The CPU primarily provides scene data
and submits the rendering workload
instead of iterating over individual
meshes and instances.

The entire scene is represented
through GPU-resident, indirect
rendering command so

The renderer uses a single indirect
draw submission 1o execute the
complete rendering workload.

Resource binding and per-mesh data
access are resolved dynamically
through the bindless GPU resource
architrecture.

The result is a renderingcfm eline where
the CPU no longer needs to explicitly
issue individual draw calls or manage
per-mesh rendering state.

This scene was rendered with only 1
vkCmdDrawlndirectCount call
(1 sponza + 13 unique shapes + 4
LOD levels)
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Traditional vertex processing operates at
mesh-level granularity, the enfire mesh is
processed even when only a small
portion is visible.

A large mesh with millions of vertices may
execute vertex shading for almost the
entire mesh, even if only a small fraction
contributes to the final image.

With a 2-million-vertex mesh where only
1% is visible, the remaining 99% of vertex
processing is completely wasted.

Vertex Pulling also removes the traditional
index-buffer-driven vertex reuse
mechanism, making hardware’s vertex
cache less effective.

, adllowing each meshlet to be
processed independently as a small unit
of geometry.

The primary motivation is fine-grained
geometry processing. The problem is not
that Vertex Shaders are inefficient, the
problem is that their granularity is too
coarse.

The Scene: Dragon
partially visible

The Task Shader:
Culls Invisible Meshlets

/ /
L. /

The Vertex Shader:
Processes all tfriangles

The Mesh Shader:
Processes only visible triangles
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[ GPU Workload ]

Task and Mesh shaders are fundamentally
compute-like shader stages, using
workgroups and built-in invocation IDs to ¥
distribute work across threads. [ Task Shaders J
C s

The behaves similarly to a ompute-Like WorkGroup

compute shader, but

Payload Data  Payload Data Payload Data

The ~also follows the compute
shader execution model, but

~

instead of writing to a traditional
vertex buffer. Mesh Shader WorkGroup Mesh Shader WorkGroup Mesh Shader WorkGroup

[

Together, they form g hierarchical and
dynamically expanding graphics pipeline.

Task Shaders can dynamically determine v

how many Mesh Shader workgroups should - ] [ A 4 \ 4

Meshlet 1 ] [ Meshlet 2 ]

be launched making the pipeline naturall
sutted for GPU-ariven workloads. ‘ Meshlet0

Data can be passed from Task Shader
groups to their spawned Mesh Shader

groups through a Payload, typically

. Y
containing compact information required to - Y Y
] [ Geometry J [ Geometry ]

identify and process the assigned workload. Geometry

This model enables fine-grained GPU control &
over geome’rrY processing, where work can

be dynamically distributed at meshlet

granularity.
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The Task Shader is launched through

, with

the indirect command generated by
the GPU-driven rendering pipeline.

GroupCountX represents the number
of visible mesh instances, while
GroupCountY covers the meshlets
belonging to each mesh in fixed-size
blocks.

The Task Shader reconstructs the
entity, mesh and meshlet range
directly from the built-in workgroup
and invocation IDs.

In this representation:

gl_WorkGrouplID.x: identifies the current [wkies

entity instance

gl_WorkGrouplD.y: identifies a meshlet
block

gl_LocallnvocationlD.x: identifies the
individual meshlet processed by the
current Task Shader workgroup.

The surviving meshlets are dynamically
forwarded to Mesh Shader
workgroups using
EmitMeshTaskEXT(count, 1, 1)

ad

\ L L

Task Shader Task Shader Task Shader Task Shader Task Shader Task Shader Task Shader
Thread Thread Thread Thread Thread Thread Thread
(Invocation 0) ) (Invocation 1) (Invocation 2) (Invocation 3) (Invocation 4) (Invocation 5) ) (Invocation 6)

Culling - Visible Culling - Not Culling - Visible Culling - Visible | Culling - Not Culling - Visibl
Visible 9 Visible 9 g Visible ulling - Visible

— \ . . N ——

Mesh Shader
Count

4

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders/Passes/
Shading/Common/Meshlet.task
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Each Mesh Shader workgroup
processes one meshlet
collaboratively, with 32 shader
invocations working together.

Meshlets are generated with a
maximum of 64 vertices and 64
triangles, allowing the entire meshlet
to be processed efficiently within a
single workgroup.

The workgroup distributes vertex and
friangle processing across its

invoCation using sfrided iteration +=32.

\ d}/nomicolly
defines the number of vertices and
friangles emitted by the Mesh Shader
based on the processed meshlet.

Vertex positions are emitted through
gl_MeshVerticeseXT[i].gl_Position

Triangle topology is emitted through
gl_PrimitiveTrianglelndicesEXT]i]

gl_MeshPrimitivesEXT[i].gl_PrimitivelD
can be assigned to preserve the
original primitive identity for later
processing

The Mesh Shader therefore

. , which is then
passed directly to the rasterization
pipeline.

Mesh Shader
Group 3.
Thread 0-31

Mesh Shader
Group 2.
Thread 0-31

Mesh Shader
Group 0.
Thread 0-31

Mesh Shader
Group 1.
Thread 0-31

Mesh Shader
Count

4

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders/Passes/
Shading/Common/Meshlet.mesh
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[ [ | I

i Dx=2 |  TaskShader Threads
TlotalTaskCountad gl_Locallnvocation|D.x = 3,.31

Task Shader Thread Task Shader Thread
gl_L Dx=0 | gl_L Dx=1
=3 ount = 2

Task Shader Thread
ol_LocalinvocationlD.x = 0..31

Task and Mesh Shaders are general-

purpose programmable GPU stages, o o
not limited to meshlet-based : J a J
rendering. {1 | D . ‘
P Sgmni | Semn | sme Sopeaat | Moot | sgmem. | | [agpems | (] g |
Mesh Shaders can optionally generate R | =0 S e | = e
geomeitry, but the underlying™ (J l l
meChG_nlsm COn be Used for OrblTrOry Part!: LocalSize = 32 Part2: LocalSize = 32 Part3: LocaiSize = 7 l Panti: LocalSize = 32 Part2: LocalSize = 18 \P-r“'l-nuISir--?i:
GPU_drIven WorkloGdSo ] 0 2 E 2 k= M 8 2] 85 -] n 0 2 ¥ 2 | 3 ) | ‘ 49 ’ 0 ‘ 1 | 2 ‘ . ] 2 I 2 I
Possible applications include hair O O O A I R
simulation, procedural terrain | | ..
enerafion, dynamic geometry or B B e I K R
PU-based LOD generation, or grass T e
and vegetation generation an ( i ) )
Task and Mesh Shaders enable highly 1
dynamic, hierarchical workloads |
where GPU threads can generate and oo
process further GPU work. s
Understanding their execution model T
opens up a much broader design | | |
space for GPU-driven rendering and Eavosa sl i
simulation. "“"“[l‘""’ e ""“"'“T“‘“
S eegn o BT g b it ooy O

This is Hair Generation using
Task/Mesh shader logic
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Each material is loaded once and
stored once, avoiding duplicated
marterial data across models.

Materials are global resources,
allowing mulfiple models to
reference and reuse the same
materials.

A material contfains both surface
properties and references to its
associated textures.

Each texture can have its own
sampler configuration, providing
independent control over texture
sampling.

The MaterialManager stores all
materials in a single global, data-
%rliaeun’red buffer accessible by the

Meshes therefore only need to
reference their material index, while
the actual material data and
resources remain globally managed.

struct SYN_API Material

{

b

glm::vecd color = glm::vecd(1.ef);
glm::vec3 emissiveColor = glm::vec3(0.0f);
float emissiveIntensity = 1.@f;

glm: :vec2 uvScale = glm::vec2(1.8f);

float metalness = 9.6f;

float roughness = 1.8f;

float aoStrength = 1.8f;

bool doubleSided = false;

bool isTransparent = false;

bool isAlphaTested = false;

float clearcoatFactor = 0.0f;

float clearcoatRoughness = 8.8f;

float ior = 1.5f;

float specularFactor = 1.8f;

glm: :vec3 specularColor = glm::vec3(1.0f);

uint32_t albedoTexture = UINT32_MAX;
uint32_t albedoSampler = UINT32_MAX;

uint32_t normalTexture = UINT32_MAX;
uint32_t normalSampler = UINT32_MAX;

uint32_t metalnessTexture = UINT32_MAX;
uint32_t metalnessSampler = UINT32_MAX;

uint32_t roughnessTexture = UINT32_MAX;
uint32_t roughnessSampler = UINT32_MAX;

uint32_t metallicRoughnessTexture = UINT32_MAX;
uint32_t metallicRoughnessSampler = UINT32_MAX;

uint32_t emissiveTexture = UINT32_MAX;
uint32_t emissiveSampler = UINT32_MAX;

uint32_t ambientOcclusionTexture = UINT32_MAX;
uint32_t ambientOcclusionSampler = UINT32_MAX;

uint32_t opacityTexture = UINT32_MAX;
uint32_t opacitySampler = UINT32_MAX;

uint32_t clearcoatTexture = UINT32_MAX;
uint32_t clearcoatSampler = UINT32_MAX;

uint32_t clearcoatRoughnessTexture = UINT32_MAX;
uint32_t clearcoatRoughnessSampler = UINT32_MAX;

uint32_t clearcoatNormalTexture = UINT32_MAX;
uint32_t clearcoatNormalSampler = UINT32_MAX;

uint32_t specularTexture = UINT32_MAX;
uint32_t specularSampler = UINT32_MAX;

uint32_t specularColorTexture = UINT32_MAX;
uint32_t specularColorSampler = UINT32_MAX;

[———

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Material/Material.h
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All textures and samplers are stored in a

lobal descriptor arrays, allowing materials
fo reference them through compact
indices.

allows descriptor array

dynomicoll?/ sized instead of requiring a fixed
array size ar shader compilation time.

The e_ng%ine uses fraditional Vulkan
descriptors only for global textures and
samplers:

Set 0 | Binding O = Samplers
Set 0 | Binding 1 = Textures

Textures and samplers are stored separately,
allowing the shader to dynamically combine
them af runtime using their respective
indices.

Materials therefore store only compact
texture and sampler IDs, which are resolved
thorugh the global descriptor arrays.

Other shader-specific resources, such as
deferred rendering targets, are handled
separately using push descriptors.

While this approach enables flexible bindless
resource gaccess, managing large descriptor
arrays still infroduces additional complexity,
motivating a more direct GPU resource
management approach

// Shader Side

layout(set = @, binding = @) uniform sampler globalSamplers|[]
layout(set = @, binding = 1) uniform texture2D bindlessTextures[];

#define SAMPLER_LINEAR_REPEAT
#define SAMPLER_LINEAR_CLAMP_EDGE
#define SAMPLER_NEAREST_REPEAT
#define SAMPLER_NEAREST_CLAMP_EDGE
#define SAMPLER_LINEAR_ANISO
#define SAMPLER_NEAREST_ANISO
#define SAMPLER_MAX_REDUCTION
#define SAMPLER_BLOOM

#define SAMPLER_SHADOW

0NV A WN RO

vecd SampleTexture2D(uint textureID, uint samplerID, vec2 uv) {
return texture(
sampler2D(
bindlessTextures[nonuniformeXT (textureID)],
globalSamplers[nonuniformEXT(samplerID)]
)

uv

}
// Cpp Side

void DescriptorWriter::UpdateSet(VkDescriptorSet set) {
auto device = Servicelocator::Get<Vk::Context>()->GetDevice();

std::vector<vkWriteDescriptorSet> writes;
writes.reserve(_imageWrites.size() + _bufferWrites.size());

for (const auto& imgData : _imageWrites) {
VkWriteDescriptorSet write{ VK_STRUCTURE_TYPE_WRITE_DESCRIPTOR_SET };
write.dstSet = set;
write.dstBinding = imgData.binding;
write.dstArrayElement = imgData.arrayElement;
write.descriptorCount = 1;
write.descriptorType = imgData.type;
write.pImageInfo = &imgData.info;
writes.push_back(write);

¥
1w

if (!writes.empty()) {
vkUpdateDescriptorSets(device->Handle(), static_cast<uint32_t>(writes.size()), writes.data(), @, nullptr);

}

_imageWrites.clear();
_bufferWrites.clear();

https://github.com/TamasPetii/SynapseEngi
ne/blob/main/SynapseEngine/Engine/Vk/D
escriptor/DescriptorWriter.cpp
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makes
descriptors directly resident in shader-
accessible memory, allowing descriptors
data to be managed explicitly alongside
regular GPU buffers.

Descriptor data can be updated through
direct memory operations, removing the
need for traditional descriptor pool and
set management.

This significantly simplifies resource
binding and fits naturally into a data-
oriented, GPU-driven architecture.

_ infroduces a
newer descriptor management model
with explicit resource and sampler heap,
conceptually closer to the Directx 12
descriptor heap model.

The engine currently uses the descriptor
buffer dpproach, while the descriptor
heap architecture is planned as the long-
term direction for the Vulkan backend
and future DirectX 12 backend
integration.

The overall goal is to move resource
binding away from driver-managed
descriptor objects

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Vk/Descriptor/DescriptorBuffer.cpp
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e Y e N
Entities Sponza Sponza Sponza
> < < <
: ModelComponent | el 302 | MeshGount 392 | Meshount 362
A provides a . 1 1 )

fully generalized and flexible Mesh to
Material relationship.

The system allows per-mesh material
overrides, so individual meshes of a

model can easily use completely ' 3
different materials.

Material
Offset 0 392 0
Each ModelComponent (ECS) stores a Table
material offset pointing intfo the Material |
Lookup Table. Shared!
The lookup table reserves a configuous
range of entries for each model, based
on its total mesh count.
. Material 392 slot: Meshlindex [0,..,391] 392 slot: Meshindex [392,..,783]
IMU:PpIe mOdet|)5 can Shﬂ:'e the Sqn;fe ; Lookup Tabile [Contains: GlobalMateriaundicesICcmtains:GlobalMaterianndicesJ
ookup range by using the same offset,
while different offsets provide dedicated
material mappings.
Each lookup entry contains a globall 1 1
material index, resolving the mesh to the
corresponding material in the Global Global . . . .
MOTeriCﬂ TGble. Material Table Material: 0 Material: 1 Material: 2 Material: 102
Each ; :
which is combined with the model’s
material offset to resolve the final https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi

material: materialOffset + meshindex ne/System/Rendering/MaterialSystem.cpp
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Fully indirect

instances to be rendered with a
[ , While each instance
can still reference a

The two-level material indirection
enables per-mesh material
assignment without breaking the
GPU-driven rendering model.

Complex models can be overriden
at mesh granularity, ollowm}g
individual parts of a model 1o use
completely different materials.

Material overrides require no
changes to the underlying model or
mesh datqg, only the material lookup
mapping is modified.

The main overhead is maintaining
the lookup table when material
assignments are added, removed,
or changed.

This approach provides a powerful
separgtion between geometry and
material assignment, mqkln? the
rendering architecture highly flexible
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The renderer currenty uses a
material model.

Fresnel-Schlick approximation is used to
model view-dependent specular
reflectance and determine the surface
reflectance at grazing angles.

The microfacet specular BRDF uses GGX
Normal Distribution Function for realistic
rough-surface reflection.

Smith correlated visibility is used to
account for microfacet masking and
shadowing effects in specular response.

The base layer combines energy-
conserving diffuse and specular
reflections, with metallic surfaces
transitioning from diffure-dominant to
specular-dominant behaviour.

The material model supports an
additional Clearcoat layer, following the
layered-surface approach used b
modern PBR models such as the Disney
Principled BSDF.

The clearcoat layer uses its own GGX
distribution, Fresnel response, roughness
and normal, allowing materials such as
coated plastics, varnished surfaces and
painted materials to be represented.
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ring Herlies that affect the
rasterization pipeline and therefore
require separate rendering paths.

Each bucket still represents one
complete GPU-driven render pass: all
models, meshes, instances, and LOD
levels assigned to the bucket are
rendered with single indirect draw call.

The separate the traditional
Vertex Shader pipeline from the
Task/Mesh Shader pipeline, as they
require fundamentally different rendering
commands and shader stages.

Vertex Shader Bucket: uses

Task/Mesh Shader Bucket: uses

The engine allows the rendering pipeline
to be sélected per mesh and per LOD
level, enabling different geometry
pipelines within the same scene.

Draw commands and their
corresponding descriptors are batched
independent ?/1 per bucket, allowing each
rendering path to process its workload
with a single GPU-driven render call.

Traditional Vertex Shader
Commands
vkCmdDrawIndirectCount

Task/Mesh Shader Commands
vkCmdDrawMeshTasksIndirectCountEXT

Draw Command: ‘ Draw Command: | Draw Command: | ' Draw Command: )
0 N 0 M

Red = Vertex Shader Meshes | Green = Mesh Shader Meshes



°
| 3 e I I d e rI I I XX Opagque 1 Sided Opaque 2 Sided Transparent 1 Sided Transparent 2 Sided
> B b S N
J a " 28

Draw 7 Y A S
MeshA MeshA MeshA MeshA
Command Draw Cmd Draw Cmd & I Draw Cmd I 5 l Draw Cmd I

Buffer |

Materials are divided into

based on material properties
that require different pipeline and
rasterization states.

Instance
Index

Opaque 1-Sided: Back-face culling Buffer
enabled with

0 N | N+1 A ‘ M { M+1 1 I K } K+1 J\

Y

MeshA - Instance Index
Range

Opaque 2-Sided: Back-face culling
disabled with

Transparent 1-Sided: Uses a separate
WBOIT pipeline with

Transparent 2-Sided: Uses the WBOIT
pipeline with

Draw commands remain fully batched,
but are stored in four independent
ranges, allowing each bucket to be
rendered separately.

The instance buffer is pre-partitioned per
mesh and bucket based on the
maximum expected model distribution,
enabling memory-efficient allocation
and fully parallel instance insertion using
atomic counters.

Red/Orange/Yellow/Green = Opaquel/Opaque2/Trans1/Trans2
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Transparent rendering is inherently difficult,
as tfransparent fragments must be
composited in the correct depth order.

Traditional depth sorting is _ex,oensive e]gle!
does not scale well, especially

> with Ior%e
numbers of overlapping tfransparent objects.

( avoids explicit sorting
by accumulating transparent fragments in
parallel using weighted blending.

Two render targets are used:

Accumulation Buffer: accumulates the
weighted fransparent colors and their
confributions.

Revealage Buffer: fracks how much of the
underlying opaque surface remains visible
through the transparent layers.

The transparent fragments are therefore
processed independently of their exact
draw order, making the approgach highly
scalable for GPU-driven rendering.

A final composite pass combines the
accumulated transparent result with the
opaque scene color to produce the final
image.

WBOIT provides a very good quality-to-

performance trade-off, although it'is an
approximation and does not reproduce
exact depth-sorted transparency.

Color Accumulation Texture

Revealage Texture
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Combines the previous 2-bucket
and 4-bucket rendering
architectures.

The first-level split separates
Traditional Vertex Shader and
Task/Mesh Shader rendering,
keeping identical draw
commands and descriptors
grouped together.

Each rendering pipeline is then
further divided into four material-
based buckets, resulting in eight
independent buckets overall.

The instance index buffer is
partitioned into eight independent
regions, one for each bucket.

Hatched regions represent the Traditional Vertex Shader pipeline,
solid regions represent the Mesh Shader pipeline, and colors
indicate the material type.
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Extends the 8-bucket architecture by
further separating . and
materials.

Alpha-tested materials, such as foliage,
require a discard operation in the
fragment shader to reject transparent
fragments.

Fragment shader discard can prevent
the GPU from fully exploiting Early
Fragment Tests, potentially Causing
significantly more fragment shader
invocations.

For non-alpha-tested materials, this logic
IS unnecessary, allowing Eorlg Fragment
Tests to be explicitly enabled for Better
efficiency.

The final feliel therefore
combines shader pipeline type, material
type, and alpha testing state.

The shader implementation remains

shared, with a compile-time define

selecting either the alpha-test discard

Eo’rh or explicitly enabling Early
ragment Tests.

This keeps the shader code unified while
ensuring that each bucket uses the most
appropriate rendering path.

#version 460
#extension GL_EXT_mesh_shader : require
#extension GL_GOOGLE_include_directive : require

9) in vec2 inuv;
1) in flat uint inMaterialld;

layout(location
layout(location

#ifdef ENABLE_ALPHA_TEST
#include "../../../Includes/Core.glsl"

#include "../../../Includes/Common/FrameGlobalContext.glsl"

#include "../../../Includes/Common/Material.glsl"

#include "../../../Includes/Common/Texture.glsl"

#include "../../../Includes/Utils/MaterialMath.glsl"

#include "../../../Includes/PushConstants/DirectionLightShadowTraditionalMeshletPassPC.glsl"

layout(push_constant) uniform PushConstants {
DirectionLightShadowTraditionalMeshletPassPC pc;
1

#endif

#ifndef ENABLE_ALPHA_TEST
layout(early_fragment_tests) in;
#endif

void main() {
#ifdef ENABLE_ALPHA_TEST

FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

// 1. Fetch Material
Material mat = GET_MATERIAL(ctx.materialBufferAddr, inMaterialld);
vec2 finalUV = inUV * mat.uvScale;

// 2. Evaluate Albedo & Alpha
vecd albedoAlpha = EvaluateAlbedoAlpha(ctx.textureMetadataBufferAddr, mat, finaluv);
if (IS_ALPHA_TESTED(mat) && albedoAlpha.a < ctx.alphaLimitDiscard) {

discard;

}

#endif
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The Render System maintains a

partitioned into the 16 renderiné buckets.

A single
stores instance data for all meshes and
buckets.

Each mesh is assigned a predefined
region in the instance buffer, allowing the
GPU to resolve visible instances without
requiring a separate buffer per mesh.

The Render System iterates over the
active scene and tracks the required
capacity for each mesh and rendering
bucket.

When a bucket exceeds its allocated
capacity, the underlying buffers are
reallocated and resized.

Reallocation is intentionally infrequent:
capacity is allocated using an over-
allocation strategy, providing additional
space for future growth.

This keeps the steady-state rendering
path stable while avoiding frequent GPU
buffer reallocations.

Scene & Model
Snapshots

[Group Entities by Model]

Count Required Instances

(per Mesh x Pipeline x

Material)

Check Reserved
Capacities

l

Capacity Exceeded?

A

Continue

Yes

—

Y

Increase Capacity
(Windowed Allocation)

Y
Compute Global Offsets
(Commands, Descriptors,
Instances)

H

Build Allocation Tables
(Model & Mesh
Allocations)

H

Generate Draw
Descriptors
and Indirect Commands

R,

Y

Resize GPU Buffers
(if required)

g

Upload Allocation Data
to the GPU

e —
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All allocations use ) to
avoid frequent buffer rebuilds.

Draw command regions are over-allocated per

bucket. If the material distribution changes,

additional draw commands can be

accommodated without immediately

I’ebUI|dIﬂg The enhre |OYOU1’. Opaque 1 Sided Opaque 2 Sided Transparent 1 Sided Transparent 2 Sided

r - ~ - \ . Y—_LW

L il : . OIollows ’rhegnus_ed
ortion of the over-allocated command regions Draw WeshA " Mesha HeshA '
o remain inactive by limiting execution to fhe -y | oawma | o lomtna| o [owmec] . [omtna| - [owmec] .
actual number of active commands.

Instance index regions are also over-allocated:
A region is reserved for each mesh.

Within each mesh, the region is further divided
between the individual rendering buckets.

Addlng Orremoving entities USm_%O mesh e 0, | . N N+ M [OverAl!nc M1 [ I K [OverAIloc

therefore does not require rebuilding the global Bufter [r—
buffer layout as long as the reserved capacity is L )
sufficient. Y

Th e MeshA - Instance Index

Range

Meshes with a stable, low instance count can
use a small window.

Highly dynamic meshes, where instances are
frequenily added or removed, can use a
larger window to avoid repeated
redllocations.

This provides a balance between memory
overhead and allocation stability, adapting the
buffer layout to the actual behavior of

individual meshes. https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/System/Rend
ering/RenderSystem.cpp




Rendering XXVI.

The engine supports skeletal animation
through bone indices and bone weights,
allowing individual vertices to be
dynamically transformed by the
corresponding bone matrices.

Static and animated objects do

. Both are processed by the same
GPU-driven rendering architecture.

Every animated asset retains its original
static mesh representation, which acts as
the default bind/T-pose geometry.

If no animation is associated with an
entity, the original static vertex data is
rendered directly.

When animation data is available, the
shader dynamically resolves the entity's
animation state and accesses the
corresponding bone transformation data.

The vertex bone indices and weights are
then used to apply skeletal skinnin
before the veriex continues through the
regular rendering pipeline.

From the renderer's perspective, an
animated object is therefore handled
exactly like any other instance: the
difference is resolved dynamically during
vertex processing.
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Culling I.

by preventing invisible objects
from reaching the geometry processing stages.

Culling determines visibility by evaluating whether
an object can contribute to the final rendered
image. Visibility may depend on multiple
conditions, such as whether an entity Is enabled,
inside the camera frustum, or passes addifional
visibility tests.

Culling can be performed on the CPU or GPU.
CPU-side culling is straightforward to implement
but becomes increasingly expensive as scene
complexity and instance counts grow.

GPU-driven culling moves visibility determination
to the GPU, allowing thousands or millions of
instances to be processed in parallel without
requiring the CPU to iterate over the entire scene
every frame.

The output of culling is not simply a visibility flag. The
culling process must generate the rendering workload
required by the GPU-driven renderer.

For each mesh, the corresponding draw
command is updated, primarily b
determining its instanceCount based on the
number of Vvisible instances.

The Instance Index Buffer must remain
synchronized with the generated draw .
commands. Every visible instance is written into
’rhe,opprogrlq’re mesh and bucket-specific
region of the instance index buffer.

Each instance is represented by its entity ID,
Prowdlng an indirection layer through which
he GPU can resolve the entity's fransform and
other required component data.

The rendering pipeline can therefore process
only visible instances. Invisible objects do not
contribute to the generated instance lists and
therefore do not Idunch unnecessary
geometry processing work.

The final objective is a fully GPU-driven
visibility pipeline, where the GPU determines
what is visible, builds the corresponding
instance lists and draw commands, and
directly feeds the resulting workload into the
rendering pipeline.




Culling Il

For each mesh, the culling stage must
determine the number of visible instances
and update the corresponding
instanceCount in the draw command.

The instance index buffer must be
populated with the entity IDs of the
visible instances.

Each mesh has its own pre-allocated
region in the instance index buffer.

An atomic counter is used as the _
instanceCount of the corresponding
draw command.

When a visible instance is found, the
counter is atomically incremented.

The atomic increment ]

| . , Which
directly ﬁrqwdes the next free position in
the mesh's instance index range.

The entity ID is then written to this position
in the instance index buffer.

At the beginning of each frame, the
counters are reset to zero. The instance
index buffer itself does not need to be
cleared, since only the range generated
by the current frame's counter s
consumed during rendering.

Instance Index Buffer
Instance Count: 6

C e

Atomic Counter: 5




Culling Ill.

The scene is organized into multiple
levels of geomeéetric granularity.

The ECS and high-level engine logic
operate primarily on models, while a
model may contain multiple
meshes.

The GPU-driven renderer, however,
operates at mesh granularity, since
each mesh is represented by its own
draw commands within the multi-
draw indirect pipeline.

Therefore, ]
at multiple levels:

Model-level culling: eliminates entire
models that cannot contribute to the
finalimage.

Mesh-level culling: eliminates
individual meshes within visible
models.

Meshlet-level culling: provides fine-
ro|r|16d visibility at the geometry
evel.

Each level pro%ressively reduces the
amount of work that reaches the
next stage of the rendering pipeline.

Meshlet-Level Culling



Culling IV.

The CPU performs the complete visibility
determination for the scene.

The culling workload is executed _

| , processing static,
dynamic and stream entities
concurrently.

For each entity, the CPU evaluates its
V|shb|I|1y and performs hierarchical
culling:

Model-level frustum culling
Mesh-level frustum culling

Screen-space size evaluation and LOD
selection

For every visible mesh, the CPU
determines the appropriate plpelme and
material bucket and updates the
corresponding draw command.

An atomic counter is used to reserve an
instance slot for the mesh and bucket.

The entity ID is then written into the
corresponding region of the Instance
Index Buffer.

. the generated commands are
executed through indirect rendering or
indirect mesh-task rendering, followed by
task-shader meshlet culling.

Model Visibility
Mesh Visibility

LOD Selection
Material / Pipeline Bucket
Selection
Atomic Instance
Allocation

Draw Command Instance
Count
GPU Upload

Indirect Rendering
Using Mesh Shader
Pipeline?

.

v

Task Shader

S
—

[ Vertex Shader ]

Meshlet Visibility
Mesh Shader

https://github.com/TamasPetii/Sy
napseEngine/blob/main/Synapse
Engine/Engine/System/Rendering
/ModelFrustumCullingSystem.cpp




Culling V.

The main limitation is that

Even with full parallelization, a scene
containing millions of entities creates a
significant CPU workload.

Every frame, the CPU must iterate through the
relevant entity sets and perform visibility tests,
LOD selection and bucket assignment.

The CPU must also update the instance
counters and populate the Instance Index
Buffer.

The generated draw commands and instance
data then have to be synchronized and
uploaded to the GPU.

This creates additional CPU-to-GPU data
transfer and synchronization overhead
every frame.

As scene complexity increases, the CPU
becomes the bottleneck even when many
CPU cores are available.

The key problem is therefore not only the
visibility tests themselves, but the continuous
CPU-side generation and synchronization of
the GPU rendering workload.

addresses exactly these
limitations by moving visibility determination
and rendering workload generation from
the CPU to the GPU.




Culling VI.

Culling is implemented entirely in compute
shaders, allowing all visibility tests to run
massively in parallel.

Each compute invocation processes one
model instance and performs the required
visibility tests.

The draw command buffer and Instance
Index Buffer reside entirely on the GPU,
eliminating the CPU-side synchronization
and per-frame upload required by CPU-
driven culling.

At the beginning of each frame, a compute
pass resets the instanceCount of the draw
commands.

For every visible instance,

atomically increments the corresponding
instanceCount and returns the previous
value, which is used as the write position in
the Instance Index Buffer.

The entity ID is written directly into the GPU-
resident Instance Index Buffer, keeping the
rendering workload entirely GPU-generated.

The compute shader can determine the
appropriate

, updating the corresponding
draw command and instance range.

The data-oriented ECS provides the required
GPU-friendly data layout, allowing the culling
workload to process large amounts of scene
data efficiently in parallel.

This makes the complete visibility — draw
command generation pipeline CPU-
independent.




Culling VL.

The first stage of the hierarchical
Ic:uIIir|1g pipeline operates at model
evel.

A dedicated Transform-Model Link
Buffer connects each entity's
transform and model data through
their respective ECS pool indices.

Each compute invocation processes
one model instance and retrieves its
transform and model data through
this indirection.

For visibility testing, each model
provides a model-level AABB and
Sphere collider, enclosing all meshes
belonging to the model.

The collider is tfransformed into world
space, after which the visibility tests
are performed.

The result determines whether the
model can contribute to the final
image and therefore requires further
processing.

void main()

{

}

FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

// Resolve dense index for non-static (dynamic/stream) entities

uint offset = ctx.staticTransformCount * ctx.enableGeometryBvhCulling;
uint transformDenseIndex = gl_GloballnvocationID.x + offset;

uint transformCount = ctx.allTransformCount - offset;

Transform-Model Range To Cull
(This allows static/dynamic/stream partitioning
more on that later!!)

// 1. Thread Boundary Check
if (gl_GlobalInvocationID.x >= transformCount) return;

TransformModellink link = GET_TRANSFORM_MODEL_LINK(ctx.transformModellLinkBufferAddr, transformDenseIndex);
if (link.modelDenseIndex == INVALID_INDEX) return;
uint entityld = link.entityIndex;

uint tagSparseIndex = GET_SPARSE_INDEX(ctx.tagSparseMapBufferAddr, entityld);
if (tagSparseIndex == INVALID_INDEX) return;
uint entityFlags = GET_TAG_DATA(ctx.tagDataBufferAddr, tagSparselndex);

Cull Inactive Entities

bool isActive = (entityFlags & (lu << 8)) != @;
if (!isActive) return;

// 2. Fetch Model component and Entity ID =
ModelComponent modelComp = GET_MODEL_COMP(ctx.modelBufferAddr, link.modelDenseIndex});
if (modelComp.modelIndex == INVALID_INDEX) return;

// 3. Resolve Transform and Main Camera data - Get Component Data
TransformComponent transform = GET_TRANSFORM(ctx.transformBufferAddr, transformDenseIndex);
uint cameraldx = GET_SPARSE_INDEX(ctx.cameraSparseMapBufferAddr, ctx.mainCameraEntity);
CameraComponent camera = GET_CAMERA(ctx.cameraBufferAddr, cameraldx);

// 4. Resolve Model metadata and addresses
ModelAllocationInfo mAlloc = GET_MODEL_ALLOC(ctx.globalModelAllocationBufferAddr, modelComp.modelIndex);
GpuModelAddresses addrs = GET_MODEL_ADDRESSES(ctx.modelAddressBufferAddr, modelComp.modelIndex);
GpuMeshCollider localGlobalCollider = addrs.glebalCollider;

Calculate World
Collider On-The-Fly

~—

/// Animation...

// Transform global collider to world space
GpuMeshCollider worldCollider = TransformCollider(localGlobalCollider, transform.transform);

uint visibility = INTERSECTION_INTERSECT; 1
if(ctx.enableModelFrustumCulling == 1)
‘ isibilit TestF (worldCollid ) - Camera Frustum
visibl y = TestFrustum(wor. ollider, camera); -
if (visibility == INTERSECTION_OUTSIDE) return; Culling Test
}

// 6. Occlusion Culling Test

float screenSizePixels = 0.0;

vec2 screenRes = vec2(ctx.screenWidth, ctx.screenHeight);

bool enableDepthOcclusion = (ctx.enableModelOcclusionCulling == 1); N = "

A HiZ Occlusion Culling

if (IsSphereOccludedPerspective(worldCollider.center, worldCollider.radius, camera.view, camera.projVulkan, Test
camera.params.x, camera.params.y, depthPyramid, screenRes, enableDepthOcclusion, screenSizePixels)) {
return;

} =,

e

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders/Passes/Culling/Geometry/
GeometryModelCulling.comp




Culling VIII.

Fast Path - Few Meshes

For models containing only a small
number of meshes, mesh-level culling is
performed directly inside the model
culling shader.

The shader immediately generates the
corresponding draw command and
Instance Index Buffer entries.

This avoids launching another mesh-
culhl?g pass for a very small amount of
Wel(@

Slow Path - Many Meshes

Models containing a large number of
meshes, such as Sponza, take a different

path.

Their model IDs are atomicall
appended to a visible-model buffer.

This buffer becomes the input of the next
mesh culling compute pass.

Instead of processing every mesh in
every model, the next stage only
Processes meshes belonging to models
hat actually survived model-level
culling.

void main()

{

// Previous Code ...

// 7. Fast-path: Process simple/small models directly
uint safeMeshCount = mAlloc.meshAllocationCount / 4;
if (IsModelSimpleEnoughForFastPath(safeMeshCount, addrs.vertexCount))

// Calculate LOD
vint lod = CalculateLodFromScreenSize(screenSizePixels);

for(uint m = ; m < safeMeshCount; ++m) {
uint matIdx = GET_MATERIAL_INDEX(ctx.materiallookupBufferAddr, modelComp.materialOffset + m);
Material mat = GET_MATERIAL(ctx.materialBufferAddr, matIdx);

// Determine Material Render Type (Opaque/Transparent + 1/2 Sided)
uint matType = GetMaterialRenderType(mat);

MeshAllocationInfo meshAlloc = GET_MESH_ALLOC(ctx.globalMeshAllocationBufferAddr, mAlloc.meshAllocationOffset + (m * 4) + lod);

uint pipeldx = GET_PIPELINE_INDEX(ctx.pipelineLookupBufferAddr, modelComp.pipelineOffset + m);

if (meshAlloc.activeTypes[pipeldx][matType] == 1) {
uint slotIndex = 8;
uint indirectIdx = meshAlloc.indirectIndices[pipeldx][matType];

// Append instance to the appropriate indirect draw command using atomic additions

if (pipeIdx == PIPELINE_MESHLET) {
uint64_t meshletBaseAddr = ctx.globallndirectCommandBufferAddr + (ctx.globalTraditionalCommandsCount * 16ul);
slotIndex = atomicAdd(GET_MESHLET_CMD(meshletBaseAddr, indirectIdx).groupCountX, 1);

} else {
slotIndex = atomicAdd(GET_TRADITIONAL_CMD(ctx.globalIndirectCommandBufferAddr, indirectIdx).instanceCount, 1);

}

// Write Instance ID (and encode full visibility flag in the MSB)
uint payload = SET_BIT TO(entityId, 31, visibility == INTERSECTION_INSIDE);
GET_INSTANCE(ctx.globalInstanceIndexBufferAddr, meshAlloc.instanceOffsets[pipeldx][matType] + slotIndex) = payload;
}
}
return;

}

// 8. Slow-path: Defer large/complex models to the Mesh Culling pass

uint needsWrite = 1; —y
uint subgroupWriteCount = subgroupAdd(needsWrite);

uint localOffset = subgroupExclusiveAdd(needsWrite);

uint baseOffset = 6;

// Elect one thread per subgroup to perform the atomic memory allocation
if (subgroupElect()) {
baseOffset = atomicAdd(GET_DISPATCH_CMD(ctx.modelCountBufferAddr).groupCountX, subgroupWriteCount);

}
baseOffset = subgroupBroadcastFirst(baseOffset); }_

if (needsWrite == 1) {
vint finalIndex = baseOffset + localOffset;
VisibleModelData outData;

// Encode full visibility flag into entity ID
outData.entityId = SET_BIT TO(entityId, 31, visibility == INTERSECTION_INSIDE);
outData.modelIndex = modelComp.modelIndex;

GET_VISIBLE_MODEL(ctx.modelVisibleIndexBufferAddr, finallndex) = outData;

Fast Path - Few

a Meshes

Slow Path - Many
Meshes

https://github.com/TamasPetii/
SynapseEngine/blob/main/Syn
apseEngine/Engine/Shaders/P
asses/Culling/Geometry/Geom
etryModelCulling.comp




Culling IX.

Modern GPUs expose

that allow threads within a subgroup to
cooperate without going through global
memory.

These operations perform collective
computations across the subgroup, such as
counting, broadcasting and prefix-sum
operations.

In the slow path, multiple threads may need
’{)o ]gfppend visible models to the same global
uffer.

Performing one global atomicAdd per
thread would créate heavy atomic = |
contention and can become a serialization
bottleneck.

Instead, the subgroup first determines how
many threads actually need to write.

A single thread then performs one global
atomicAdd, reserving the required
contiguous range for the entire subgroup.

The subgroup distributes the reserved indices
locally using a prefix-sum / exclusive-add
operation.

This reduces the number of global atomic
operations from one per thread to one per
subgroup.

The resulting writes are also contiguous,
improving the organization of the generated
data and making the technique useful for
other GPU-generated workloads.

// 8. Slow-path: Defer large/complex models to the Mesh Culling pass
uint needsWrite = 1;
uint subgroupWriteCount = subgroupAdd(needsWrite);
uint localOffset = subgroupExclusiveAdd(needsWrite);
uint baseOffset = 0;

// Elect one thread per subgroup to perform the atomic memory allocation
if (subgroupElect()) {

baseOffset = atomicAdd(GET_DISPATCH_CMD(ctx.modelCountBufferAddr).groupCountX, subgroupWriteCount);
}

baseOffset = subgroupBroadcastFirst(baseOffset);
if (needsWrite == 1) {
uint finalIndex = baseOffset + localOffset;
VisibleModelData outData;
// Encode full visibility flag into entity ID
outData.entityId = SET_BIT_TO(entityId, 31, visibility == INTERSECTION_INSIDE);

outData.modelIndex = modelComp.modelIndex;

GET_VISIBLE_MODEL(ctx.modelVisibleIndexBufferAddr, finalIndex) = outData;

https://www.khronos.org/blog/vulkan-subgroup-tutorial




Culling X.

Complex models that survive model-
level culling are stored in the Visible
Model Buffer.

A mesh culling workgroup is
dispatched for each visible model.

Each workgroup contains 32 threads,
which collaboratively process all
meshes belonging to one model.

identifies the
model being processed, while
identifies
the thread within the workgroup.

Each thread processes multiple
meshes using a strided loop when
the model contains more meshes
than available threads.

At this level, the
are tested against the
cameraq.

Visible meshes update their
corresponding draw commands and
Instance Index Buffer entries.

void main()

{

// Thread mapping: 1 WorkGroup = 1 Deferred Model, Local Threads = Meshes
uint jobIndex = gl_WorkGroupID.x;
uint localThreadId = gl_LocallnvocationID.x;

//... Resolve data, preparations

// 6. Collaborative Loop: Process all meshes of the current model y

for (uint m = localThreadld; m < addrs.meshCount; m += gl_WorkGroupSize.x) { Collaborative Mesh
Culling Iteration

// Resolve local mesh collider (Handle animation frame data if skinned)
GpuMeshCollider localMeshCollider = GET_MESH_COLLIDER(addrs.meshColliders, m);

//... Animation

// Transform mesh collider to world space
GpuMeshCollider worldCollider = TransformCollider(localMeshCollider, transform.transform);

// 7. Precise Frustum Test (Optimization: Skip if parent model is already fully inside)

uint visibility = parentFullyInside ? INTERSECTION_INSIDE : INTERSECTION_INTERSECT;

if (!parentFullyInside && ctx.enableMeshFrustumCulling == 1) { Camera Frustum
visibility = TestFrustum(worldCollider, camera); Culling Test
if (visibility == INTERSECTION_OUTSIDE) continue;

}

// 8. Occlusion Culling using Main Camera HZB
float screenSizePixels = 0.0;

if (IsSphereOccludedPerspective(worldCollider.center, worldCollider.radius, camera.view, camera.projVulkan, Occlusion CU"II’Ig

camera.params.x, camera.params.y, depthPyramid, screenRes, enableDepthOcclusion, screenSizePixels)) { Test
continue;
}
) ) Calculate LOD
// 9. Determine LOD based on screen size based on projected
uint lod = CalculateLodFromScreenSize(screenSizePixels); s _p yeo
size
// Resolve Material
uint matIdx = GET_MATERIAL_INDEX(ctx.materiallookupBufferaddr, modelComp.materialOffset + m);
Material mat = GET_MATERIAL(ctx.materialBufferAddr, matIdx);
// 18. Resolve material render type bitmask . 2
uint matType = GetMaterialRenderType(mat); Determine Material
Bucket Type
MeshAllocationInfo meshAlloc = GET_MESH_ALLOC(ctx.globalMeshAllocationBufferaddr, mAlloc.meshAllocationOffset + (m * 4) + lod);
uint pipeldx = GET_PIPELINE_INDEX(ctx.pipelineLookupBufferAddr, modelComp.pipelineOffset + m);
if (meshAlloc.activeTypes[pipeIdx][matType] == 1) {
uint slotIndex = @;
uint indirectIdx = meshAlloc.indirectIndices[pipeldx][matType];
—
// 11. Append instance to the appropriate indirect draw command
if (pipeldx == PIPELINE_MESHLET) {
uint64_t meshletBaseAddr = ctx.globalIndirectCommandBufferAddr + (ctx.globalTraditionalCommandsCount * 16ul);
slotIndex = atomicAdd(GET_MESHLET_CMD(meshletBaseAddr, indirectldx).groupCountX, 1);
} else { Generate Draw Command and
slotIndex = atomicAdd(GET_TRADITIONAL_ CMD(ctx.globalIndirectCommandBufferAddr, indirectIdx).instanceCount, 1); = Instance Index Buffer Payload
}
// Repack payload with precise mesh-level visibility flag and write instance data
uint payload = SET_BIT_TO(pureEntityId, 31, visibility == INTERSECTION_INSIDE);
GET_INSTANCE(ctx.globalInstanceIndexBufferAddr, meshAlloc.instanceOffsets[pipeldx][matType] + slotIndex) = payload; _J




Culling XI.

The
every mesh has its own draw command
and visibility state.

The , however, operates af
. , since a model represents a
logical collection of meshes.

Therefore, model-level visibility alone is not
sufficient, the renderer must ultimately
de’rer:mine visibility for each individual
mesh.

Hierarchical culling exploits the
relationship between these two levels:

If an entire model is invisible, none of its
meshes need to be processed further.

If the model is visible, its individual
meshes are tested to determine which
draw commands need to be
generated.

This provides a natural tfransition from the
Icoo:se model level 1o the finer mesh
evel.

The hierarchy does not stop at meshes:

the Task/Mesh shader pipeline enables

the same principle to confinue down to
meshlet-level culling.

Model-Level Culling

Mesh-Level Culling




Culling XII.

provide a GPU-driven mechanism for
and

The current hierarchical culling pipeline is inherently
producer — consumer:

Model Culling produces visible models.

Mesh Culling consumes those models and produces visible
meshes.

Meshlet Culling consumes the visible meshes.

With the conventional approach, these stages are
separated by GPU-resident buffers and dispatches.

The problem is that the output size of each stage is
data-dependent and cannot be known beforehand.

Therefore, intermediate buffers and dispatch
dimensions typically have to be allocated for a worst-
case workload, evén though most frames require
significantly less work.

A Work Graph allows the GPU to dynamically create
downstream work as upstream nodes produce results.

Instead of first generating a large visibility buffer and
then launching a separate dispatch, a Model Culling
node can I for the
models that survived.

The GPU dynomjcc:ll\é manages the required execution
resources, allowing the workload 1o expand and shrink
according to the actual scene visibility.

Data can be passed between nodes through GPU-

managed payload mechanisms, conceptually similar to

the producer — consumer relationship of Task/Mesh
shaders.

struct MeshCullingPayload {
// Bit-packing layout:
// GEOMETRY PASS: [Bit 31: Inside Frustum] [Bits ©-30: EntityID]
uint entityld;
uint modellIndex;
I
// Output node declaration for the Work Graph
layout(coalescing_node_amdx) out node_type GeometryWorkGraphMeshCullingNode;

layout(location = @) out MeshCullingPayload payloadOut;

void main() {
FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

// 1-5. Resolve data and preparation
fitises

// 6. Fast-path: Process simple/small models directly
s

// 7. Slow-path: WORK GRAPH ENQUEUE (Directly spawn a Mesh Culling Node)
allocateNodeRecordAMDX(GeometryWorkGraphMeshCullingNode, 1);

payloadOut.entityId = SET_BIT_TO(entityId, 31, visibility == INTERSECTION_INSIDE);
payloadOut.modelIndex = modelComp.modelIndex;

submitNodeRecordAMDX (GeometryWorkGraphMeshCullingNode);

Enque Mesh Culling
Work

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/Culling/Geometry/GeometryWorkGraphModelCulling.comp




Culling XIII.

The Task Shader receives an
indirect mesh-task dispatch where:

X = instance count: the number of
visible entities using the mesh.

Y = meshlet counts: the meshlet
range processed by each instance.

Each Task Shader workgroup
therefore corresponds to one mesh
instance and one block of
meshlets.

The meshlet and instance identity is
reconstructed from the buili-in
workgroup and local invocation
IDs.

Each thread identifies and
processes one meshlet within the
current meshlet block.

taskPayloadSharedEXT TaskPayload payload;
shared uint survivingMeshletCount;

void main() {

uint threadIdx = gl_LocalInvocationID.x; // Meshlet
} Map Task Shader

Thread to Meshlet

uint locallnstanceID = gl_WorkGroupID.x; // Entity
uint meshletGroupOffset = gl WorkGroupID.y * 32;// Meshlet Block

// 2. Fetch Draw Descriptor and Instance Data
// 3. Resolve Camera and Transform

// 4. Resolve Meshlet range for this group

T

if (isvisible) {
uint globalMeshletIdx = submeshData.meshletOffset + currentMeshletIdx;
GpuMeshletCollider localCollider = GET_MESHLET_COLLIDER(addrs.meshletColliders, globalMeshletIdx);

// 5. Evaluate Animation frame collider if applicable
7

GpuMeshletCollider worldCollider = TransformCollider{localCollider, transform.transform, transform.transformIT);

// 7. Backface Cone Culling
if ((pc.disableConeCulling == 8 & ctx.enableMeshletConeCulling == 1)) {
if(TestConeCulling(worldCollider, camera.eye.xyz)) {
isvisible = false;

}

Cone Culling Test

}

// 8. Frustum Culling (Skip if parent model is already fully inside)
if (isvVisible && !isParentFullyInside && ctx.enableMeshletFrustumCulling == 1) {

if (TestFrustum(worldCollider.center, worldCollider.radius, worldCollider.aabbMin, worldCollider.aabbMax, camera) == INTERSECTION_OUTSIDE) {

isVisible = false;
}
}

// 9. Occlusion and Sub-pixel Culling using Depth Pyramid
float screenSizePixels = 0.9;
if (isvisible) {
vec2 screenRes = vec2(ctx.screenWidth, ctx.screenHeight);
bool enableDepthOcclusion = (ctx.enableMeshletOcclusionCulling == 1);

if (IsSphereOccludedPerspective(worldCollider.center, worldCollider.radius, camera.view, camera.projVulkan,
camera.params.x, camera.params.y, depthPyramid, screenRes, enableDepthOcclusion, screenSizePixels)) {
isVisible = false;

}

// 1@. Append surviving meshlet index to payload

if (isvisible) {
uint slot = atomicAdd(survivingMeshletCount, 1);
payload.meshletIndices[slot] = currentMeshletIdx;

Meshlet Survived:
Populate Mesh Shader
Payload Data

}
}

barrier();
// 11. Emit the count of surviving meshlets for the Mesh Stage

if (threadIdx == @) {
EmitMeshTasksEXT(survivingMeshletCount, 1, 1);

Start Mesh Shader Work
Groups Dynamically

}

Resolve Meshlet
Collider
(World Space)

HiZ Occlusion
Culling Test

Camera Frustum
Culling Test




Culling XIV.

The Task Shader computes the
meshlet's world-space bounds and
performs the visibility tests:

Cone Culling
Frustum Culling
Occlusion Culling
Meshlets that survive all tests are

written into the Task Shader payload.

The payload contains the
information required by the Mesh
Shader to identify and process the
surviving meshlets.

After synchronization, the Task
Shader dynamically launches the
required number of Mesh Shader
workgroups based on the surviving
meshlefs.

The Scene: Dragon
partially visible

The Task Shader:
Culls Invisible Meshlets

/ /
L. /

The Vertex Shader:
Processes all tfriangles

The Mesh Shader:
Processes only visible triangles




Culling XV.

GPU-driven culling and
rendering compared fo the
traditional CPU-driven approach.

for the complete GPU culling +
rendering pipeline.

:only
total GPU time.

Model-level culling scales
efficiently even at very high entity
counts

The GPU workload is fully
parallelized, with no CPU-side
synchronization or per-frame
visibility data transfer.

NVIDIA Resizable BAR is strongly
recommended.

Table 2: CPU vs. GPU culling performance (1M entities).

Scenario CPU (ms) GPU(ms) FPS
CPU-Driven 12.244 .
— Full Mesh - 3.481 -
— Mesh (no occ.) B 4.504 -
— Traditional - 7.687 -
GPU-Driven 0.153 0.677 | 1344

Table 4: Hardware scalability on RTX 4060.

Entities Model Culling (ms) Total GPU (ms)

10,000 0.013 0.253
100,000 0.050 0.549
1,000,000 0.360 0.671
2,000,000 0.680 0.992




Culling XVI.

The current engine uses a

An additional BVH Chunk layer
groups spatially close entities
before model-level culling.

The hierarchy can be generated
using both CPU- and GPU-based
approaches.

Spatially nearby entities are
grouped into approximately 32-
element chunks.

Each chunk represents a coarse
spatial region containing multiple
models.

The hierarchy therefore becomes:
Chunk — Model — Mesh - Meshlet

This is the AABB collider
visualization of the BVH
chunks



Culling XVII.

The ECS already separates entities info
Static, Dynamic and Stream storage
regions.

Static entities are particularly suitable for a
Persw’ren’r spatial hierarchy because their
ransforms rarely change.

The static entifies are grougped info spatial
chunks of approximately 32 entities, each
with its own AABB and bounding sphere.

Culling is first performed at the Chunk level.

Rejecting a single chunk therefore
eliminates the processing of approximately

Rebuilding the entire Chunk/BVH hierarchy
ever?g frame would infroduce unnecessary
8{% ead even when generated on the

Therefore, the persistent spatial hierarchy is

Dynamic and Stream entities confinue
’rhrou?h the reqular Model — Mesh —
Meshlet culling pipeline.

A Work Graph could make this hierarchy
even more efficient by ollowmg surviving
chunks to dynamically generafe the next
level of culling work directly on the GPU,
o_v0|d|n% explicit intermediate buffers and
dispatches between levels.

void main() {

FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

uint chunkId = gl_GlobalInvocationID.x;
if (chunkId >= ctx.staticChunkCount) return;

// 1. Fetch Chunk Data and Bounding Sphere
StaticChunk chunk = GET_STATIC_CHUNK(ctx.staticChunkDataBufferAddr, chunkId);

// 2. Resolve Main Camera data
uint cameraldx = GET_SPARSE_INDEX(ctx.cameraSparseMapBufferAddr, ctx.mainCameraEntity);
CameraComponent camera = GET_CAMERA(ctx.cameraBufferAddr, cameraldx);

// 3. Frustum Culling Test

uint visibility = INTERSECTION_INTERSECT;

if(ctx.enableChunkFrustumCulling == 1)

{
visibility = TestAABBFrustum(chunk.minBounds, chunk.maxBounds, camera);
if (visibility == INTERSECTION_OUTSIDE) return;

¥

// 4. Occlusion Culling Test

float screenSizePixels = 8.8;

vec2 screenRes = vec2(ctx.screenWidth, ctx.screenHeight);

bool enableDepthOcclusion = (ctx.enableChunkOcclusionCulling == 1);

vec3 sphereCenter = (chunk.minBounds + chunk.maxBounds) * 8.5;
float sphereRadius = length(chunk.maxBounds - sphereCenter);

if (IsSphereOccludedPerspective(sphereCenter, sphereRadius, camera.view, camera.projVulkan,
camera.params.x, camera.params.y, depthPyramid, screenRes, enableDepthOcclusion, screenSizePixels)) {
return;

}

// 5. Subgroup-optimized writes to the visible chunk list
uint needsWrite = 1;

uint subgroupWriteCount = subgroupAdd(needsWrite);

uint localOffset = subgroupExclusiveAdd(needsWrite);

uint baseOffset = 8;

if (subgroupElect() && subgroupWriteCount > @) {
baseOffset = atomicAdd(GET_DISPATCH_CMD(ctx.staticChunkCountBufferAddr).groupCountX, subgroupWriteCount);

}
baseOffset = subgroupBroadcastFirst(baseOffset);

// 6. Encode Payload and write to visible list
if (needsWrite == 1) {
uint finalIndex = baseOffset + localOffset;

// Encode chunk ID with visibility flag
uint payload = SET_BIT_TO(chunkId, 31, visibility == INTERSECTION_INSIDE);
GET_VISIBLE_CHUNK(ctx.staticChunkVisibleIndexBufferAddr, finalIndex) = payload;

https://github.com/TamasPetii/Synaps
eEngine/blob/main/SynapseEngine/En
} gine/Shaders/Passes/Culling/Geometry
/GeometryStaticChunkCulling.comp




Culling XVIII.

The Static ECS region initially
contains a large, flat collection of
spatial entities.

Each entity contributes its world-
space bounds to the spatial
hierarchy construction.

The complete set is recursively
divided into smaller spatial
parfitions. Each partition contains
a contiguous subset of the spatial
items.

The subdivision continues until a
partition contains at most 32
entities. At this point, the recursion
terminates and the partition
becomes a

A tight Macro-AABB is generated
around all entities contained in
the Chunk.

Static Transform Ecs Region

T

Dinanannn

— 1

Recursive Spation Partitioning

[ All Transforms ]

SAH best split

{ |

[ Spation Set A ] { Spation Set B }

I T
SAH best split SAH best split

[

] O

\ 4 \ 4 \ 4 . \

| Chunk <=32 ‘ Chunk <= 32 W \/ Chunk <= 32 ‘

Chunk <= 32 J

Macro AABB Macro AABB Macro AABB Macro AABB




Culling XIX.

For the current spaftial partition, the
bounds of all entity centroids are
calculated.

The axis with the largest centroid
distribution is selected as the split
QXis.

The selected axis is divided into @
fixed number of spatial bins.

Each entity is assigned fo a bin
according to its centroid position.

Every possible boundary between
two bins becomes a candidate split
position.

A forward sweep accumulates the
entity count and bounding area of
the left partition.

A backward sweep performs the
same calculation for the right
partition.

The Surface Area Heuristic
evaluates all candidate splits and
selects the partition with the lowest
estimated cost.

// Calculate the centroid bounds of the current partition
glm: :vec3 centroidMin(FLT_MAX);
glm: :vec3 centroidMax(-FLT_MAX);

for (const auto& item : items)

£
centroidMin = glm::min(centroidMin, item.centroid);
centroidMax = glm::max(centroidMax, item.centroid);

}

// Select the axis with the largest spatial distribution
glm::vec3 extent = centroidMax - centroidMin;

int splitAxis = @;

if (extent.y > extent.x)
splitAxis = 1;

if (extent.z > extent[splitAxis])
splitAxis = 2;

SahBin bins[SAH_NUM_BINS];
float scale = SAH_NUM_BINS / extent[splitAxis];

// Assign each spatial item to a bin
for (const auto& item : items)
{
int binIdx = std::min(
static_cast<int>(SAH_NUM_BINS - 1),
static_cast<int>(
(item.centroid[splitAxis] -
centroidMin[splitAxis]) * scale));

bins[binIdx].count++;

bins[binIdx].minBounds =
glm::min(bins[binIdx].minBounds, item.minBounds);

bins[binIdx].maxBounds =
glm: :max(bins[binIdx].maxBounds, item.maxBounds);

// Find the split with the minimum SAH cost
float minCost = FLT_MAX;
int bestSplit = -1;

for (int 1 = ©; i1 < SAH_NUM_BINS - 1; ++i)
{
float cost =
leftCount[i] * leftArea[i] +
rightCount[i] * rightArea[i];

if (cost < minCost)
{
minCost = cost;
bestSplit = i;
}
}

https://github.com/TamasPetii/Syna
pseEngine/blob/main/SynapseEngi

ne/Engine/System/Core/StaticSpati
alSahSystem.cpp




Culling XX.

After the lowest-cost SAH split has
been selected, the spatial items are
partitioned in-place.

ltfems on one side of the selected
bin boundary are moved into the
left partition. The remaining items
form the right partition.

Both resulting partitions occupy
contiguous memory ranges inside
the spatial item array.

The midpoint separates the two
child partitions without requiring
additional temporary storage.

Each child partition is then
processed recursively using the
same SAH procedure.

Once a partition reaches the
maximum chunk size, recursion
terminates and the final Chunk is
created.

The left and right partitions are
independent and can therefore be
processed in parallel using

// Reorder items according to the selected SAH split
auto splitIter = std::partition(
items.begin(),
items.end(),
[=](const Spatialltem& item)
{
int binIdx = std::min(
static_cast<int>(SAH_NUM_BINS - 1),
static_cast<int>(
(item.centroid[splitAxis] -
centroidMin[splitAxis]) * scale));

return binIdx <= bestSplit;
3

size_t midIndex = std::distance(items.begin(), splitIter);

// Safety fallback if the partition fails
if (midIndex == @ || midIndex == items.size())
{

midIndex = items.size() / 2;

}

// Recursively process both spatial partitions
subflow.emplace(
[this, scene, items, midIndex](tf::Subflow& sf)
{
BuildBinnedSahNodeTask(
sf,
scene,
items.subspan(@, midIndex));

H

.name("SAH_Left");

subflow.emplace(
[this, scene, items, midIndex](tf::Subflow& sf)
{
BuildBinnedSahNodeTask(
sf,
scene,
items.subspan(midIndex));
1))
.name("SAH_Right");

https://github.com/TamasPetii/Syna
pseEngine/blob/main/SynapseEngi

ne/Engine/System/Core/StaticSpati
alSahSystem.cpp




Culling XXI.

The CPU-generated SAH BVH
provides a high-quality spatial
partition but constructing it can
become expensive for scenes
containing millions of entities.

Although the Static region rarely
changes, large scenes may still
benefit from a

The alternative approach is built
entirely through a sequence of
compute shader passes.

Instead of recursively searching for
optimal SAH split planes, every
static entity is assigned a compact

After sorting these keys, spatially
nearby enftities become adjacent
in the resulting range.

The sorted range is then divided
into fixed-size groups of 32 entities,

creating the spatial chunks used by

hierarchical culling.

Static ECS Transform
Entities

'

Compute Shader 1:
Global Scene AABB

l

[ Compute Shader 2: ]

Morton Key Generator

l

Compute Shader 3:
GPU Radix Sort

l

[ Compute Shader 4: ]
B

32-Entity Chunk and AAB
Builder

l

Chunk -> Model -> Mesh -> Meshlet

Culling Compute Shaders }




Culling XXII.

The first compute shader determines the
complete world-space bounds of the
Static ECS region.

Each invocation processes the
bounding data of its assigned entity.

Subgroup reduction operations first
calculate the local minimum and
maximum bounds.

Only one elected invocation per
sub r?up performs the global atomic
update.

However, atomicMin and atomicMax
operate on integer values.

or suitable across all target hardware.

Therefore, each floafing-point value is
converted into a monotonically sortable
unsigned integer representation before
performing the atomic operation.

The global minimum and maximum are
calculated using infeger atomics and
later converted backto floating-point
values.

This preserves the ordering of the original
floa |rng—AQom’r values, allowing integer
atomicMin and atomicMax to correctly
determine the final Scene AABB.

uint floatToSortableUint(float f)

{
uint u = floatBitsToUint(f);
// Preserve floating-point ordering in unsigned integer space
uint mask = uint(-int(u >> 31)) | ©x806000060u;
return u ~ mask;
}
float sortableUintToFloat(uint u)
{
uint mask = ((u >> 31) - 1u) | ©x80006000U;
return uintBitsToFloat(u * mask);
}
e
void main()
{
Libavs
vec3 sgMin = subgroupMin(localMin);
vec3 sgMax = subgroupMax(localMax);
if (subgroupElect())
{
atomicMin(sceneAABB.minX, floatToSortableUint(sgMin.x));
atomicMin(sceneAABB.minY, floatToSortableUint(sgMin.y));
atomicMin(sceneAABB.minZ, floatToSortableUint(sgMin.z));
atomicMax(sceneAABB.maxX, floatToSortableUint(sgMax.x));
atomicMax(sceneAABB.maxY, floatToSortableUint(sgMax.y));
atomicMax(sceneAABB.maxZ, floatToSortableUint(sgMax.z));
}
}

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Shaders/Passes/Morton/StaticScene AABB.comp




Culling XXIIl.

Each entity position is normalized
relative to the global Scene
AABB.

The normalized position is
converted into @

The bounding radius is
additionally converted into @
compact size classification.

Both values are packed intfo a
single :

The corresponding dense
transform index is stored as the
associated value.

A GPU radix sort then sorts the
complete key-value range.

After sorting, entities that are
spatially close to each other are
also located close to each other
in memory.

uint expandBits9(uint v)

{
v = (v * 9x00010001u) & OXFFOPBRFFuU;
v = (v * 0x00000101u) & OxOFROFGOFU;
v = (v * 9x00000011u) & ©xC30C308C3u;
v = (v * 0x00000005u) & ©x49249249u;
return v;

}

uint CalculateMortonCode27(vec3 normalizedPos)

{

uint x = min(max(uint(normalizedPos.x * 512.8), @u), 511u);
uint y = min(max(uint(normalizedPos.y * 512.8), @u), 511u);
uint z = min(max(uint(normalizedPos.z * 512.8), @u), 511u);

return expandBits9(x) |
(expandBits9(y) << 1) |
(expandBits9(z) << 2);
}

uint CalculateSizeBin(float radius)

{
float bin = log2(radius) + 5.8;
return clamp(uint(max(bin, ©.8)), 6u, 15u);
}
o e R e e e

void main()

{
(i I

vec3 normalizedPos = (center - sceneMin) / extent;

uint mortonCode = CalculateMortonCode27(normalizedPos);
uint sizeBin = CalculateSizeBin(radius);

uint key = PackMorton32(sizeBin, mortonCode);

GET_MORTON_KEY/(
ctx.mortonKeysBufferAddr,
transformDenseIndex) = key;

GET_MORTON_VALUE(
ctx.mortonValuesBufferAddr,
transformDenseIndex) = transformDenseIndex;

https://github.com/Tamas
Petii/SynapseEngine/blob/
main/SynapseEngine/Engi
ne/Shaders/Passes/Morto

n/MortonGenerator.comp




Culling XXIV.

N

32 33 34 ) 63 .

The radix-sorted range is divided s + = - J

into fixed-size groups of 32 Chunk 0 Chunk 1

entities. Each group becomes a
Compute Shader Compute Shader

single spatial chunk.

During chunk generation, the
combined world-space bounds
of all contained entities are
calculated. The resulting AABB

becomes the bounding volume

of the chunk. |

If a chunk is outside the camera Model Culling

frustum or occluded, all Compute Shader

contained entities can be A —

rejected immediately. ——
I Il A Mesh Culling

The remaining visible entities Compute Shader

continue through the existing i

Model — Mesh — Meshlet culling

Meshlet Culling

hierarchy.
Compute Shader

The

4

only the SpOﬂCﬂ hierorchy https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
construction method is different. ne/Shaders/Passes/Morton/ChunkBuilder.comp




Culling XXV.

Table 5: GPU culling performance without static spatial
partitioning (10 million entities).

This benchmark was executed with Culling Stage GPU Time (ms)

) Culling Command Reset 0.006
Without spatial partitioning, the GPU et Sullag 5585
must launch model culling work for Mesh Culling 0.003
every single entity. The flat GPU- Total 5.908

driven approach therefore scales
approximately linearly with scene
size.

At 10 million entifies, the

ModelCullingPass alone requires Table 4: GPU culling performance with static BVH/chunk
: partitioning (10 million entities).

With the Statfic BVH / Chunk

hierarchy enabled, large invisible Culling Stage GPU Time (ms)
spatial regions are rejected before

individual model culling begins. Culling Command Reset 0.005

Each rejected chunk eliminates up Static Chunk Culling 0.069
to 32 models at once, together with Static Model Culling 0.164
all of their meshes and meshlets. Model Culling 0.005

With Static BVH / Chunk Culling: Mesh Culling 0.003
total culling at Total E§.264

10 million 'enti’ries.




Culling XXVI.

The camera view volume is
represented by a frustum bounded
by six planes: Near, Far, Left, Right,
Top, and Bottom.

Each bounding volume is tested
against the frustum using Sphere —
AABB intersection tests.

The result has three possible states:

Outside objects are immediately
rejected from the rendering pipeline.

Intersecting objects frustum culling
continue through the hierarchical
Model - Mesh — Meshlet culling
pipeline.

If a model is completely Inside the
frustum, all of its meshes and meshlets
are also guaranteed to be inside, so
further frustum tests can be skipped.

The Inside state is propagated

through the hierarchy by encoding
the fully-inside flag into bit 31 of the
entity ID.




Culling XXVII.

The frustum planes are ordered to
maximize early termination,
allowing objects behind the
camera to be rejected as early as
possible.

A sphere test is performed first
because it provides a fast
conservative visibility test.

If the sphere is completely Outside
or Inside, the result is immediately
returned.

Only Intersecting spheres
continue to the more accurate
AABB vs Frustum test.

Both tests evaluate the object
against all six frustum planes and
return the same three-state visibility

uint TestSphereFrustum(vec3 center, float radius, vec4 planes[6]) {
bool isIntersecting = false;
for(int 1 = 0; i < 6; ++1i) {
vecd plane = planes[i];
float dist = dot(plane.xyz, center)

- plane.w;

if(dist < -radius) return INTERSECTION_OUTSIDE;
if(dist < radius) isIntersecting = true;

}

return isIntersecting ? INTERSECTION_INTERSECT : INTERSECTION_INSID

}

uint TestAABBFrustum(vec3 aabbMin, vec3 aabbMax, vec4 planes[6]) {
vec3 extents = (aabbMax - aabbMin) * 0.5;
vec3 center = (aabbMax + aabbMin) * ©.5;

bool isIntersecting = false;
for(int 1 = 0; i < 6; ++1) {
vecd plane = planes[i];
float r = dot(extents, abs(plane.xyz));
float dist = dot(plane.xyz, center) - plane.w;

if (dist < -r) return INTERSECTION_OUTSIDE;
if (dist < r) isIntersecting = true;

}

return isIntersecting ? INTERSECTION_INTERSECT : INTERSECTION_INSID

}

uint TestFrustum(GpuMeshCollider collider, vec4 planes[6]) {
uint sphereResult = TestSphereFrustum(collider, planes);
if (sphereResult != INTERSECTION_INTERSECT) return sphereResult;
return TestAABBFrustum(collider, planes);

result. https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders

/Includes/Utils/CullingMath.glsl




Culling XXVIII.

Frustum culling removes objects
that are outside the camera view,
but it cannot detect objects that
are

Occlusion culling aims to reject
these hidden objects before
unnecessary geometry processing is
performed.

A typical example is an object
located completely behind a wall:
it may be inside the camera
frustum, but it contributes nothing to
the final image.

Accurate occlusion testing is
difficult, especially in a massively
parallel GPU-driven pipeline.

The approach used in the engine is

The technique uses previously
generated depth information to
conservatively determine whether
a bounding volume is hidden by
already visible geometry.




Culling XXIX.

Hi-Z is a hierarchical representafion
oL’rhe depth buffer bullt as a mip
chain.

The highest-resolution level contains
the original depth information.

Each subsequent mip level
represents a larger screen-space
region with lower spatial resolution.

In this implementation, every mip.
level is generated from a 2x2 region
of the previous level.

’fr?r a reversed-depth configuration,
e

. Ispropagated to the
next mip level.

This produces a conservative depth
hierarchy that allows large screen-
space regions to be tested using a
single texiure lookup.

The depth hierarchy allows the
culling algorithm o choose the mip
level That approximately matches
the projected size of the tested
bounding volume.




Culling XXX.

Occlusion testing is performed in
screen space.

The object's bounding sphere is
Ehrojec’red onto the screen using
e

The projection provides:
the screen-space center,
the projected X/Y extent,

and the closest depth of the
bounding sphere.

The projected center is used as
the Hi-Z texture coordinate.

The projected size determines
which Hi-Z mip level should be
sampled.

The selected mip must fully cover
the projected bounding volume.
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https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders
/Includes/Utils/Occlusion.glsl



Culling XXXI.

The selected Hi-Z mip level must fully
cover the projected bounding
volume.

To guarantee conservative
coverage, the projected bounds
are sampled at their four corners.

A
combines these samples and
returns the maximum depth value.

This makes the four-corner depth
test efficient while preserving
conservative occlusion results.

Meshlets are particularly well suited
for Hi-Z occlusion because their
small bounding volumes allow
sampling from much higher-
resolution mip levels.

As the culling hierarchy progresses
from Model - Mesh — Meshlet, the
Hi-Z test becomes increasingly
precise and effective.

https://www.rastergrid.com/blog/2010/10/hierarchical-z-map-based-occlusion-
culling/




Culling XXXII.

The occlusion test begins by
transforming the bounding sphere
intfo view space.

The Zeux approximate sphere
projection calculates the projected
screen-space bounds of the
sphere.

From these bounds, the screen-
space size is calculated and used
to determine the appropriate Hi-Z
mip level.

: Objects smaller
than one pixel can be rejected
immediately.

The Hi-Z depth is sampled using the
projected bounds, and the depth
of the sphere's closest point to the
camera is calculated.

If the closest point of the sphere is
still behind the sampled Hi-Z depth,
the object is considered fully
occluded and can be rejected.

// Zeux Approximate Sphere Projection
bool ProjectSpherePerspective(vec3 viewCenter, float radius, mat4 proj, float near, out vec4 uvBounds) {
if (-viewCenter.z - radius < near) return false;
vec2 cx = vec2(viewCenter.x, -viewCenter.z);
vec2 vx = vec2(sqrt(dot(cx, cx) - radius * radius), radius);
vec2 minx = mat2(vx.x, vX.y, -VX.y, VX.X) * cx;
vec2 maxx = mat2(vx.x, -vX.y, vX.y, vX.x) * cx;
vec2 cy = vec2(viewCenter.y, -viewCenter.z);
vec2 vy = vec2(sqrt(dot(cy, cy) - radius * radius), radius);
vec2 miny = mat2(vy.x, vy.y, -vy.y, vy.x) * cy;
vec2 maxy = mat2(vy.x, -vy.y, vy.y, vy.x) * cy;
float pe@ = abs(proj[@][e]);
float pl1 = abs(proj[1][1]);

uvBounds = vecd4(minx.x / minx.y * p@@, miny.x / miny.y * pil,
maxx.x / maxx.y * p@@, maxy.x / maxy.y * pll);
uvBounds = uvBounds * 0.5 + 0.5;

return true;

b

bool IsSphereOccludedPerspective(vec3 worldCenter, float radius, mat4 view, mat4 proj, float zNear,

float zFar, sampler2D depthPyramid, vec2 screenRes, bool enableDepthOcclusion, out float outScreenSizePixels) {
vec3 viewCenter = (view * vec4(worldCenter, 1.8)).xyz;
vecd uv;
outScreenSizePixels = INFINITE_SCREEN_SIZE;

if (ProjectSpherePerspective(viewCenter, radius, proj, zNear, uv)) {
vec2 sizeInPixels = (vec2(uv.zw) - vec2(uv.xy)) * screenRes;
outScreenSizePixels = max(sizeInPixels.x, sizeInPixels.y);

if (outScreenSizePixels < 1.9) return true;

if (enableDepthOcclusion) {
float lod = max(@.0, ceil(log2(outScreenSizePixels * 8.5)));
vec2 centerUV = (uv.xy + uv.zw) * ©.5;
centerUV.y = 1.0 - centerUV.y;
float maxDepth = texturelLod(depthPyramid, centerUV, lod).r;

float sphereClosestDepth = -viewCenter.z - radius;
float normalizedDepth = (sphereClosestDepth - zNear) / (zFar - zNear);

return normalizedDepth > maxDepth;
}
}

return false;

}

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders/Includes/Utils/Oc
clusion.glsl




Culling XXXIII.

Each meshlet is assigned a
bounding cone, generated
automatically by meshoptimizer
during meshlet construction.

The cone represents the dominant
orientation of the friangles
contained within the meshlet.

Its axis is derived from the overall
direction of the meshlet's triangle
normals, while the cone cutoff
represents their maximum angular
deviation.

During rendering, the direction from
the meshlet towards the camera is
compared against this cone.

If the entire meshlet faces away
from the cameraq, all of its triangles
are effectively back-facing and the
meshlet can be rejected before
launching the Mesh Shader.

This allows
to be performed
at the meshlet level.

bool TestConeCulling(vec3 apex, vec3 axis, float cutoff, vec3 cameraEye
vec3 view = normalize(apex - cameraEye);
return dot(view, axis) >= cutoff;

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Shaders/Includes/Utils/CullingMath.glsl



Culling XXXIV.

The object’s screen-space size is
already determined during Hi-Z
occlusion culling.

This value is reused for dynamic LOD
selection.

Screen-space size is a
than distance alone:

Accounts for both distance and
object size

Lor}ge objects can remain highly
defailed even when far away

Small objects can use lower detail
even when relatively close

LOD level is selected based on the
projected size:

>512 px: LOD O 100% detail
>256 px: LOD 1 50% detail
>128 px: LOD 2 25% detail
>64 px: LOD 3 12.5% detail

Reduces geometric workload while

Random LOD level color visualization.
(Nvidia Bistro is 1 big model but has different LOD on meshes)



Culling XXXV.

Hierarchically, the engine
progressively rejects invisible
Models, Meshes, and finally
Meshlets, entirely on the GPU using
Compute and Task Shaders.

The benchmark was performed on
a scene containing 1 million
entities:

No Culling:

+ Cone Culling:

+ Frustum Culling:
+ Hi-Z Occlusion:
+ Dynamic LOD:

the complete GPU-
driven hierarchical culling pipeline
reduces the rendering cost from
approximately a ' for
this 1 million entity scene.




Culling XXXVI.

The culling pipeline

For each animation, all frames are
precomputed on the CPU with:

Model AABB and bounding sphere
Mesh AABB and bounding sphere
Meshlet AABB and bounding sphere

The culling shader dynamically checks
whether an enftity has an animation
component.

For animated objects:

The current animation frame is
determined.

The corresponding precomputed colliders
are retrieved.

These colliders are used for the remaining
culling stages.

Static objects use their default model
colliders.

The rest of the culling pipeline remains
identical for both cases.

No separate static/animated culling
shaders are required —

bofth.

handles

// 4. Resolve Model metadata and addresses

ModelAllocationInfo mAlloc = GET_MODEL_ALLOC(ctx.globalModelAllocationBufferAddr, modelComp.modelIndex);
GpuModelAddresses addrs = GET_MODEL_ADDRESSES(ctx.modelAddressBufferAddr, modelComp.modelIndex);
GpuMeshCollider localGlobalCollider = addrs.globalCollider;

// Evaluate Animation frame collider if applicable
if(ctx.animationSparseMapBufferAddr != 8) {
uint animSparseIndex = GET_SPARSE_INDEX(ctx.animationSparseMapBufferAddr, entityId);
if (animSparselIndex != INVALID_INDEX) {
AnimationComponent animComp = GET_ANIM_COMP(ctx.animationBufferAddr, animSparselndex);
if (animComp.animationIndex != INVALID_INDEX) {
GpuAnimationAddresses animAddrs = GET_ANIM_ADDRESSES(ctx.animationAddressBufferAddr, animComp.animationIndex);

if (animAddrs.isReady == 1) {
localGlobalCollider = GET_MESH_COLLIDER(animAddrs.frameGlobalColliders, animComp.framelndex);
}

// Transform global collider to world space
GpuMeshCollider worldCollider = TransformCollider(localGlobalCollider, transform.transform);

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Animation/Processor/Geometry/AnimationColliderProcessor.cpp
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Lighting and Shading |.

So far, we have explored how the engine
handles GPU-driven rendering and
efficiently generates the required draw
commands and instance data.

We have seen how geometry can be
processed through a highly batched
rendering pipeline.

We also examined the complete
hierarchical GPU-driven culling
architecture.

Compute shaders are used to
progressively determine which models,
meshes, and meshlets actually contribute
to the final image.

Invisible geometry is rejected as early as
possible, minimizing unnecessary
geometry processing and rendering work.

At this point, the engine is able to determine
and render the
remaining geometry efficiently.

The next question is: how should the scene
be illuminated?

The engine currently supports three main
light types: Directional Lights, Point Lights,
and Spot Lights.

Unlike geometry, light sources can
potentially affect a large number of visible
pixels, making efficient light evaluation
equally important.

This section explores different

, from the limitations of
traditional forward shading to the
implementation of
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Forward shading is one of the
simplest and most direct rendering
approaches.

Geometry is rasterized, and every
generated fragment is shaded
Immediately.

The Fragment Shader has access to
all relevant scene lights.

For every visible fragment, the
shader iferates through the
available light sources and
accumulates their contribution.

The engine supports three prima
ggh’i’ryges: Dirgrc):ﬁonol, PoirFi)i <:|ndry
pot.

Each light evaluates its contribution
based on the fragment's material
properties, position, and surface
normal.

After all light conftributions have.
been evaluated, the final color is
written directly to the framebuffer.

void main()

{

vec3 finalColor = vec3(0.0);

for (uint i = ©; i < directionallLightCount; ++i)
finalColor += CalculateDirectionalLight(...);

for (uint i = @; i < pointLightCount; ++i)
finalColor += CalculatePointLight(...);

for (uint i = 9; i < spotLightCount; ++i)
finalColor += CalculateSpotLight(...);

outputColor = vec4(finalColor, 1.0);
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1000 Lights

SR

Y

Fragment A ]—b[ Iterate through all lights
The lighting calculation is performed during

geometry rendering. ¥

Every fragment potentially iterates through all Most lights irrelevant
available light sources. )

Traditional forward shading does not
inherently limit the light calculations based on Y
the screen-space region affected by each Full shading result

light.

A Point Light or Spoft Light only affects o |
limited volume, k?u’r ’rhg shodgr may still need e i
to iterate over It for every fragment.

A software volume or distance check can Fragment B (—» Iterate through all lights ‘
reject lights that do not affect the fragment, . e \ )
but the iteration and evaluation overhead still
remains. 1

With hundreds or thousands of lights, iterating Most lights irrelevant
over the complete light list for every pixel L )
quickly becomes prohibitively expensive.

In addition, mulfiple fragments can be . Y
generated for the same screen-space pixel. Full shading result

A frcqmen’r may perform all lighting,
calculations, only to be later overwritten by a
closer fragment.

Y

This kcreo’res two major sources of wasted [ an P otor
work:
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Depth —

Deferred Shading

. . . . . . . - % COIor
The rendering pipeline is divided info two
main stages: Geometry Pass, Lighting Pass

During the Geometry Pass, objects are
rendered normally, but lighting is not
calculated.

Instead, the Fragment Shader stores the
information required for later shading into
mul’rgle render targets, collectively Called
the G-Buffer.

Typical G-Buffer data includes: Normal,
olor, Roughness/Metallic, Emissive, Depth

Depth testing still determines which fragment
is actually visible at every screen-space pixel.

Normal — S

— Metallic

] Roughness — _ .
Therefore, once the Geometry Pass is
complete, the G-Buffer contains only the data
of the fragments that actually contribute o
the final image.

The expensive lighting calculations are
performed afterwards, using this final visible
surface information.

This eliminates one of the major inefficiencies
of Forward Shading:

Emissive — %
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The Geometry Pass produces the G-
Buffer, containing the final visible surface
information for every screen-space pixel.

The main lighting texture target is initially
cleared to .

Each light is then rendered individually
during The Lighting Pass.

The Fragment Shader reads the required
surface data from the G-Buffer an
calculates the conftribution of the current

light.

The resulting light contribution is,
litively. into the
main lighting texture.

Instead of shading the entire screen for
every local I|fgh’r, geomeiry representing
the light's volume'is rendered.

Only the pixels covered by this volume
generate fragments and evaluate the
corresponding light contribution.

The final image is gradually accumulated
as the confributions of Directional, Point,
and Spot Lights are rendered.

------

« Starter
Black Image

NOTE!

Emissive +
AO —

< Point Light
Simulation

Spot Light
Simulation —

d — Directional
Light Simulation

Final Image
Addition +
Bloom —
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In addition to the G-Buffer, the renderer
stores per-pixel identification and visibility
information in an R32G32 texture.

The stores the final rendered

This enables pixel-perfect object picking in
the editor: reading a single pixel directly
identifies the entity visible at that screen-
space position.

The acts as a compact

Multiple values are packed into this 32-bit
integer using bit packing, including
information such as: PipelineType
MaterialType, Triangleindex, Meshletindex,
Meshindex

This information can later be decoded to
create differenf debug and, VISIbI|IQ{_
visualizations without requiring additional
render targets.

Transparent objects are also written into the
ID texture. For picking purposes, they are
rendered as into this buffer.

This ensures that depth festing selects the
closest transparent entity at every pixel.

Pipeline Type —

~— LOD

Mesh Index—

«— Meshlet Index

Triangle Index— [

«— Pipelin/LOD/
Meshlet/
Combined

Material Type— :
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A Directional Light has no local
?osmon or finite'influence volume,
herefore its lighfing confribution
must be evaluated across the entire
screen.

is rendered to
generate fragments for every visible
screen-space pixel.

The shader reconstructs the required
surface data from the G-Buffer,
including world position, albedo,
normal, metallic, and roughness.

The light direction is retrieved from
the Directional Light buffer and
combined with the reconstructed
surface and view direction.

The complete directional lighting
calculation is then performed using
the material properties stored in the
G-Buffer.

The resul’rjn]9 radiance is additively
blended into the main lighting
texture.

void main()

{
outUV = vec2((gl_VertexIndex << 1) & 2, gl_VertexIndex & 2);
gl_Position = vec4(outUV * 2.0 - 1.9, 0.9, 1.9);

uint entityId = GET_DIRECTION_VISIBLE_LIGHT(ctx.directionLightVisibleIndexBufferAddr, gl_Instancelndex);
uint lightDenseIndex = GET_SPARSE_INDEX(ctx.directionLightSparseMapBufferAddr, entityId);
uint cameralndex = GET_SPARSE_INDEX(ctx.cameraSparseMapBufferAddr, ctx.activeCameraEntity);

outLightDenseIndex = lightDenseIndex;
outEntityLightIndex = entityId;
outCameralndex = cameralndex;

}

void main()

{
vec3 position = ReconstructWorldPosition(
inuv,
depth,
camera.viewProjVulkanInv
)s
vecd4 colorMetallic = texture(colorMetallicTexture, inUV);
vec4d normalRoughness = texture(normalRoughnessTexture, inUV);
vec3 albedo = colorMetallic.rgb;
float metallic = colorMetallic.a;
vec3 normal = normalize(normalRoughness.xyz);
float roughness = clamp(normalRoughness.a, ©.84, 1.9);
vec3 dirLightDirection = GET_DIRECTION_LIGHT(ctx.directionLightDataBufferAddr,
inLightDenseIndex).direction.xyz;
vec3 lightDir = normalize(-dirLightDirection);
vec3 viewDir = normalize(camera.eye.xyz - position);
vec3 radiance = SimulateDirectionallight(
ctx.directionLightDataBufferAddr,
inLightDenseIndex,
albedo,
normal,
viewDir,
roughness,
metallic,
)
¥

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Shaders/Passes/Shading/Deferred/Lighting/DeferredDirectionLight.frag
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The lighting buffer initially contains
only the accumulated
conftribution of the previous
lighting passes (AO).

The Directional Light shader reads
the final visible surface information
directly from the G-Buffer.

The lighting calculation is
performed independently for
every screen-space pixel.

Surface orientation and material
properties determine how strongly
each pixel responds to the
incoming light direction.

The calculated radiance is then
additively accumulated into the
main lighting texture.

®l@]x]

(& @] x]

348

After Dir
Light
Simulation
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Lighting and T 5 TV
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"

L i ) “ ' <
ki
Unlike Directional Lights, Point and Spot \ ' 4 _ ' 4
Lights have @ 5 7 e - 1 R . h *

A Point Light affects a spherical region
defined by its position and radius, while a
Spot Light affects a cone-shaped volume.

Instead of renderingrg a full-screen friangle,
geometry represen mg% the light volume is
rasferized, %enerqhng ragments only,
within the alfected sCreen-space region.

The actual volume is not rendered as a.

high-resolution sphere or cone, since this
would infroduce unnecessary geometric
complexity and approximation artifacts.

Point Light Sphere Point Light Proxy Cube
Volume

Point Lights use a simple . A 1
enclosing the spherical volume, while Spot b S . .
Lights use a : b )

. ) A ‘ x .‘--"-v ﬁ'-. n -: .‘- »
These proxy volumes require only a small e | i h "

number of vertices and provide a
resolution-independent approximation;
fragments outside the actual light volume
are rejected dynamically in the shader.

This slightly increases the number of Spoft Light Cone Volume Spot Light Proxy Pyramid

generated fragments, but significantly
reduces geometric complexity while =
maintaining accurate lighting boundaries.
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Each Point Light and Spot Light is
represented by a lightweight proxy
volume geometry.

The proxy geometry is also rendered using
instancing, allowing many lights of the
same type to be processed efficiently in a
single draw.

A Point Light uses a cube proxy that
conservatively encloses its spherical
influence volume.

A Spot Light uses a pyramid proxy that
conservatively encloses its conical
influence volume.

The fragment shader performs the exact
light-volume test and discards fragments
outside the actual sphere or cone.

Front-face culling is used when rendering
the volumes. This ensures that the lighting
volume remains visible even when the
camera is located inside the light volume.

The next step is
before they
are rendered.

//Spot Light Shader
void main()

{

et

// 1. Distance-based Culling
float distTolLight = distance(position, light.position);
if (distToLight > light.range) {

discard;

}

// 2. Angle-based Culling (Spot Light Cone)

vec3 lightDirToFrag = normalize(position - light.position);

vec3 spotDirection = normalize(light.direction);
float theta = dot(lightDirToFrag, spotDirection);

if (theta < light.outerCosAngle) {
discard;

}

Meva

//Point Light Shader
void main()

{

T inie

// 3. Spherical Culling
float distToLight = distance(position, light.position);
if (distToLight > light.radius) {

discard;

}

oo
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The same
used for scene geometry can
also be applied to Point and Spot Lights.

Since light volumes are rendered as instances,

the culling pass determines which lights are

visible and updates the corresponding

gu:lflfrec’r draw commands and instance index
uffers.

Point Lights can be tested directly using their
spherical influence volume.

Spot Lights use conservative bounding
volumes for culling, combining a boundm?
sp?ere and AABB around the conical ligh
volume

In the GPU-driven pipeline, Compute Shaders
perform the saome Frustum and Hi-Z Occlusion
Culling techniques infroduced earlier.

GPU-driven culling is particularly beneficial for
lights because fully occluded light volumes
can be discarded before rasterization, .
preventing unnecessary fragment generation
and lighting calculations.

A CPU-driven implementation is also
available, but it cannot take advantage of
the GPU-side Hi-Z depth hierarchy in the same
way.

The final lighting pass ng I
, rendering only the visible Point and
Spoft Light volumes.

void main() {

}

FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

uint globalld = gl_GlobalInvocationID.x;
if (globalld »>= ctx.pointLightCount) return;

PointLightColliderGPU collider = GET_POINT_LIGHT_COLLIDER{ctx.pointLightColliderBufferAddr, globalld);

uint tagSparseIndex = GET_SPARSE_INDEX(ctx.tagSparseMapBufferAddr, collider.entityIndex);
if (tagSparseIndex == INVALID_INDEX) return;
uint entityFlags = GET_TAG_DATA(ctx.tagDataBufferAddr, tagSparselndex);

bool isActive = (entityFlags & (1lu << 8)) != @;
if (lisActive) return;

uint cameraldx = GET_SPARSE_INDEX(ctx.cameraSparseMapBufferAddr, ctx.mainCameraEntity);
CameraComponent camera = GET_CAMERA(ctx.cameraBufferAddr, cameraldx);

// 1. Frustum Culling (Sphere)

uint visibility = INTERSECTION_INTERSECT;

if(ctx.enablePointLightFrustumCulling == 1)

{
uint visibility = TestSphereFrustum(collider.center, collider.radius, camera);
if (visibility == INTERSECTION_OUTSIDE) return;

}

// 2. Occlusion és @-pixel Culling

float screenSizePixels = 0.9;

vec2 screenRes = vec2(ctx.screenWidth, ctx,screenHeight);

bool enableDepthOcclusion = (ctx.enablePointLightOcclusionCulling == 1);

if (IsSphereOccludedPerspective(collider,center, collider.radius, camera,view, camera,projVulkan,
camera.params.x, camera.params.y, depthPyramid, screenRes, enableDepthOcclusion, screenSizePixels)) {
return;

}

uint needsWrite = 1;

uint subgroupWriteCount = subgroupAdd(needsWrite);
uint localOffset = subgroupExclusiveAdd(needsWrite)
uint baseOffset = @;

if (subgroupElect()) {
baseOffset = atomicAdd(GET_VK_DRAW_CMD(ctx.pointLightIndirectCommandBufferAddr, @).instanceCount, subgroupWriteCount);
}

baseOffset = subgroupBroadcastFirst(baseOffset);

uint finalIndex = baseOffset + localOffset;
GET_POINT_VISIBLE_LIGHT(ctx.pointlLightVisibleIndexBufferAddr, finallndex) = collider.entityIndex;

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/Culling/PointLight/PointLightCulling.comp
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Each rasterized fragment
reconstructs its corresponding
surface data from the G-Buffer.,

The Point Light position and radius
are used to calculate the distance
and attenuation.

Fragments outside the analytical
spherical influence range are
discarded.

The light direction is calculated
from the shaded surface toward
the light source.

The final lighting contribution is
evaluated using the material
properties and added to the
lighting buffer.

®lo]x

Ome
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Surface and material data are
reconstructed from the G-Buffer in
the same way as for Point Lights.

The light direction is evaluated
relative to the Spoft Light position
and orientation.

The spotlight cone angle
determines whether the fragment
lies inside the illuminated region.

Angular falloff is applied to create
a smooth fransition near the edge
of the cone.

The final lighting contribution
combines distance attenuation,
angular attenuation, and the
material response.

(@[] x|

®|O]x

(®|®] x|
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unnecessary lighting work caused by
fragment overwrites and evaluating lights
outside their actual influence volumes.

Geometry is processed first, ensuring that
lighting is evaluated only for the final
visible surfaces.

Local light volumes further restrict shading
to pixels that can actually be affected by
each light.

However, every light volume still executes
its own fragment shader and repeatedly
reads the same surface data from the G-
Buffer.

If a single pixel is affected by 50 lights, the
G-Buffer data may be fetched and
reconstructed up to 50 times.

This creates significant texture bandwidth
and memory access overhead, especially
with many overlapping lights.

The lighting computation is distributed
across separate light passes instead of
p_roclessing all relevant lights tfogether for a
pixel.

Forward+ addresses this by preserving
efficient light culling while processing the G-
Bpff?r/surfoce information only once per
pixel.

The goal is fo combine the strengths of both
approaches:
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The screen is divided into a

For each file, o Compute Shader
determines which lights potentially
affect that screen-space region.

The resulting light indices are stored in
a compactlist and reused during
Forward shading.

Each pixel only evaluates the lights
assigned to its corresponding tile
instead of iterating over every light in
the scene.

This significantly reduces the number
of unnecessorY lighting calculations
compared to traditional Forward
Shading.

However, the

. All
%eome’rry at different depths within
e same tile shares the same light list.

As a result, lights may still be assigned
to fragments that are spatially far
away along the Z axis.
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Clustered Forward Shading extends tiled
lighting info a

The screen is divided into X/Y tiles, while
the view space is additionally partitioned
along the .

Each cluster therefore represents a smaller
three-dimensional region instead of an
entire depth range.

The Z dimension is typically distributed non-
linearly, allowing more detailed
partitioning near the camera and larger
cells at greater distances.

!.i?his are assigned only to the clusters
infersecting their spatial influence volumes.

During shading, each fragment
determines its corresRon ing 3D cluster
alndTevoluo’res only the lights stored in that
Cluster.

This provides significantly better light
rejection than purely two-dimensional tiled
approaches.

However, the cluster g%rid is usually
predefined, meaningthat
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Depth-Bounded Tiled Forward Shading
improves tiled lighting by incorporating the

Each screen-spqace tile collaboratively reads
its depth values in compute shader and
determines the local minimum and
maximum depth.

After synchronization, this depth range is
used to construct a tighter view-space
volume for the tile.

Light culling is therefore performed against
the occupied depth range instead ot the
entire camera frustum depth.

This can significantly reduce false-positive
Ilglgh’r assignments compared to fraditional
Tiled Forward Shading.

However, the approach still depends on a
single depth interval per file.

A tile containing both

containing significant empty
space.

Additionally, relying only on the opaque
depth buffer creafes complications when
the same light-culling structure must also
support
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While exploring existing Forward+
techniques, none of the available
approaches fully matched the requirements
of the engine.

Tiled Forward Shading provides efficient
screen-space partitioning but completely
ignores depth.

Clustered Forward Shading introduces three-
dimensional light culling but relies on a
predefined spatial grid that may contain
large numbers of empty clusters.

Depth-Bounded Tiled Forward Shading uses
actual scene depth but represents each file
with only a single depth range and does not
naturally extend to transparent geometry.

Computing depth ranges directly from the
depth buffer also becomes increasingly
expensive as the file resolution grows.

A larger tile size, such as 64xé4 or 256%x256 pixels,
would require significantly more depth samples and
synchronization If the Min/Max range were computed
directly by the workgroup.

The key idea was therefore to combine the strengths
of existing approaches while removing their fixed
spatial assumptions.

Use hierarchical depth information instead of
repeatedly reducing raw depth samples.

Adapt the depth partitioning dynamically to the
occupied depth range of each tile.

Avoid generating clusters for empty regions of the
camera frustum.

Support both opaque and transparent geometry
within the same light-culling structure.

Allow flexible screen-space tile resolutions without
scaling the depth-range reduction cost with the
number of pixels inside the tile.




An Original Rendering Technique by Péter Tamas
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The first is the . .
’ ongg)nolly built from
the opaque depthbuffer for GPU-
driven occlusion culling.

This hierarchy already stores depth
information from full screen
resolution down to a 1x1 mip level.

Therefore, the maximum depth of an
arbitrary screen-space regflon can
be obtained directly from the

appropriate Hi-Z mip level.

Unlike traditional Depth-Bounded
Tiled Forward Shading, no Compute
Shader reduction over every pixel of
a fixed 16x16 tile is required.

The tile resolution is therefore no
longer fixed: larger regions such as

. ~ with the same
hierarchical approach.
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Opaque +

A second depth buffer already exists in Opaque Max Transparent
the engine for HiZ Min Hiz

It starts as a copy of the opaque depth
buffer, after which transparent geometry
is rendered into it as if it were opaque. Mip0:

This ensyres that the nearest fransparent 1x1 Tile
surface is preserved while retaining the
depth information of opaque geometry.

Building @ , _
from this depth representation provides
the opposite depth boundary of the
occupled screen-space region.

;oge(;rhﬁ.r, ’rkR\edMaig-Regucﬁon C_)i_paque Hi- Mip4:
and Min-Reduction Opaque :
Transparent Hi-Z P 16x16 Tile

This information is obtained through
]tnerorchlccl texture sampling and works
or .

Two Hi-Z hierarchies provide the depth

boundaries required to construct a cluster Mipé:
without reducing individual depth "
samples inside d fixed Compute Shader 64x64 Tile

tile.
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The two Hi-Z hierarchies provide the depth
boundaries of each screen-space file using
only hierarchical texture sampling.

The Max-Reduction Opaque Hi-Z provides
one boundary of the occupied depth
range.

The Min-Reduction Opaque + Transparent
Hi-Z provides the opFosVre boundary while
also accounting for transparent geometry.

The resulting depth range can then be

Each tile is subdivided along the Z axis
using a logarithmic depth distribution.

The number and extent of the resulting
clusters are determined by the depth
rong?.e represented by that tile, up to a
configurable maximum such as 16 clusters.

Empty regions outside the Dual-HiZ depth
range do not need to be represented by
physical clusters.

The resulting clusters are then used for Point
Light and Spoft Light culling, producing
compact per-cluster light index ranges.

Opaque + Transparent

Opaque Max HiZ Min Hiz

Mipé: 64xé4 Tile

Mipé: 64xé64 Tile

Tile Far
(MaxHiz)

)

TleNear ~ —
. . /
(MinHiz) - —
\
\ l
— \ v v
Dynamic Dynamic Dynamic |
Cluster . Y
Cluster Il Clusterlll. " Dynamic Cluster IV.

J

|
A Given Tile HiZ Min/Max Full Range
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Each adaptive cluster is represented
by its own Sphere and AABB collider,

allowin

efficient intfersection tests

againstPoint Lights and Spot Lights.
During the light culling stage, eve

cluster is tested against the po’renr’r\l/ally

visible lights.

Each cluster owns a dedicated Point

Light and Spot Light index range,

where the indices of intersecting lights

are stored.

This creates a compact light list
containing only the lights That can
affect the corresponding cluster.

During Forward+ shading, the
fragment's screen-space XY
identifies its tile, while its dept
determines the corresponding
adaptive depth cluster.

osition

N
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[ 1. Pre-Depth Rendering

/

Lighting and ]
Shading XXIII. [ |

A 4

3. Cluster Clear
Compute pass

Y

(4. Adaptive Cluster Setup
Compute Pass

1. Pre-Depth Renderin?: Opaque v

geometry is rendered first to 5. Light Count Selection
generate the primary scene depth S——

buffer. Transparent geometry is then ‘

rendered info the secondary depth f l
representation used by the Dual-HiZ [ EastPoth J Scnlsbie Poth
system. s I

2. Dual-HiZ Min/Max Pyramid ‘ Clmrvs‘;gmc“"mg] & Glustervs L
Construction: The two depth i
representations are converted into

(" 7. Prefix Sum for Light )
Index Allocation and
Offsets

hierarchical Min/Max depth
pyramids, providing the occupied
depth range for arbitrary screen-
space tile sizes.

Y

8. Cluister vs Light |
Culling Again and
Construction of the Light

3. Cluster Buffer Clear: All cluster (___ ndex Buffer
counters, index ranges, and L )
temporary GPU bufters are reset N

before the adaptive cluster [

-

Simulation

generation begins.

9. Forawrd+ Lighting }
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Y
° [ 2. Dual-Hiz Min/Max
O I | I g Pyramid Construction
° J

A 4

3. Cluster Clear
Compute pass

Y

(4. Adaptive Cluster Setup
Compute Pass

4. Adaptive Cluster Setup: Each screen-

space file reads its Dual-HiZ depth - o Coum s
range and dynamically partitions the L |
occupied depth inferval into clusters. <s12 Lght?
Sphere and AABB colliders are £ l
generated for every cluster.
. o Fast Path Scalable Path
5. Light Count Selection: The k
implementation selects between two v , ! ‘
GPU execution paths depending on o custer v ign i) sl
the number of potentially visible local I
|Igh1-S: ( Tl. I;reﬁ:"Sum for ng:t )
Fast Path: fewer than 512 lights, locall e oats |
shared-memory allocation.
Scalable Path: more than 512 lights, (8 Cluistervs Light |
counting and prefix-sum allocafion. Construction of the Light
Index Buffer
6. Fast Path - Cluster vs. Light Culling: ]

Clusters are tested against Point Lights - )
and Spot Lights, and the resulting light

indices are direcftly collected into their 9. Forawrds Lighting
corresponding cluster ranges. maton




[ 1. Pre-Depth Rendering
v

Lighting and ]
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A 4

3. Cluster Clear
Compute pass

Y

(4. Adaptive Cluster Setup
Compute Pass

6. Scalable Path - Light Intersection

Count: For larger light counts, the first v
pass only counts how many Point Lights
and Spot Lights intersect each cluster.

7. Prefix Sum - Light Index Allocation: A

5. Light Count Selection

|
<512 Light?

prefix sum converts the Per-clusfer light ( )
counts info compact offsets and index

ranges within the global light index [ Fast Path J | ScalablePatn
buffer. )

8. SCG'CIble Pqth - Li hi. |ndeX BUffer 6. Cluster vs Light Cullin ‘;tg:lsj::‘:iro‘:‘lSL;g::
Construction: The clgs’rer—versus—llght [ - ' .
intersection tests are executed again, ) | .
this time writing the intersecting Point T PrsiboSum focligte
Light and Spoft Light indices intfo their Offsets
preallocated ranges. ’
9. Forward+ Lighting: During shading, (" 8 Cluister vs Light )
each fragment reconstructs its Tile — i s the L
Adaptive Cluster, refrieves the | IndexBuffer
corresponding light index range, and ]

evaluates only the lights assigned to = T

that cluster.
[ 9. Forawrd+ Lighting }
Simulation
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Each screen-space ftile is processed by a

The corresponding Dual-HiZ texel is read to
obtain the occupied minimum and
maximum depth range.

, after
which the result is shared with the entire
workgroup.

Tiles containin
immediately
any clusters.

The occupied depth range defines the
actual spatial region that must be
partitioned.

Instead of using a fixed number of depth
slices, the number of clusters is calculated
dynamically.

Larger occupied depth ranges can
generate more clusters, while small ranges
require fewer.

This allows the cluster structure to adapt to
the actual depth distribution of each screen-
space file.

only background pixels are
iscarded without generating

layout(local_size_x = 16, local_size_ y = 1, local_size_z = 1) in;

void main()
{
uint threadIld = gl_LocalInvocationID.x;
ivec2 tileld = ivec2(gl_WorkGroupID.xy);
uint flattenTileIdx = tileId.y * ctx.tileCountX + tileld.x;

if (threadId == @) {

ivec2 mipSize = textureSize(hizDepth, int(ctx.hizMipLevel));
ivec2 texelCoord = min(tileld, mipSize - 1);

vec2 hizvalue =
texelFetch(
hizDepth,
texelCoord,
int(ctx.hizMipLevel)

).xy;
float zMax = near + hizValue.x * (far - near);
float zMin = near + hizValue.y * (far - near);

// Background -> Skip
if (hizvalue.y >= 9.9999) {
s_sliceCount = 8;
} else {
s_minZ = max(zMin, near);
s_maxZ = min(zMax, far);

s_sliceCount =
CalculateClusterSliceCount(
s_minZ,
s_maxZ,
ctx.sliceScaleFactor

);

L/ ess
}

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/Shading/ForwardPlus/Clustering/ClusterSetup.comp




Lighting and
Shading XXVII.

Each active thread generates one
depth cluster, resulfinginup to 16
dynamically generated clusters per tile.

The occupied de.FTh range is
?or’n’npned logarithmically between
he minimum and maximum depth.

This provides finer depth resolution near
the camera and larger depth intervals
farther away.

Because each tile can generate a
different number of clusters, the global
cluster buffer cannot use a fixed Tayout.

first determine
how many threads are actively
generating clusters.

A single -all¢ reserves one
contiguous region in the global cluster
buffer. Each active thread receives a

local offset within this allocated region.

The final |
its
dynamically generated cluster range.

void main()

{

s
barrier();

uint needsWrite = (threadId ¢ s_sliceCount) ? 1 : 9;
uint subgroupWriteCount = subgroupAdd(needsWrite);
uint localOffset = subgroupExclusiveAdd(needsWrite);
uint baseOffset = 9;

if (subgroupElect() && subgroupWriteCount > @) {
baseOffset = atomicAdd(GET_CLUSTER_COUNT(ctx.forwardPlusClusterCountBufferAddr),

}
baseOffset = subgroupBroadcastFirst(baseOffset);

if (threadld == @) {

TileData tileData;

tileData.minZ = s_minZ;

tileData.maxZ = s_maxZ;

tileData.sliceCount = s_sliceCount;

tileData.clusterBaseOffset = baseOffset;

GET_TILE_DATA(ctx.forwardPlusTileGridListBufferAddr, flattenTileIdx) = tileData;
}

if (needsWrite == 1) {
float sliceMinZ, sliceMaxZ;

if (s_sliceCount == 1) {
sliceMinZ = s_minZ;
sliceMaxZ = s_maxZ;
}
else {
float ratio = s_maxZ / s_minZ;
sliceMinZ = s_minZ * pow(ratio, float(threadId) / float(s_sliceCount));
sliceMaxZ = s_minZ * pow(ratio, float(threadId + 1) / float(s_sliceCount));

i
uint finalIndex = baseOffset + localOffset;

ClusterData clusterData;
clusterData.tileIndex = flattenTileldx;
clusterData.sliceIndex = threadId;
clusterData.minZ = sliceMinZ;
clusterData.maxZ = sliceMaxZ;
clusterData.pointLightCount = 8;
clusterData.pointLightOffset = 8;
clusterData.spotLightCount = 8;
clusterData.spotLightOffset = 0;

GET_CLUSTER_DATA(ctx.forwardPlusClusterListBufferAddr, finalIndex) = clusterData;

subgroupWriteCount);

https://github.com/Tamas
Petii/SynapseEngine/blob/
main/SynapseEngine/Engi
ne/Shaders/Passes/Shadin
g/ForwardPlus/Clustering/

ClusterSetup.comp




Lighting and
Shading XXVIII.

Point Lights and Spot Lights are first
tested against the camera frustum.

Lights outside the visible camera
region are discarded before any
Forward+ cluster processing begins.

The remaining visible light indices are
glr?fcdy stored in compact GPU
uffers.

Forward+ cluster culling therefore
does not iterate over every light in the
scene. Instead, each cluster |s tested
anm against the previously visible
ights.

This creates a hierarchical two-stage
light culling pipeline: o a
Scene Lights — Camera-Visible Lights
— Cluster-Visible Lights

The same GPU-driven infrastructure,
indirect commands, and compact
visible-light index buffers can therefore
be reused directly.

Instance Index Buffer

Instance Count: 6

L]

Atomic Counter: 5

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/Culling/PointLight/PointLightCulling.comp
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Each compute workgroup processes one
active cluster collaboratively using 32
parallel threads.

The cluster's view-space AABB is
reconstructed once and shared by the
entire workgroup.

Only the previously visible Point Lights are
processed, reducing the number of light-
cluster intersection tests.

Each thread iterates over Point Lights and

performs a Sphere vs AABB intersection test.

identify all
intersecting lights within the current
iteration.

A single subgroup atomic operation
Ir.esksrrves local positions for the intersecting
ights.

The Point Light entity indices are written into
a fixed cluster-specific index region.

This fast path supports up to 512 Point Lights
per cluster, avoiding the additional prefix-
sum allocation pipeline.

void main()

{
{lae.

uint totallLights = GET_VK_DRAW_CMD(ctx.pointLightIndirectCommandBufferAddr, ©).instanceCount;
uint globalOffset = clusterIdx * MAX_LIGHTS_PER_CLUSTER;

for (uint i = threadId; i < totallLights; i += gl_WorkGroupSize.x) {
uint entityIdx = GET_POINT_VISIBLE_LIGHT(ctx.pointLightVisibleIndexBufferAddr, i);
uint denseldx = GET_SPARSE_INDEX(ctx.pointLightSparseMapBufferAddr, entityIdx);
PointLightColliderGPU collider = GET_POINT_LIGHT_COLLIDER(ctx.pointLightColliderBufferAddr, denseIdx);

vec3 viewSpaceCenter = (camera.view * vec4(collider.center, 1.9)).xyz;
bool isIntersecting = TestSphereAABB(viewSpaceCenter, collider.radius, s_clusterAABBMin, s_clusterAABBMax);

uvec4 ballot = subgroupBallot(isIntersecting);
uint activeCount = subgroupBallotBitCount(ballot);

uint baseOffset = 0;
if (subgroupElect() && activeCount > 0) {
baseOffset = atomicAdd(s_localPointLightCount, activeCount);

}
baseOffset = subgroupBroadcastFirst(baseOffset);

uint isIntersectingInt = isIntersecting ? 1 : @;
uint threadOffset = subgroupExclusiveAdd(isIntersectingInt);

if (isIntersecting) {
uint localldx = baseOffset + threadOffset;

if (localldx < MAX_LIGHTS_PER_CLUSTER) {

uint finalIdx = globalOffset + localIdx;
GET_LIGHT_INDEX(ctx.forwardPlusPointLightIndexListBufferAddr, finalldx) = entityIdx;

Filisssrs

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/Shading/ForwardPlus/Clustering/ClusterPointLightSingle.comp




Method: Simple Sphere vs AABB

@ —————— Spotlight Angle: 60

Li g h -I-i n g O n d — Spotlight Range: 120
Shading XXX. oo pnendinaiuen ‘

Debug View

Mouse wheel to rotate light

The same hierarchical GPU-driven
approach used for Point Lights is applied to
Spot Lights.

However,

Method: Cone vs Sphere

Testing a conservative Spot Light bounding ——@———— Spolight Angle: 60
sphere or AABB against the cluster AABB —_— Spotight Range: 120

would produce glarge number of false- —_— - Cluster Siices: 12
positive intersections. T

Many clusters could intersect the e
boundln% volume while lying completely b
outside the actual light cone.

Instead, the representation is reversed: the
Spot Light cone is used directly for the
intersection test. And each cluster is .
ophproxmo’red by a conservative bounding
sphere.

pool SpotlightvsAABB(Spotlight spotlight, AABB aabb)

A Cone vs Sphere intersection test.
therefore follows the actual Spot Light
volume much more closely.

This significantly reduces the number of
clusters assigned to each Spot Light and
avoids unnecessary Iaghhng calculations
during Forward+ shading.

float sphereRadius - dot(aabb.extents, aabb.extents);
float3 v - aabb.venter - spotlight.position;

flo lenSq = dot(v, v);

flo vilen - dot(v, direction);

distanceClosestPoint cos(spotlight.angle) sqrt(lenSq viLen vilLen) viLen sin(spotl
bog ngleCull - distanceClosestPoint > sphereRadius;
bool frontCull - vilLen > sphereRadius + spotlight.range;
bool backCull = vilLen sphereRadius;
return !(angleCull frontCull backCull);

https://simoncoenen.com/blog/programming/graphics/SpotlightCulling
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The fast path uses a fixed-size light index
region for every cluster, which is efficient
when the number of lights is limited.

With thousands of lights, preallocating a fixed

maximum number of indices for eyerr

gosmble cluster would cause the light index
uffer size to grow excessively.

The worst-case memory requirement :
depends on the number of screen-space tiles,
the maximum number of depth clusters per
tile, and the maximum number of potentially
intersecting lights.

Instead, the scalable path allocates the light
index buffer dynamically using a count —
prefix sum — write pipeline.

First, the same Point Light and Spot Light
intersection tests are performed, but only the
nlurr}rber of intersecting lights is stored for each
Cluster.

A | is then executed over all
cluster light counts.

The resulting lue _
( of each cluster inside the global light
index buffer.

A final culling pass runs again and writes the
infersecting light indices directly into their
compactly allocated ranges.

Tile ‘

Buffer TileO Tile1 Tile2 Tile3

L L 5 Cluster-
4 Cluster 2 Cluster
{—) 3 Clus!er—l l

Cluster

Buffer ‘ Cluster0 Cluster1 I Cluster2 } Cluster3 ‘ Cluster0 Cluster1 Cluster2 Cluster0 Cluster1 Cluster0 Cluster1 Cluster2 Cluster3 Clusterd
A ! :
Light
Culling
Counters
Ciuster A4 . h A4 4 § \ 4 A4 ) ) 4 \ 4 A4 y 4 y \ 4
Light 2 5 ] 8 } 2 ‘ 10 12 S 1 5 0 2 3 5 5
Count A L J |
Prefix
Sum
Prefix " Y - A4 e v = A4 v : Y A4 4 A4 4 v
Sum 0 2 | 7 ’ 15 ‘ 17 27 39 44 45 50 50 52 55 60

(Offsets)

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders/
Passes/Shading/ForwardPlus/Clustering/ClusterPointLightCount.comp




Lighting and
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A parallel prefix sum is used to convert the
per-cluster Point Light and Spot Light
counts infto compact global buffer offsets.

Although algorithms such as the Blelloch
scan could be used, this implementation
takes advantage of modern GPU

Each compute workgroup processes up to
512 clusters at a time.

sum independently
inside each subgroup. The fotal count of
each subgroup Is stored in shared memory.

A lightweight scan combines the subgroup
totals to determine the offset of every
subgroup within the 512-element block.

The final cluster offset is obtained by
combining the global block carry, the
subgroup offset, and the local subgroup
prefix sum.

The accumulated block total becomes the
carry value for the next 512-cluster block.

// single workgroup loops over all clusters, Size 512 is a safe maximum for all GPU vendors,
layout(local_size_x = 512, local_size_y = 1, local_size_z = 1) in;

void main() {
1.

// Loop through all active clusters in blocks of gl_WorkGroupSize.x (512)
for (uint baseldx = ©; baseldx < totalClusters; baselIdx += gl_WorkGroupSize.x)
{

uint globalldx = baseIdx + threadlId;

uint pCount = 8;

uint sCount = @;

if (globalldx < totalClusters) {
ClusterData cluster = GET_CLUSTER_DATA(ctx.forwardPlusClusterListBufferAddr, globalldx);
pCount = cluster.pointlightCount;
sCount = cluster.spotLightCount;

}

// 1. Hardware subgroup scan (Fast prefix sum within 32 threads)
uint pSubOffset = subg veAdd(pCount};
uint sSubOffset = subgroupEx siveadd(sCount);

// 2. Total count
uint pSubTotal = su
uint sSubTotal = su

subgroup
id(pCount);
dd(sCount);

// 3. Store subgroup totals in shared memory for cross-subgroup scanning
if (subgroupElect()) {
s_pointSubgroupSums[gl_SubgroupID] = pSubTotal;
s_spotSubgroupSums[gl_SubgroupID] = sSubTotal;

}
barrier();

// 4. Thread @ sequentially scans the subgroup totals
if (threadld == @)
{

uint pSum = 8;

uint sSum = 8;

for (uint i = ©; 1 < gl_NumSubgroups; ++1i} {
uint pval = s_pointSubgroupSums[i];
uint sval = s_spotSubgroupSums[i];

5_pointSubgroupSums[i] = pSum;
s_spotSubgroupSums[i] = sSum;

pSum += pval;
sSum += svVal;

}

s_pointSubgroupTotal = pSum;
s_spotSubgroupTotal = sSum;

// 5. Calculate final global offsets and write directly to VRAM
if (globalldx < totalClusters)

uint finalPOffset = s_glebalPointCarry + s_pointSubgroupSums[gl_SubgroupID] + pSubOffset;
uint finalsoffset = s_globalSpotCarry + S_spotSubgroupSums[gl_SubgroupID] + sSubOffset;

GET_CLUSTER_DATA(ctx.forwardPlusClusterListBufferAddr, globalldx).pointLightOffset = finalPOffset;
GET_CLUSTER_DATA(ctx.forwardPlusClusterListBufferAddr, globalldx).spotlLightOffset = finalSOffset;
}

// 6. Accumulate the carry for the next 512-element block
if (threadld == @) {
s_globalPointCarry += s_pointSubgroupTotal;
s_globalSpotCarry += S_spotSubgroupTotal;

https://github.com/TamasPetii/Sy
napseEngine/blob/main/Synapse
Engine/Engine/Shaders/Passes/Sh
ading/ForwardPlus/Clustering/Clu
sterPrefixSum.comp
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Tile

o). ‘ TieO | et Tile2 Tile3

| C s st

3 Cluster

The prefix sum provides the exact offset of
every cluster and the previous counting
pass already provides the number of
intersecting Point Lights and Spot Lights.

4 Cluster

Cluster ‘ Cluster0 1 Cluster1 | Cluster2 I Cluster3 } Cluster0 Cluster1 Cluster2 Cluster0 Cluster1 Cluster0 Cluster1 Cluster2 Cluster3 Cluster4

However, the A \

Light
E . Culling
. Therefore, the Point Light and J ) ‘ ‘ ‘ i ‘ , |
SpOT nghT (z‘ijgsr‘-ir . 5 8 I 2 ‘ 10 2 | s |1 5 0 2 3 5 5
| X ) | Prefix
This time, every successful intersection l ! ‘ I ‘ - ! , | !
dlre.cﬂy erTeS The Correspopdlng IlghT ?ﬂx ‘ 0 2 | 7 I 15 ‘ 17 : 27 ‘ 39 ‘ 44 ‘ 45 50 50 52 55 60
entity index info the cluster's allocated (Oftsets) | w . —
region of the global light index buffer. omei=0 Ll L P Couni =2
Count=5 Count =8
The previously calculated offset and count Light r

gUOanTee .I.hO.I. every Clus.l.er Wri.l-es in-l-o iTs IBnc;;ax CO - Lighto ] CO - Light1 { C1 - Lighto w C1 - Light1 } C1 - Light2 ‘ C1 - Light3 [Ci—l.ightd I C2 - Lighto [ C2 - Light1 I C2 - Light7 [ C3 - Light0 l C2 - Light1 |
own compact memory range.

This scalable path can handle clusters
intersecting with

without requiring a fixed per-cluster
memory allocation.

The trade-off is that the light intersection
tests must be performed twice: once for https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shaders/
counting and once for writing. Passes/Shading/ForwardPlus/Clustering/ClusterPointLightWrite.comp




void main()

{
// 1. Fetch Material =

° °
Material mat = GET_MATERIAL(ctx.materialBufferaddr, materialld);
vec? finaluv = inUV * mat.uvScale;

// 2. Evaluate Albedo & Alpha
vec4 albedoAlpha = EvaluateAlbedoAlpha(ctx.textureMetadataBufferAddr, mat, finaluv);

O .
~ Material
// 4. Evaluate Metalness & Roughness
° vec2 metalRough = EvaluateMetallicRoughness(ctx.textureMetadataBufferAddr, mat, finaluv);

float finalMetalness = metalRough.x;
float finalRoughness = clamp(metalRough.y, 8.84, 1.8);

// Material Evaluation (Normal, Clearcoat, IOR, Specular, Emissive, etc.) ... -
-
uint tileX = uint(gl_Fragloord.x) / ctx.tileSize;
uint tileY = uint(gl_FragCoord.y) / ctx.tileSize;
uint tilelndex = tileY * ctx.tileCountX + tileX; -
The Calculate TileIndex,
ﬂ. .I.h F d+ | .I. d | h.l. | .I. h TileData tile = GET_T ATA(ctx. forwardPlusTileGridListBufferaddr, tileIndex); ~ and Adaptive
O er e OrWGr C US ers On Ig IS S Cl\/e uint sliceldx = GetCl iceIndex(viewDepth, tile.minZ, tile.maxZ, tile.sliceCount); Cluster Index

been constructed.

uint clusterIndex = tile.clusterBaseOffset + sliceldx;
ClusterData cluster = GET_CLUSTER_DATA(ctx,.forwardPlusClusterListBufferaddr, clusterIndex); 4

However, the scene has already completed R —
the pre-depth renderln? pass, meaning that R e
‘I‘he |nO| \/|S|b|e Surfoce or every p|xe| IS for(uint i = @; i < ctx.activeDirectionLightCount && ctx.enableForwardPlusDirectionallights == 1; 4++i) { q

uint entityId = GET_DIRECTION_VISIBLE_LIGHT(ctx.directionLightVisibleIndexBufferAddr, i);

O |reOdy kn OWﬂ . uint lightDenseIndex = GET_SPARSE_INDEX(ctx.directionLightSparseMapBufferAddr, entityId);

vec3 dirlightDirection = GET_DIRECTION LIGHT(ctx.directionlLightDataBufferAddr, lightDenseIndex).direction.xyz;

The Forward+ shading pass therefore uses ca Hghtoin = normalizaldinLightbirectiin)y
, ensuring that only fragments T ——

- Directional Light
1 ctx.directionLightDataBufferAddr, lightDenseIndex,
mOTChlng The preV|OUS|y generOTe depTh albedoAlpha.rgb, finalNormal, viewDir, finalRoughness, finalMetalness,
buffer are processed. ior, specularfactor, specularcolor, clearcoatractor, clearcoatRoughness, clearcoatiormal
)
AS a resu”" ; totalRadiance += lightContribution * shadowFactor; B
el

_ , avoiding the repeated
material and G-Buffer texture reads required _ o
by the Deferred Shading approach. e, v s e s s v e e T

for (uint i = 8; i < cluster.pointLightCount && ctx.enableForwardPlusPointLights == 1; ++i) {
vint globallightTndex = cluster,pointLightOffset + i;

The frqgmen.l. Sh(]der eV(]lU(]TeS The Comple.l_e vec3 pointLightPosition = GET_POINT_LIGHT(ctx.pointLightDataBufferAddr, lightDenseIndex).position.xyz; L Point Light
mO TerlCﬂ Only O nce . vec3 lightContribution = SimulatePointLight(

ctx.pointLightDataBufferaddr, lightDenselndex, worldPos,
albedoAlpha.rgb, finalNormal, viewDir, finalRoughness, finalMetalness,

The Screen_spa.ce frO g men.l. C.Oord ino Tes . ior, specularFactor, specularColor, clearcoatFactor, clearcoatRoughness, clearcoatNormal
directly determine which XY file the fragment sttt 1 shdcion ghcoe i
belongs to. ) -

for (uint i = @; 1 < cluster.spotLightCount && ctx.enableForwardPlusSpotLights == 1; ++i) {

The fragment depth is then used together LT et R o ot
W|'I' h 'I'h e 1'| | e deyr] ad m ICd | |ydg e ?ﬁ rd Ted 1_ uint lightDenseIndex = GET_SPARSE_INDEX(ctx.spotlightSparseMapBufferaddr, lightEntityIndex);

m | n | m U m O n m GX' m U m _e p rO n .e O vec3 s?ntLightPositiar} = GE '_:ﬂ’ur_‘_u_i\-z (.l:r.x.spa:LightDataBuFferAddr, lightDenseIndex).position.xyz; - . 1

de-l-ermlne -I-he CorreSpOﬂdlﬂg qdqp ive Clusier vec3 lightDir = normalize(spotLightPosition - worldPos); ' Spot Light hTTQS-//nghUb-COm/TOmOS
Slice. vec3 lightContribution = SimulateSpotLight( Pehl/syngpseEnglne/b|Ob/

ctx. spotLightDataBufferAddr, lightDenseIndex, worldPos,

N .‘albedoAlpha‘rgb. finalNormal, viewDir, finalRoughness, finalMetalness, mOIﬂ/SyﬂODSGEﬂgIﬂe/EﬂgI
The ShOdeI’ ihen "erates only over the 5 ior, specularfactor, specularColor, clearcoatFactor, clearcoatRoughness, clearcoatNormal ne/ShOderS/POSSGS/ShOdiﬂ

CompaC1 Ii ht index ranges OSSigned TO The totalRadiance += shadowFactor * lightContribution; H 1
current cluster. g o : g/ForwardPlus/Lighting/O

) paqgueForward.frag




Table 7: Forward+ pipeline performance breakdown.

Lighting and

. Stage 1024+1024  4096+4096 8192+8192
S h O d I n g XXXV ° Cluster Setup 0.011 0.010 0.010
Point Light Culling 0.048 0.096 0.144
Spot Light Culling 0.111 0.306 0.477
Prefix Sum 0.021 0.017 0.016
. Point Light Index Write 0.063 0.122 0.172
Both rendering approaches successfully Spot Light Index Write 0.138 0.358 0.551
ha ﬂdled frati that the Def g g Forward Geometry + Lighting 0.428 0.660 1.502
, demonstratin at the Deferred an
Forward+ implementations remain fully e 0820 i 2873
scalable in terms of scene complexity.
At lower light counts, Forward+ infroduces Table 8: Deferred shadi breakdown.
quhotlmon.o GPU (\;{Oﬂf forbcI?fster cons’rrtgcﬁon, R e L i
i culling, and index-buffer generation,
rgsul’ring B relatively small péqrformonce Stage Maei2t, AIGEEG . SRRl
overhead. s s s
As the number of lights increases, however, G-Buffer Rendering 0.006 0.009 0.008
ﬂ:]e _CpST of Deferre Shad|n?. %:ows . Er‘nlSSl.VE +AQ 0.057 0.062 0.062
significantly because eachTight requires a Directional Lights 0.063 0.072 0.070
separate lighting evaluation and repeated G- Point Lights 0.091 0.372 0.802
Buffer accesses. Spot Lights 0.895 3.393 7.469
The effect becomes especially visible with Total 1.328 4.146 8.652
8192 Point Lights + 8192 Spot Lights, where
Deferred Shading reaches ns, while the
complete Forward+ pipeline requires only Table 6: Forward+ and Deferred Shading performance com-
. ' . parison.
This corresponds to approximately a
. _ , despite Forward+
including the complete clustering and Lights (Point + Spot) Forward+ (ms) Deferred (ms) Speedup
hierarchical light-culling process.
The results demonstrate that 1024 + 1024 0.820 1.328 .62
, because material data is evaluated 4096 + 4096 1.569 4.146 2.64x
once per visible fragment and only the lights 8192 + 8192 2.873 8.652 301 %

assigned to the corresponding cluster are

simulated.




Lighting and
Shading XXXVI.

Table 9: Forward+ performance with different adaptive tile

The Dual-HiZ hierarchy allows the Forward+ sizes using 4096 Point Lights and 4096 Spot Lights.
system to operate with

Tile Size Total GPU Time (ms)

Each file directly accesses the 8 x 8 20412
corresponding Hi-Z mip level, providing its
occupied minimum and maximum depth 16 X 16 7.168
range through texture fetches. 32 x 32 3.274
Very small tiles create a large number of
clusters, significantly increasing cluster 64 x 64 2.362
setup, light intersection testing, and index 128 x 128 7921
generation costs.

. 256 x 256 4.009
Very large tiles reduce the number of
clusters, but each cluster covers a much 512 %512 9.033
larger spafial region and therefore
Ici:é)m’fms more potentially intersecting Deferied Shadmg 4.866

With 4096 Point Lights and 4096 Spot Lights,
the best performance was achieved with
a , requiring only

This is approximately
in the same scene,
which required :




Lighting and Shading
XXXVII.

Two gomﬁlementary Hi-Z hierarchies
provide the minimum and maximum
occupied depth range of every screen-
space tile, combining opaque and
transparent scene information.

The occupied depth inferval of each ftile is
adaptively partitioned into logarithmic
clusters, avoiding unnecessary fixed-depth
cells in empty regions.

Each generated cluster receives its own
spatial bounds and compact Point Light and
Spot Light index ranges, oIIowmgf the
Forward+ shader to evaluate only the lights
relevant to the current fragment.

The system uses hierarchical light culling, first
reducing the light set against the camera
frustum and then performing precise cluster-
level intersection tests.

The scalable path supports thousands of
local lights without a fixed upper bound,
using counting, prefix sums, and compact
global light index buffers.

Tile resolution is not fixed and can be changed
dynamically af runtime without modifying the
Forward+ clustering algorithm.

Each tile resolution directly corresponds to @
different Hi-Z mip level, allowing resolutions
such as 32x32, 64x64, 128x128, or 256x256 1o
be selected.

This removes the dependency on a fixed 16x16
compute-based depth reduction, while sfill
providing the required minimum and maximum
depth range for every tile.

Different file resolutions provide different
performance characteristics: smaller files
improve light culling precision, while larger tiles
reduce the number of generated clusters and
culling operations.

The resolution can therefore be
, allowing
! , such as
, While
, such as




Lighting and
Shading XXXVIII.

The lighting pipeline produces an HDR
scene texture, where pixel values are
not limited to the [0,1] range.

Bloom is generated from pixels whose
luminance exceeds a configurable
brightness threshold.

Bright regions are extracted into a
separate bloom texture, while low-
intensity pixels are suppressed toward . +0.125+0.125+0.125
black. Mip N Bilinear Fetches

The extracted image is progressively

, reducing the resolution at each
step.

Each downsample level averages
.nelghbo.nng? bright regions, allowing
intense light to spread over
increasingly larger screen-space
areas.

The resulting mip hierarchy represents
the same high-intensity lighfing
information at multiple spatial’scales.



Lighting and
Shading XXXIX.

After reaching the smallest mip level,
the Bloom hierarchy is processed in
the opposite direction.

Each lower-resolution level is

During upsampling, filtered sampling
creates a smooth spatial distribution
instead of preserving sharp pixel
boundaries.

The accumulated result gradually
reconstructs a large-scale, blurred
representation of the original bright
regions.

The final Bloom texture is added back
to the HDR lighting result before tone

mapping.
This creates the characteristic glow

around infense light sources and
high-luminance surfaces.

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/PostProcess/Bloom/BloomUpsample.comp



Lighting and
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Any lighting calculation can
produce HDR values above the
Bloom threshold.

Highly intense Point Lights, Spot
Lights, and Directional Lights can

therefore generate Bloom naturally.

Bright emissive surfaces conftribute
in the same way, as their radiance
is accumulated into the final HDR
scene texture.

The Bloom pass operates on the
final lighting intensity, rather than
on the material type that originally
produced if.

After tone mapping, the Bloom
conftribution creates a more natural

perception of extremely bright light.

No Bloom

With Bloom
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Shadow |I.

The GPU-driven rendering pipeline has
already been established, including material
bucketing, allowing all models, meshes, and
LODs to be rendered through a unified draw
pipeline.

The same hierarchical GPU-driven culling is
reused for shadow rendering, with visibility
evaluated through the instead
of the camera frustum.

The existing chunk — model — mesh —
meshlet culling hierarchy is therefore directly
applicable to shadow casters.

The same instancing and GPU-generated
instance buffers are also reused to construct
the shadow rendering workload.

Shadow mapping is used to generate the
shadow information, but the visibility
problem becomes significantly more
complex because many light sources may
require shadows simultaneously.

A conventfional

for each light,
which conflicts with the unified GPU-driven
rendering pipeline.

To preserve the single-pass rendering
architecture, all shadow maps are stored inside

This texture is tfreated as a virtual atlas, divided
into independently allocated regions for
individual light sources.

The available atlas resolution is distributed
dynamically: nearby lights receive larger regions,
while distant lights receive smaller regions.

The result is a fully GPU-driven, virtualized and
LOD-aware shadow-mapping system, supporting
both traditional vertex rendering and task —
mesh shader pipelines.

The technique will now be examined separately
for Directional, Point, and Spot Lights.




Shadow ll.

Directional lights have no finite

position, therefore the light needs @

to cover the : @

Using a single shadow volume for

the complete frustum would result Cam
in a very large covered area. Far

With a fixed shadow-map
resolution, this would significantly ‘ Y : Y {

reduce the available shadow Cascade |. Cascade |l. Cadcade .

detail, especially close to the c Yd v

camera. \ ascaqaelv. |
Y

To solve this, the camera frustum is Camera volume cut into cascades

divided into multiple

Each cascade covers only a part
of the camera frustum, allowing
the available shadow resolution to
be distributed more efficiently.




Shadow lll.

The near cascades cover a smaller e Cascaded
spatial region, allowing significantly Shadow
higher shadow detail where it is most Mapping
visible.

The far cascades cover progressively
larger regions, where lower shadow
detail is acceptable due to the
distance from the camera.

bR

&

Each cascade therefore defines its

own shadow volume, fitted around !
the corresponding part of the camera

frustum.

O

For GPU-driven rendering, these ,
cascade volumes replace the B Cascade
camera frustum as the : e : Region Color

The existing _ P Visualization

can therefore be reused to
determine the visible chunks, models,
meshes and meshlets for every
cascade.



Shadow IV.

The shadow atlas is a single
, divided into multiple
rectangular regions.

Each region is defined by a start
point and end point, forming the
shadow-map area assigned to a
cascade.

All cascades of all directional lights
are therefore managed within the
same shadow atlas and during
rendering, only this

The final shadow projection is
transformed in the vertex shader
info the corresponding atlas region
of the active cascade.

This allows the complete shadow
rendering pipeline to remain



Opaque 1 Sided Opaque 2 Sided Transparent 1 Sided Transparent 2 Sided

e o = 3 A
r R i &
Command

Draw Y Y )
MeshA MeshA MeshA
primay | Draw Cmd OverAlloc Draw Cmd [ OverAlloc 1 Drew Cind [ OverAlloc ‘

Shadow V.

The existing
genéerated by the RenderSystem
can be reused

fogefher with its batched instance index

bu%‘er and offset/count allocation. — ! SHEENEENETD | . © B
The main difference is that the instance L

buffer no longer stores only an entfity, but T

Ton entity, directional light, cascade et lotice nd

uple.

void main() {
FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

Therefore, each draw command contains
the instances of all directional lights and
all of their cascades, allowing them to be
rendered together through the same GPU-

// 1. Fetch Draw Descriptor
MeshDrawDescriptor desc = GET_DRAW_DESCRIPTOR(ctx.globalIndirectCommandDescriptorBufferAddr, pc.baseDescriptorOffset + gl_DrawIDARB);

driven plpellne' :Jj’ni.s:::;::lli:z::::;f:::::tzxsz?instanceoffset * ctx.directionLightShadowMultiplier) + gl_InstanceIndex;
. . uint payload = GET_INSTANCE(ctx.directionLightShadowInstanceBufferAddr, shadowInstanceOffset);
The required instance buffer offsets and o ‘
counts scale with the number of it cascmdandc - Coayliad > 207 & oo
dlrgchlo.ndl ggh’rks. >; 4’r ca?cades, while the uint lightldx = (payload >> 28) & @x7u;
underlying bucket structure remains iy
unchangeéed.
// 9. Calculate Final World Position and Outputs
During vertex processing, the stored light veca clippos = viewproj * transform.transforn * finalModelMat * veca(v.position, 1.0);
and cascade information determines the £1_CLipbistance(2] = clipPos.u + clipPos.x;
corresponding shadow-atlas region into 1 n i o, s e
Wthh The geomefry hGS TO be prOJeCTed. gl:ClipDistance[S] = clipPos.w - clipPos.y;
TO preven-l- geome-l-ry from Spllllng In-l-o ::: zi;§e=:ﬁi;;[£:iSTION_LIGHT_SHADO’r.’(ctx.dir‘ectionLightShadowDataﬂuffer’l\ddr‘, lightShadowDenseIndex).cascadeAtlasRects[cascadeldx];
neighboring atlas regions, the projection vec? offset = rect.xy * 2.0 + rect.z - 1.6;

uses the built-in { to cgp
fragments outside the active cascade
rectangle.

clipPos.xy = clipPos.xy * scale + offset * clipPos.w;

// Atlas Positioning
gl_Position = clipPos;




Shadow VI.

The existing . : _ nesk

. hierarchical culling pipeline
is reused to determine the geometry
visible in each directional-light
cascade.

The compute dispatch is extended
into g 3D grid, where X = static
chunks, Y = directional lights, and Z =
cascades.

The culling process itself remains
unchanged: the addifional dimensions
simply ensure that every .
chun (.model/mesh Is tested against
every light and every cascade.

The engine provides both GPU-driven
compute culling and a CPU-driven
implementation, ollowm% the
rendering path to be switched at
runtime.

The instance payload Cdeooc’rIy
stores the entity ID, light index,
cascade index, and frustum-
intersection state in @ single uint32.

Static Chunk
Culling

Dynamic/Stream
Model Culling

J

A 4

Y

Dispatch
X = Static Chunk
Y = Dirlight Count
Z = Cascade Count

Dispatch

X = DIS Model Count
Y = Dirlight Count
Z = Cascade Count

|

Chunk Model
Culling

|

&

Mesh Culling 1

h 4
Meshlet Culling J

J

{

Mesh ( )
Descriptor | MeshA [ i ‘
Offset =0
rounl =4
Instance (EntitylID, (EntitylID, (EntitylD, (EntitylD,
Index Buffer LightlD, LightID, LightID, LightID,

CascadelD) CascadelD) CascadelD) CascadelD)

L

J

+

Render
Together

// 9. Encode Payload: [Bit 31: Inside Frustum] [Bits 28-3@: LightIdx] [Bits 26-27: Cascadeldx] [Bits ©-25: EntityID]

uint payload = (entityId & Ox3FFFFFFu);

payload |= ((cascadeIdx & 8x3u) << 26);

payload |= ((lightIdx & 8x7u) << 28);

payload = SET_BIT TO(payload, 31, visibility == INTERSECTION_INSIDE);




Shadow VII.

After cascade-specific GPU culling,
the generated draw commands and
(Enfity, Light, Cascade) data are
rendered Using the same GPU-driven
architecture.

The instance payload identifies the
entity, directional light and cascade,
allowing multiple lights and cascades
to share a single batched draw
command.

The vertex/mesh shader resolves the
corresponding cascade view-
projection matrix and fransforms the
Instance into shadow space.

The geometry is projected directly into
its assigned shadow atlas region using
the stored atlas rectangle.

The resultis a fully .

~, from hierarchical culling to
indirect rendering and atlas
projection.

A single bucket can therefore contain

geometry for , . ) . . . .
, with each instance https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin

projec’red to its correct atlas region. e/Shaders/Passes/Shadow/DirectionLight/DirectionLightShadowTraditional.vert



Shadow VIII.

: . . ng can
or directional-light shadow

The exis’ring% Hi-Z occlusion culli
be reused
rendering.

A Hi-Z pyramid is generated from the
4K shadow atlas, allowing occlusion
tests to be performed directly against
the shadow-map depth.

Each cascade can use min/max
depth reduction to determine which
Fgeome’rry is potentially visible from the
ight.

ght

Fully occluded chunks, models,
meshes and meshlets can therefore
be rejected before shadow rendering.

The Hi-Z hierarchy also provides the
foundation for :

, reducing the effective
shadow volume where possible.

The additional Hi-Z construction

es , but can become
beneficial when a cascade contains
large amounts of occluded geometry.




Shadow IX.

_ e Static Baked
Directional-light cascades can cover SRR : " Workload

: , making shadow
rend_erm%eﬁ)enswe even with
efficient GPU-driven culling.

When both the light and %eome’rr are
static, their shadow conftribution does
not need to be rendered every frame.

can therefore be

removing it from subsequent shadow-
rendering passes.

Only dynamic_entities have to be
rendered again each frame and
composited with the baked shadow
contribution.

The existing batched draw-command Dynamic
and materc‘lzjal,-bucket system can be _ e w® Byl Per-Frame
reused for this process, keeping the GRS Workload

rendering GPU-driven.

This significantly reduces the amount
of gedometry and draw work required
per frame, especially for large static
scenes.




Shadow X.

The
infroduced for directional
lights is reused for point and spot lights.

A single large shadow atlas remains
bound as the depth target, with individual
light shadow views dynamically assigned
to regions of the atlas.

The existing batched material buckets and
draw-command architecture is preserved:
one mesh rendered as a caster for 15
different spot lights can still be handled by
a single draw command.

Each instance carries the information
required to project its geometry into the
appropriate light and atlas region.

The complete Chunk — Model — Mesh —
Meshlet hierarchical culling pipeline is
retained.

The key difference is the culling volume:
instead of the camera frustum or
directional-light cascades, objects are
culled against the




Shadow XI.

Directional lights are relatively few
typically only 1-2 per scene, making fixed
instance-butfer regions practical even
with their large shadow volumes.

hundreds

, potentially reachin (
per-light

of lights, making pre-allocate
instdnce ranges inefficient.

Their shadow volumes are also :

. than directional-light
cascades, so significantly fewer objects
are usually visible for each light.

A fixed allocation would therefore either
waste large amounts of instance-buffer
memory Or require conservative upper
bounds that do not scale well.

The solution follows the same principle as
the scalable Forward+ path: visibility results
are first compactly collected rather than
written into predefined regions.

The collected (enfity, light) visibility pairs
are then radix-sorted, dllowing the engine
to generate the final Ber-llgh’r offsets and
counts required for GPU-driven shadow
rendering.

Opaque 1 Sided

Opaque 2 Sided Transparent 1 Sided Transparent 2 Sided

I A 1
3 2 3 A g T_Jﬁ
Draw (
MeshA MeshA MeshA
c:;,nlllr'r'n::d Draw Cmd | OverAlloc Draw Cmd [ OverAlloc 1 Draw Cmd [ [ OverAlloc

Instance .

Index 0 N | OverAlloc N+1 M [0varAlIoc ] M+1 I I K [0verA1Ioc

Buffer g 5

L J
T
MeshA - Instance Index
Range

Shadow Shadow | Shadow | Shadow Shadow

Lights Lightt | Lightt Light2 Light3

Visible s l - l l

Caster | 4 ‘ 3 l 2 5

Counts l l l J

Prefix ( 3y ( \

sum | 0 \ 4 ’ 7 | 9
(Offsets) . J \ A L
| L 5 visible caster
4 visible caster -2 visible caster
{—/ 3 visible caswr—l 1
(Entity, " (Entity, (Entity, (Entity, (Entity, | (Entity, (Entity, (Entity, (Entity, (Entity, (Entity, (Entity,

Index
Buffer

T (Enty,
Light0) |

Light0)

(Entity,
| Lighto)

Light0) |

Light1)

Light1)

Light1) Light2) | Light2) Light3) Light3) Light3) Light3) Light3)




Shadow XII.

As already demonstrated for
Deferred and Forward+ lighting, point
and spot lights are

The existing GPU-driven light culling
pipeline is reused, including frustum,
occlusion and 0-pixel culling.

This ensures that lights completely
outside the camera view are
rejected before entering the shadow
pipeline.

The same sphere + AABB visibility
tests are used to efficiently determine
whether a light can contribute to the
current frame.

The resulting visible lights are already
stored in the engine's GPU-driven
visible light index buffer.

This provides the first filtering stage
before the much more expensive

Visible Shadow Light Buffer
Visible Light Count: 6
Visible Shadow Light Count: 3

oo ([

Atomic Counter: 2




Shadow XIIl.

void main() {
// 8. Indentify light and get collider
// 1. Frustum Culling (Sphere + AABB) ...

The exis’ring |_i ht culling shader is // 2. Occlusion and @-pixel Culling ...
ex‘l‘ended WIT O // 3. Subgroup atomic add and light index buffer creation ...

uint shadowSparseldx = GET_SPARSE_INDEX(ctx.spotlLightShadowSparseMapBufferAddr, collider.entityIndex);

dediCGTed TO Shc]dow_cos'l‘ing :’f (shadowSparseldx != INVALID_INDEX)

float screenSizePixels = CalculateSphereScreenSizePerspective(collider.center, collider.radius, camera.view,
camera.projVulkan, camera.params.x, screenRes);

lights.

After passing the camera visibility
tests, each light is checked for a valid

uint blockSizePx = 64;
if (screenSizePixels > 1024.8) blockSizePx = 1024;

shqdow Con Igurq‘l'ion. Only Iigh‘l‘s ‘I‘hO‘I‘ else :rF (scr‘eenS%zePJ}xels > 512.0) blockSl:.zer i 5125
are both camera-visible and’ GELJ B (hergendheanions's, T26%8) VIREIERGS - 208,
shqdow-e.n‘qble.d are written into the uint blocksRequired = blockSizePx / 64;
ShOdOW_VISIble ||gh1- bUffer- uint invertedSize = @xFFu - blocksRequired;

uint sortKey = (invertedSize << 24) | (shadowSparseldx & @xFFFFFFu);

This creates a compact list _ o

Confglnlng Only The ||ghTS ThOT COn :i:i 2:::;:2332:::;;i11_:eé;unt = subgroupAdd(needsShadowWrite);
OC'I'UO”.y re.qU”'e Shqdow ai'lqs u%nt shadowLocalOffset = subgroupExclusiveAdd(needsShadowWrite);
rendering in the current frame. wint shadouBaseoffset = 0

The Sh?dgw p-}. elineThc;OggBerefore if f::ggsgzig;g:z i atomicAdd(GET_SPOT_VISIBLE_COUNT_DATA(ctx.spotLightShadowVisibleCountBufferAddr), shadowSubgroupWriteCount);
operate directly on this N

generOTed ||ST |nSTeOd.Of p,roceSSIHQ sr_madowl_aaseoffset = subgroupBroadcastFirst(shadowBaseOffset);

every pOIn'I' Ond spo-l- ||gh-|- N -I-he uint finalShadowIndex = shadowBaseOffset + shadowLocalOffset;

scene GET_SPOT_VISIBLE_SHADOW_LIGHT(ctx.spotLightVisibleShadowIndexBufferAddr, finalShadowIndex) = collider.entityIndex;

The resulting light list becomes the
input for )

GET_SPOT_ATLAS_SORT_KEY(ctx.spotLightShadowAtlasSortKeyBufferAddr, finalShadowIndex) = sortKey;
GET_SPOT_ATLAS_SORT_VALUE (ctx.spotLightShadowAtlasSortValueBufferAddr, finalShadowIndex) = collider.entityIndex;

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine
/Shaders/Passes/Culling/SpotLight/SpotLightCulling.comp




Shadow XIV.

The ,

/ . , using the same
allocation logic alread ,
implemented on the CPU side.

The previous light-culling pass
produces a compact butfer
containing each shadow-casting
light index and its required atlas size.

These enftries are sorted using a GPU
radix sort, ordering the lights from the
largest required regions To the
smallest.

The atlas allocator then processes the
sorted list and assigns each light a
contiguous atlas region according to
Its required resolution.

The current implementation uses @
single GPU thread for the actual
allocation, rather than a fully parallel
bin-packing algorithm.

The resultis a .

, Where large, close light
sources receive more resolution and
distant lights occupy smaller regions.

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Shaders/Passes/Culling/SpoftlLight/SpotLightShadowAtlasAllocator.comp




Shadow XV.

The same

is reused for spot light
shadows, from Chunk — Model —
Mesh — Meshlet.

Unlike directional Ilg[h’rs culllng IS
performed against the visible
shadow- cqshng spot lights, rather
than against cascades.

The |nd|rec’r dispatch is extended info
a 2D work grid:

X = visible chunks / models
Y = visible shadow-casting lights

During mesh and meshle’r culling, the
resul’rm visibility information is s ored
as a bit-packed (Entity, Light) pair,
|den’r|fy|n both the shadow caster
and the spo’r light it belongs to.

This produces the GPU-driven draw
command and instance data
required to render all visible spot light
shadow casters into the previously
allocated shadow atlas regions.

Spot Light Camera
Frustum Culling

Y

™
|

Visible Spot Shadow
Count and Index Buffer

[ —
Dispatch Dispatch
X= suzc Chunk X = DIS Model Count
Y = Spot Shadow Count ‘f Spot Shadow Count
L
Static Chunk Dynamic/Stream
Culling Model Culling
N
Chunk Model

Culling

{

MeshA [ |

Mesh
Descriptor |

Offset
fcounl =4

Instance

Index Buffer (EntitylD, (EntitylD, (EntitylD,

LightiD) LightlD) LightlD)

.

Finalize Shader
Building Draw Command
Descriptr Offset/Count

eshie n

Meshlet Culling

(EntitylD,
LightiD)

b

-

Render
Together




Shadow XVI.

layout(local_size_x = 256, local_size_y = 1, local_size_z = 1) in;

void main() {
FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

The hierorchicol culling paAss does : uint visibleCount = GET_SPOT_VISIBLE_COUNT_DATA(ctx.spotLightShadowVisibleMeshCountBufferAddr);
] |HSTeGd, |-|- uint globalld = gl_GloballnvocationID.x;

compactly collects the visible (Entity, Light) _ o ,
qu[S produced by .I.he meSh Gnd meSh eT if (globalld »= visibleCount) return;
CUlllng STC‘QeS- // Fetch sorted key and original unsorted slot index

o o o o o o uint currentKey = GET_SPOT_DRAW_CALL_KEY_DATA(ctx.spotLightShadowDrawCallKeyBufferAddr, globalld);
Each visible pair is associated with the uint originalIndex = GET_SPOT_SORTED_VALUE(ctx.spotLightShadowSortvaluesBufferaddr, globalld);

_ Lol that will eventually
render |1:. This Inde,X.becomeS.The [ // Gather from unsorted and scatter into final compact instance buffer

, While the pair itself remains the associated uvec2 payload = GET_SPOT_SHADOW_INSTANCE_UNSORTED(ctx.spotLightShadowUnsortedInstanceBufferAddr, originallndex);

V0|Ue‘ GET_SPOT_SHADOW_INSTANCE(ctx.spotLightShadowInstanceBufferAddr, globalld) = payload;
A GPU radix sort groups all visible instances A1 Bwepen drm ALl BouniareLas
belongl'ng 1'0 the S'qme drqvv' Commqnd' ﬁ?:i ;l)iZ\lf;:t : Ei:ﬁ??g ;:FggéFFFF ¢ GET_SPOT_DRAW_CALL_KEY_DATA(ctx.spotLightShadowDrawCallKeyBufferAddr, globalld - 1);
producing a contiguous region for every 4 ' s i : 4 t 4
Commond n The InSTGnce bUffer' uint indirectIdx = currentKey & Ox7FFFFFFF;
A dediCOTed Then bool isMeshlet = (currentkKey »>> 31) != @;
Hg?gase?gge SorTed enTries O?gr reece(?ns,:;]rg$ésc1_ uint descIdx = isMeshlet ? (indirectIdx + ctx.globalTraditionalCommandsCount) : indirectIdx;

ui very indi
erW Comm(]r]d_ // If this is the start of a new draw command, save the compact offset

if (currentKey != prevKkey) {
The Sh(]der uses qi’omic incremenfs 'I'O GET_DRAW_DESCRIPTOR(ctx.spotLightDrawDescriptorBufferAddr, descIdx).instanceOffset = globalld;
accumulate the instance count of each draw }
command while traversing the sorted pairs. _ N— A —
// Append instance to the appropriate indirect draw command using atomic additions
H = if (isMeshlet) {
;rr?gef)l(r?gggﬁHérSeTT']Ceeboefgqlﬂ'?'ﬁergdorfqmgc'l'ommand uint64_‘(tjdmeshlet8aseAddr' = ct:ispotLigz‘;Shadn:Indir‘e;tGeometrz(ommandBu-F-Fer-Addr + (ctx.globalTraditionalCommandsCount * 16ul);
H . . big N micA ET_MESHLET_CMD(m: BaseAddr, indir .gr ntx, 1);

command’s region its position in the sorted s ST, TR g,

buffer directly becomes the instance offset.

atomicAdd(GET_TRADITIONAL_CMD(ctx.spotLightShadowIndirectGeometryCommandBufferAddr, indirectIdx).instanceCount, 1);

The result is a compact, GPU-generated } !

indirect draw + instance buffer, ready to

render all spot-light shadow casters into their

assigned atlas regions. . ) . : : .
https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi

ne/Shaders/Passes/Culling/SpotLight/SpotLightShadowFinalize.comp




Shadow XVII.

Once the draw commands and
(Entity, Light) instance data are
generated, the same GPU-driven
rendering architecture is used.

The instance payload identifies the
entity and spot light, allowing multiple
lights to share a single batched draw
command.

The vertex/mesh shader resolves the
corresponding spot light shadow view-
projection matrix and transforms the
instance into shadow space.

The geometry is projected directly into
the light's assigned

A single bucket can therefore contain
geometry for , with
each instance dynamically projected

fo ifs Correspondlng elilel L=ololT: https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin

e/Shaders/Passes/Shadow/SpoftlLight/SpotlLightShadowTraditional.vert



Shadow XVIII.

The point light follows

Unlike a spot light, a point light emits
light in , requiring @
complete

The six cubemap faces are laid out
directly intfo the shadow atlas as a
2x3 region.

Each point light therefore receives
one atlas region, which is further
subdivided into six individual
shadow faces.

The same shared atlas and GPU-
driven rendering pipeline can then
handle multiple point lights within a
single depth texture.

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Shaders/Passes/Culling/PointLight/PointLightShadowAtlasAllocator.comp




Shadow XIX.

Point Iifgh’r shadow culling starts with
Llﬁhf Sphere vs. Mesh

a Poin _
AABB/Sphere intersection test.

During culling, we additionally

the geomerfry intersects.

Geometry that does not infersect a

articular face is not rendered into
hat face, avoiding unnecessary
shadow rendering.

The culling output therefore stores
the light index + cubemap face
index, which is later used by the
radix-sort based buffer allocation
and rendering shaders.

A single geometry instance can
theretore appear in multiple faces,
but only where it is actually required.

In the worst case, one point light may
require the same geometry 1o be
rendered , once for
each cubemap face.

uint GetPointlightFaceVisibilityMask(vec3 modelCenter, float modelRadius, vec3 lightCenter) {
vec3 relMin = (modelCenter - vec3(modelRadius)) - lightCenter;
vec3 relMax = (modelCenter + vec3(modelRadius)) - lightCenter;

float minAbsX = GetMinAbs(relMin.x, relMax.x);
float minAbsY = GetMinAbs(relMin.y, relMax.y);
float minAbsZ = GetMinAbs(relMin.z, relMax.z);

uint faceMask 3
if (relMax.x > 0.0 &% relMax.x >= minAbsY && relMax.x >= minAbsZ) faceMask |= (1lu << 8); // +X
if (relMin.x < 9.0 && -relMin.x >= minAbsY && -relMin.x >= minAbsZ) faceMask |= (lu << 1); // -X
if (relMax.y > 8.0 && relMax.y >= minAbsX && relMax.y >= minAbsZ) faceMask |= (1lu << 2); // +Y
<
>
<

a:

if (relMin.y < 0.0 && -relMin.y >= minAbsX & -relMin.y >= minAbsZ) faceMask |= (1u << 3); // -Y
if (relMax.z 2.0 && relMax.z >= minAbsX && relMax.z »>= minAbsY) faceMask |= (lu << 4); // +Z
if (relMin.z 9.2 && -relMin.z >= minAbsX && -relMin.z »>= minAbsY) faceMask |= (1u << 5); // -2

return faceMask;

}

void main()
{
// Boundary check ...
// Resolve Point/Transform/Camera/Model/Animation Data ...

//Collaborative Loop: Process all meshes
for (uint m = localThreadld; m < addrs.meshCount; m += gl_WorkGroupSize.x) {

// Lod, Frustum, Occlusion Culling ...

// Face Visibility (6-way Bitmask)
uint faceMask = GetPointlLightFaceVisibilityMask(worldCollider.center, worldCollider.radius, lightCollider.center);
if (faceMask == Bu) continue;

// 10. Emit to Radix Sort Buffers
MeshAllocationInfo meshAlloc = GET_MESH_ALLOC(ctx.globalMeshAllocationBufferAddr, mAlloc.meshAllocationOffset + (m * 4) + lod);
vint pipeldx = GET_PIPELINE_INDEX(ctx.pipelinelLookupBufferAddr, modelComp.pipelineOffset + m);

if (meshAlloc.activeTypes[pipeIdx][matType] == 1)

{
uint indirectIdx = meshAlloc.indirectIndices[pipeldx][matType];
uint isMeshlet = (pipeldx == PIPELINE_MESHLET) ? 1u : Bu;

uint drawCallKey = (isMeshlet << 31) | (indirectIdx & @x7FFFFFFF);
uint entityData = pureEntityld;
entityData = SET_BIT TO(entityData, 31, visibility == INTERSECTION_INSIDE);

for (uint £ = 9; f < 65 ++f) {
if ((faceMask & (1u << f)) != @Qu) {
uint lightDataPacked = (f << 29) | (lightIdx & @x1FFFFFFF);
uvec2 gpuPayload = uvec2(entityData, lightDataPacked);

uint sortSlot = atomicAdd(GET_POINT_VISIBLE_COUNT_DATA(ctx.pointLightShadowVisibleMeshCountBufferAddr), 1);
GET_POINT_DRAW_CALL_KEY_DATA(ctx.pointLightShadowDrawCallKeyBufferAddr, sortSlot) = drawCallKey;
GET_POINT_SORTED_VALUE (ctx.pointLightShadowSortValuesBufferAddr, sortSlot) = sortSlot;
GET_POINT_SHADOW_INSTANCE_UNSORTED(ctx.pointLightShadowUnsortedInstanceBufferAddr, sortSlot) = gpuPayload;

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Shaders/Passes/Culling/PointLight/PointLightShadowMeshCulling.comp




Shadow XX.

Once the draw commands and (Entity,
Light, Face) instance data are generated,
point light shadows use the same GPU-
driven rendering architecture.

The instance payload identifies the point
light and cubemap face, allowing all
required faces to share the same batched
draw structure.

The vertex shader resolves the light's
shadow data and selects the atlas sub-
region corresponding to the active face.

The geometry is projected directly into the
selected cubemap face region of the
shared shadow aflas.

No additional rendering architecture is
required per face the existing

already supports this structure.

A single draw command can therefore
render geometry for

, completing the
point light shadow map generation.

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/Shadow/PointLight/PointLightShadowTraditional.vert



Shadow XXI.

The 16-bucket material system integrates
naturally with GPU-driven shadow
rendering, since each bucket can be
rendered through a single draw command.

Alpha-tested and opaque geomeiry are
separated into dedicated buckets, allowing
TheTirr]shoders to follow different execution
paths.

Opaqgue shadow casters require

keeping the shader path minimal.

The opaque path can therefore fully
benefit from .
avoiding unnecessary fragment processing.

Alpha-tested materials use their dedicated
shader variant, performing the

only where required.

This separation keeps the shadow pass
GPU-driven while avoiding the cost of
alpha testing for the vast majority of
opaque shadow casters.

#version 460

#extension GL_EXT_mesh_shader :
#extension GL_GOOGLE_include_directive :

layout(location

require
require

@) in vec2 inuv;

layout(location = 1) in flat uint inMaterialld;

#ifdef ENABLE_ALPHA_TEST

#include "../../.

./Includes/Core.glsl"

#include "../../../Includes/Common/FrameGlobalContext.glsl"

#include "../../../Includes/Common/Material.glsl"

#include "../../../Includes/Common/Texture.glsl"

#include "../../../Includes/Utils/MaterialMath.glsl"

#include "../../../Includes/PushConstants/DirectionLightShadowTraditionalMeshletPassPC.glsl"

layout(push_constant) uniform PushConstants {

DirectionLightShadowTraditionalMeshletPassPC pc;

b

#endif

#ifndef ENABLE_ALPHA_TEST
layout(early_fragment_tests) in;
#endif

void main() {

}

#ifdef ENABLE_ALPHA_TEST
FrameGlobalContext ctx = GET_FRAME_CONTEXT(pc.frameGlobalContextBufferAddr);

// 1. Fetch Material
Material mat = GET_MATERIAL(ctx.materialBufferAddr, inMaterialld);
vec2 finalUV = inUV * mat.uvScale;

// 2. Evaluate Albedo & Alpha
vecd albedoAlpha = EvaluateAlbedoAlpha(ctx.textureMetadataBufferAddr, mat, finalUV);
if (IS_ALPHA_TESTED(mat) && albedoAlpha.a < ctx.alphaLimitDiscard) {

discard;

}

#endif

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
ne/Shaders/Passes/Shadow/DirectionLight/DirectionLightShadow.frag




Shadow XXII.

The shadow atlas stores the standard non-
linear Vulkan depth, rather than a linear
distance representation.

The world-space position is first projected

into the light's shadow view-projection

élpq?ﬁ' producing the corresponding NDC
epth.

Because the stored depth is non-linear, the
is calculated in

and then converted back
to Vulkan's non-linear depth.

A isused fo
perform filtered depth comparisons,
producing soft shadow boundaries instead
of a binary result.

The sampling coordinates are transformed
into the light's assigned shadow atlas
region, with half-texel clamping preventing
samples from leaking intfo neighboring
regions.

The final shadow factor is obtained from
the filtered depth comparisons and
directly modulates the light conftribution.

vec3 CalculateSpotLightShadow(const uint64_t spotLightShadowDataBufferAddr, const uint64_t spotLightShadowSparseMapBufferAddr,

uint lightEntityIndex, vec3 worldPos, vec3 normal, vec3 lightDir, sampler2DShadow shadowAtlas

)y 4
if (spotLightShadowSparseMapBufferAddr == @) return vec3(1.9);

uint shadowDenseIndex = GET_SPARSE_INDEX(spotLightShadowSparseMapBufferAddr, lightEntityIndex);
if (shadowDenseIndex == INVALID_INDEX) return vec3(1.8);

SpotLightShadowComponent shadowComp = GET_SPOT_LIGHT_SHADOW(spotLightShadowDataBufferAddr, shadowDenseIndex);

// 1. Project to clip space
vecd clipPos = shadowComp.viewProj * vec4(worldPos, 1.8);
if (clipPos.w <= 0.8) return vec3(1.0);

vec3 ndc = clipPos.xyz / clipPos.w;
if (ndc.z < 8.0 || ndc.z > 1.8 || ndc.x ¢ -1.8 || ndc.x > 1.8 || ndc.y < -1.8 || ndc.y > 1.8) {
return vec3(1.0);

}

float near = shadowComp.planes.x;
float far = shadowComp.planes.y;
float linearDist = clipPos.w;

float NolL = clamp(dot(normal, lightDir), @.e, 1.0);
float tanTheta = sqrt(1.8 - NoL * NoL) / (NoL + @.6@8e1);

float constantBias = 9.1;
float slopeBias = 8.2;

float linearBias = constantBias + slopeBias *
float biasedDist = max(linearDist -

tanTheta;
linearBias, near + 0.001);

// Convert biased linear distance back to non-linear Vulkan depth [@, 1]
float currentDepth = (far / (far - near)) - (far * near) / ((far - near) * biasedDist);

// 3. NDC to Atlas UV mapping
vec2 uv = ndc.xy * 8.5 + 0.5;
vecd rect = shadowComp.atlasRect;
uv = uv * rect.zw + rect.xy;

// Half-texel clamp to prevent atlas bleeding

vec2 texelSize = 1.8 / vec2(textureSize(shadowAtlas, 9));
vec2 minUV = rect.xy + (texelSize * 8.5);

vec2 maxUV = rect.xy + rect.zw - (texelSize * 0.5);

uv = clamp(uv, minUV, maxUV);

// 4. 3x3 PCF filter
float opaqueShadow = 8.9;

for (int x = -1; x <= 1; ++x) {
for (int y = -1; y <= 1; ++y) {
vec2 offset = vec2(x, y) * texelSize;
vec2 sampleuVv = clamp(uv + offset, minUV, maxUV);

// Opaque Shadow
opaqueShadow += texture(shadowAtlas, vec3(sampleUV, currentDepth));
}
}

return vec3(opaqueShadow / 9.9);

https://github.com/TamasPetii
/SynapseEngine/blob/main/Sy
napseEngine/Engine/Shaders/I
ncludes/Utils/ShadowMath.glsl




Shadow XXIII.

for (uint i = @; i < cluster.spotLightCount && ctx.enableForwardPlusSpotLights == 1; ++i) {
uint globalLightIndex = cluster.spotLightOffset + i;
uint lightEntityIndex = GET_LIGHT_INDEX(ctx.forwardPlusSpotLightIndexListBufferAddr, globallLightIndex);
uint lightDenseIndex = GET_SPARSE_INDEX(ctx.spotLightSparseMapBufferAddr, lightEntityIndex);

Shadow evaluation is integrated

o o vec3 tLightPosition = GET_SPOT_LIGHT(ctx. tLightDataBufferAddr, lightDenselIndex). ition.xyz;
dlreCﬂy InTO prh ﬂ:]e F.orward'l' and vec3 ;;ijzhtbfr =0:o:m:1ize(spotLightPositgzn fpzrolri[.gl:'osj;a o I .
Deferred lighting pipelines, reusing
the same shadow atlas and

vec3 shadowFactor = CalculateSpotLightShadow(
ctx.spotLightShadowDataBufferAddr,

ShOdOW dCITCI 3 ctx.spotLightShadowSparseMapBufferAddr,
lightEntityIndex,

For each visible light, the shader wor1dpos,

resolves whether a corresponding L

shadow map exists through the SpotLightshadowatlas

shadow sparse map. );

The resulting S o s e & e s e

albedoAlpha.rgb, finalNormal, viewDir, finalRoughness, finalMetalness,
ior, specularFactor, specularColor, clearcoatFactor, clearcoatRoughness, clearcoatNormal

requiring no separate shadow- N

rendering path during lighting.

In Forward+, this is performed for }
the lights assigned to the fragment's
cluster, while Deferred shading

applies the same mechanism

during deferred light evaluation.

totalRadiance += shadowFactor * lightContribution;

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engin
e/Shaders/Passes/Shading/ForwardPlus/Lighting/OpaqueForward.frag




Shadow XXIV.

The existing shadow system currently
handles opaque shadow casters,
while the engine's bucket
architecture already supports
tfransparent materials.

To

objects, the same GPU-driven
rendering architecture can be reused
without changing the atlas allocation
or culling pipeline.

Instead of a D32 depth aftlas,
transparent shadows use an

to
store the fransmitted shadow color.

The existing draw commands,
instance index buffers and bucket
structure are reused to render ,
transparent shadow casters info their
assigned atlas regions.

This adds é4 bits Ber texel compared

with the original D32 aftlas, while
extending the shadow system to
transparent materials.

o0 P

Direction Light
Transparent
Shadow Color
Atlas

Point Light
Transparent
Shadow
Color Atlas




Shadow XXV.

The of the
closest transparent layer rendered info the
shadow atlas.

This depth is required fo prevent a
transparent object from immediately

during shadow evaluation.

The RGB channels therefore represent the
transmitted shadow color, while A stores
the depth needed for visibility testing.

Vulkan allows the RGB and Alpha channels
to use

, making this possible
within a single render target.

The alpha channel uses

, SO overlapping
transparent fragments retain the nearest
depth value.

This effectively combines colored
accumulation and depth tracking in one
R16G16B16A16 atlas, without requiring a
separate transparent-depth texture.

RGB Channels

A Channel
(Depth)




Shadow XXVI.

The shadow evaluation follows the
same projection, atlas lookup and
PCF sampling pipeline introduced for
opague shadows.

For each PCF sample, the opaque
shadow atlas is sampled normally
using the current non-linear depfth.

The transparent shadow atlas is
sampled separately, providing both
the accumulated RGB shadow color
and the stored transparent depth.

The A16 depthis used to determine
whether the transparent layer is
behind the current fragment, only
then is its RGB conftribution applied.

The

, combining opaque
attenuation with the colored
transparent shadow conftribution.

This allows the same shadow system
to produce , -

it _ Wwhile retaining
the existing GPU-driven atlas
architecture.

for (int x = -1; x <= 1; ++x) {
for (int y = -1; y <= 1; ++y) {
vec2 offset = vec2(x, y) * texelSize;
vec2 sampleUV = clamp(uv + offset, minUV, maxUV);

// Opaque Shadow
opaqueShadow += texture(shadowAtlas, vec3(sampleUV, currentDepth));

// Transparent Shadow
vecd transData = texturelLod(shadowColorAtlas, sampleUV, 0.0);
if (currentDepth > transData.a) {
transparentShadow += transData.rgb;
} else {
transparentShadow += vec3(1.0);
}
}
}

return vec3(opaqueShadow / 9.0) * (transparentShadow / 9.0);
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Beyond Rendering
and Architecture |.

Provides the central workspace for

The Entity Hierarchy allows entities to be
created, removed and organized, while
the Inspector exposes their components
and properties.

The allows components to be
added, removed and individually
customized, including properties such as
Transform, Model, Materials and rendering
settings.

The integrated Performance Profiler
provides a detailed CPU/GPU breakdown
of the running engine and individual
pipeline stageés.

Global scene and rendering seftings

expose CPU/GPU-driven execution, culling

thnd rgnrdermg configuration directly from
e editor.

The workspace integrates a Content
Browser and filesystem view for managing
engine assets and project resources.

An integrated Engine Logger provides
runtime diagnostics and allows engine
activity to be monitored directly alongside
the scene.




Beyond Rendering
and Architecture |l.

Provides a dedicated workspace for

Displays animations as visual preview
cards, with the animated character
shown directly inside each panel for
quick inspection.

Includes a preliminary animation
timeline for playback, navigation and
inspecting animation durafion.

The current implementation is
intentionally _ ] Sl

: animation editing is not
yet supported.

Skeleton wireframe visualization, per-
bone keyframe editing and IK controls
are planned for future development.

The long-term goal is to evolve the
workspadce into a complete animation
authoring environment for CI’GO’[II’\%
and editing animations directly in The
engine.

' N
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https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Editor
/Workspace/AnimationWorkspace



Beyond Rendering
and Architecture lll.

]Ifrovides a dedicated workspace
or

Displays the model's internal node
hierarchy, making its structure and
relationships directly inspectable.

Exposes model-level and node-level
parameters and metadata for
detailed asset inspection.

Includes an interactive 3D model
preview with a reference grid for
spatial orientation.

Provides preview textures and visual
asset information directly within the
workspace.

Designed as the foundation for
future model editing and asset
preparation workflows directly inside
the engine.




Beyond Rendering
and Architecture IV.

Provides a dedicated workspace for

Each material is displayed on g high-
quality sphere preview, including
specular response, reflections and
bloom for a more realistic
representation.

Exposes the complete set of material
parameters, textures, samplers and
color properties for direct editing.

A dedicated preview scene contains
multiple geometries, allowing the
material To be evaluyated under
different shapes and viewing
conditions.

Changes are reflected immediately in
both the material preview and the
surrounding 3D scene.

Includes an_initial material node
editor, providing the foundation for a
future node-based material authoring
workflow.

— i -——

v e Uner
e
O Duskop

" B Sinupsetng
v BB Sunapzetnat

—— = B B

s e, e, m—

_—

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Editor

/Workspace/MaterialWorkspace




Beyond Rendering
and Architecture V.

Provides a dedicated workspace for

Displays available textures together
with their resource parameters and
metadata.

The selected texture is visualized at
high resolution directly inside the
workspace.

Includes an initial texture node editor
for inspecting the texture processing
and generation workflow.

The current implementation is still

, focused
primarily on texture visualization and
inspection.

Future development will enable node-
based texture editing and procedural
texture generation directly within the

engine.

B

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Editor

/Workspace/TextureWorkspace




Beyond Rendering
and Architecture VI.

Provides a dedicated workspace for

Displays the waveform of the selected
éouTnd for visual analysis of its audio
ata.

Supports audio playback and timeline
scrubbing directly within the
workspace.

Allows sounds to be quickly previewed
without leaving the engine editor.

The current implementation is primarily
focused on

i

——— W — T U N ——— —_— e

I I

Future development will extend the
workspace with direct audio editing
and processing capabilities.

A similar dedicated workspace is
planned for vi , following the
same inspection and playback-
oriented workflow. The video
workspace is led and
remains part of the planned editor
functionality.

i .]




Beyond Rendering
and Architecture VII.

i

r‘

204«

Uses a single .
divided into for
engine-generated previews.

5

oy

oy
{

e
-

Material, model, animation and other i@ ' .
editor previews are rendered directly &S e
into dedicated atlas regions. . .
Instead of allocating separate textures - -4 @’
for every preview, the engine O O e W
maintains a single shared GPU T o e
resource. ; = ; ’Q ‘ ‘
ImGui receives the corresponding atlas e “
region and displays only the required . ‘ ’ - .
preview area. = - T ™

This provides a unified and efficient
way to manage the large number of
small engine-generated preview
images.

The same system can be extended to

additional preview types without
in’rroducing separate rendering https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engi
resources ne/Render/Passes/Preview/MaterialPreviewPass.cpp




Beyond Rendering
and Architecture VIII.

The engine currenfly uses

as its primary physics backend,
selected for'its data-oriented
architecture and efficient parallel
execution.

D is also available,
growdln an alternative physics
ackend within the engine
architecture.

The current implementation primarily
focuses on rigi and
collision handling.

Supported shape colliders currently
include convex, mesh, box, sphere
and capsule geometries.

Physics objects are integrated with
the engine's entity/component
architecture, allowing simulation data
to participate directly in the engine
workflow.

The physics system is still under active
development, with additional
simulation and collision features
planned for future iterations.

) X
FPS NJA | GPULIS% | CPU B9% | KESL N/A

https://youtu.be/BfT6EXKP?1k

https://github.com/TamasPetii/SynapseEngine/tree/main/SynapseEngine/Engin
e/Physics/Jolt



Beyond Rendering
and Architecture IX.

Supports eq :
, providing a flexible
software decoding path.

Also implements [

. enqblmﬁ video frames to
be decoded direcily through the
GPU pipeline.

Video streams are exposed through
the same texture descriptor
abstraction used by regular 2D
textures. From the material and
rendering systems' perspective, a
sfreamed video therefore behaves
like a normal texture resource.

Decoded frames are continuously
uploaded or decoded info the
texture while the rendering pipeline
remains unchanged.

Video streaming and ftexture updates
run independently from the rendering
path, allowing the next frame to be
streamed in the background without
requiring special material or shader
handling.
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https://youtu.be/?2ZgdC-Fxi_w

https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Video
/Uploader/VulkanGpuVideoUploader.cpp



Beyond Rendering
and Architecture X.

Uses as the underlying
audio backend for lightweight and
cross-platform audio playback.

Supports both 2D audio playback for
conventional sounds and spatial 3D
audio for immersive scenes.

s A
[CRoR CRCRCRCINC]

The AudioSource component defines
and controls audio emitters attached
to entities.

The Audiolistener component
represents the listener's position and
orientation within the scene.

Spatial audio parameters can be
evaluated from the relationship
between AudioSource and
Audiolistener entities.

mBmowEONS a

https://youtu.be/5Rdv-z0709I

The audio system is integrated directly
into the engine's entity/component

architecture, allowing audio to
participate naturally In the scene https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Audio
workflow. /Engine/MiniAudioEngine.cpp




Beyond Rendering
and Architecture XI.

Provides for
visualizing non-geometric scene
entities such as lights, cameras and
audio sources.

Billboard icons are rendered
directly in the 3D scene, making the
position of these entities
Immediately visible during edifing.

Billboards are interactive, allowing
the corresponding entity fo be
selected directly by clicking its
representafion.

Billboard geometry is generated in
the vertex shader, avoiding the
overhead of a geometry-shader-
based approach.

This provides a lightweight
visualization layer for editor-only

scene quec’rs without OffeCﬂﬂg the https://github.com/TamasPetii/SynapseEngine/blob/main/SynapseEngine/Engine/Shade
underlying scene geometry. rs/Passes/Billboard/Billooard.vert




Beyond Rendering
and Architecture XlI.

can be
visualized directly in the editor,
making spafial relationships and
intersections easy to inspect.

Wireframe visualization can be
enabled or disabled per debug view,
allowing the same scene o be
inspected without affecting the
normal rendering.

can also be
visualized, including their AABB,
sphere, and cone bounds used by
the GPU-driven culling system.

Instead of generating the original
meshlet geometry, the mesh shader
generates the corresponding collider
geometry directly on the GPU.

The generated geometry is kept
within the 256-vertex mesh shader
limit, while still providing an efficient
representation for debugging.



Beyond Rendering
and Architecture XlII.

The engine is built around a
) i , avoiding legacy
rendering abstractions wherever possible.

ro eliminate the need for
monoalithic, hard-coded graphics pipelines,
enabling a much more flexible and
modular shader-driven rendering
architecture.

Dynamic State is used extensively,
minimizing pipeline-state permutations and
allowing rendering state to be configured
directly at draw time.

Dynamic Rendering replaces the
traditional render-pass/framebuffer model,
simplifying render-pass management and
r?no ing rendering passes signiticantly more

f
flexible.

Descriptor Buffer provides a low-level, GPU-
friendly descriptor management model,
reducing the overhead and complexity of
traditional descriptor-set management.

Descriptor Indexing enables bindless
resource access, allowing shaders to
dynamically index large arrays of textures,
buffers and other GPU resources without
per-resource binding overhead.

static std::vector<const char*> GetRequiredExtensions() {
return {

|

VK_KHR_SWAPCHAIN_EXTENSION_NAME,
VK_EXT_SWAPCHAIN_MAINTENANCE_1_EXTENSION_NAME,
VK_KHR_PUSH_DESCRIPTOR_EXTENSION_NAME,
VK_EXT_MESH_SHADER_EXTENSION NAME,
VK_EXT_SHADER_OBJECT_EXTENSION_NAME,
VK_EXT_DESCRIPTOR_BUFFER_EXTENSION_NAME,
VK_EXT_DESCRIPTOR_INDEXING_EXTENSION_NAME,
VK_EXT_EXTENDED_DYNAMIC_STATE_EXTENSION_NAME,
VK_EXT_EXTENDED_DYNAMIC_STATE_2 EXTENSION_NAME,
VK_EXT_EXTENDED_DYNAMIC_STATE_3_EXTENSION_NAME,
VK_EXT_MEMORY_BUDGET_EXTENSION_NAME,
VK_KHR_DYNAMIC_RENDERING_EXTENSION_NAME,
VK_KHR_SYNCHRONIZATION_2_ EXTENSION_NAME,
VK_KHR_BUFFER_DEVICE_ADDRESS_EXTENSION_NAME,
VK_EXT_SAMPLER_FILTER_MINMAX_EXTENSION_NAME,
VK_EXT_MUTABLE_DESCRIPTOR_TYPE_EXTENSION_NAME,
VK_KHR_VULKAN_MEMORY_MODEL_EXTENSION_NAME,
VK_EXT_SUBGROUP_SIZE_CONTROL_EXTENSION_NAME,
VK_EXT_DESCRIPTOR_HEAP_EXTENSION_NAME,
VK_EXT_DEVICE_GENERATED_COMMANDS_EXTENSION_ NAME,
VK_KHR_VIDEO_QUEUE_EXTENSION_ NAME,
VK_KHR_VIDEO_DECODE_QUEUE_EXTENSION_NAME,
VK_KHR_VIDEO_DECODE_H264 EXTENSION NAME

/*, VK_AMDX_SHADER_ENQUEUE_EXTENSION_NAME */




