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IDTECH 7

ÅFully forward rendered

ÅStill few uber shaders variations everything

ÅLarger levels and more complex environments

ÅMore streaming

ÅLow level API on all platforms

ÅStill 60FPS on consoles at same resolutions
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HYBRID BINNING

ÅUsed Clustered Binning in Doom [Olson12]

ÅChallenges
ÅLarger scenes in Doom Eternal

ÅDistant small lights and decals end up in single big cluster

ÅEnemies have light rigs

ÅIn fights more dynamic volumes for projectiles and impact decals

ÅArtists wanted to place more lights and decals

ÅWanted to move to GPU culling to reduce CPU load

ÅNew hybrid of cluster and tile binning
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HYBRID BINNING

ÅLƴǎǇƛǊŜŘ ōȅ άLƳǇǊƻǾŜŘ /ǳƭƭƛƴƎ ŦƻǊ ¢ƛƭŜŘ ŀƴŘ /ƭǳǎǘŜǊŜŘ wŜƴŘŜǊƛƴƎέ 
[Drobot2017]

ÅProblem: Thousands of lights or decals in some scenes

ÅHardware raster tile binning inefficient due to state changes

ÅVery tight budget (<500us)
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COMPUTE SHADER RASTERIZATION

ÅFor simplicity we only bin hexahedra

ÅLow resolution

ÅNeeds to be conservative
ÅMany edge cases
ÅArtists will find them all

ÅReverse float depth for precision

ÅBinned rasterization [Abrash2009]
1. Setup & Cull
2. Coarse raster
3. Fine raster
4. Resolve bitfields to lists
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SETUP AND CULL

ÅCulls hexahedra against near plane

ÅEmits packed vertices together with side 
and edge indices

ÅClassifies front/back facing for edges and 
vertices

ÅNew side at near plane removed

ÅComputes screen space tile bounds

ÅProduces work for coarse raster
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WORK DISTRIBUTION

ÅWant to run rasterization thread 
for each potentially covered tile 
based on rectangular screen 
space coverage

ÅRunning [8,8,1] thread groups 
for 64 tiles with each thread 
looping over the binned 
hexahedra for the tile is too slow

ÅResults in very bad utilization
ÅUp to 63 idle threads

ÅInstead emit one thread for each 
potentially covered tile
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COARSE RASTER

Å256x256 pixels per coarse tile

ÅAlso bins into clusters
ÅSame depth distribution as in [Sousa2016]

ÅAlready tighter fit than CPU cluster setup

ÅProduces work for fine raster
ÅOnly emits work for coarse tile that intersect 

hexahedra

ÅOne thread for each potentially covered fine 
tile

ÅEach coarse tile has its own work list and 
screen space bounds are determined per tile
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FINE RASTER

Å32x32 pixels per fine tile

ÅRejection based on conservative 
min/max depth buffer downsample

ÅCS computes min/max depth value 
for hexahedra per tile

ÅRefinement step for point lights 
culling tile frustum against sphere
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ÅResolve CS with one thread 
group per tile/cluster

Å64 bits checked in one thread 
group, one bit per thread

Å(maxLights+63)/64 iterations 
per tile/cluster

ÅUses subgroup ops for 
compaction

uint totalLightCount = 0;

for (int i = 0; i < numIterations ; ++ i ) {

const uint lightIndex = (64 * i ) + gl_localInvocationID.x ;

const uint tileIndex = gl_localInvocationID.y ;

bool lightBitSet = fetchBitFromBitfield ( tileIndex , lightIndex );

uvec4 subgroupMask = subgroupBallot ( lightBitSet );

uint lightCount = subgroupBallotBitCount ( subgroupMask);

if ( lightBitSet ) {

// Computes bitfield prefix sum for all threads < this thread idx

uint listOffset = subgroupBallotExclusiveBitCount ( subgroupMask);

listOffset += tileIndex * LIGHTS_PER_TILE;

listBuffer [ listOffset + totalLightCount ] = lightIndex ;

}

totalLightCount += lightCount ;

}

if ( subgroupElect ())

countBuffer [ tileIndex ] = totalLightCount ;

}

RESOLVE BITFIELDS TO LISTS
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ÅFine tiles are bad if there are 
large depth discontinuities 

ÅEach fragment invocation checks 
both its cluster and tile and 
selects list with fewer entries

ÅNever worse than clustered

LIGHT LIST SELECTION
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ÅWant to use scalar reads for light 
data [Sousa2016]

ÅProblem: Binning now has much 
finer granularity in screen space

ÅScalarization based on 
cluster/tile index insufficient

HASH SCALARIZATION
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ÅResolve CS computes hash of 
light indices for each list

ÅStore 24 bits of the hash + 8 bits 
num lights per tile/cluster

ÅCheck for uniformity based on 
hash value

ÅEven works if fragment thread 
group uses cluster and tile lists

HASH SCALARIZATION

Same color = same hash
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ÅLong but few threads cause GPU usage to be quite low

ÅIdle time can be filled with async overlap

ÅAdding more hexahedra to process almost free

ÅIdea: Run thousands of gameplay visibility queries through same code

Å/ƘŀƴƎŜǎ ŘŜǇǘƘ ǘŜǎǘ ŦǊƻƳ άƛƴǘŜǊǎŜŎǘǎ ƻǇŀǉǳŜέ ǘƻ άƛƴ ōŜǘǿŜŜƴ ŎŀƳŜǊŀ 
ŀƴŘ ƻǇŀǉǳŜέ

ÅFine raster tags bit fields read by CPU next frame

USE FOR GAMEPLAY
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ÅArtists wanted small decals 
defined by geometry

ÅPart of authored mesh

ÅChallenges
ÅAlmost no additional frame budget

ÅCƻǊǿŀǊŘ ǊŜƴŘŜǊŜǊΥ /ŀƴΩǘ ōƭŜƴŘ ƻƴ 
top of G-Buffer

ÅG-Buffer blending too slow even if 
we switched to deferred

GEOMETRY DECALS
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ÅProjection matrix from mesh UVs

ÅWorld space -> texture space

Åᴙ2x4matrix per projection
Å8 floats = 32 bytes

ÅOn disk we store object -> 
texture space
ÅMultiplied with model matrix gives 

world -> texture space matrix

ÅEach instance needs memory for 
its geo decals

GEOMETRY DECALS
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ÅRender indices into R8 buffer 
ÅPost depth pass

ÅGreater/equal depth compare

ÅDepth bias to avoid z fighting

ÅDecals need to be coplanar

Å~50us for this pass

ÅIndex per sub mesh projection 
list in fragment shader
ÅList bound to instance descriptor 

set

ÅArbitrary blending because no
G-Buffer passthrough

GEOMETRY DECALS
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LIMITATIONS

ÅMax 254 projections per sub mesh

ÅOne decal might need multiple 
projections

Å/ŀƴΩǘ Řƻ ŎǳǊǾŜŘ ƎŜƻƳŜǘǊȅ ǾŜǊȅ ǿŜƭƭ

ÅNeed projection storage per instance
ÅCurrently 1M decals max per level

ÅBinned decals always on top

ÅAnimated geometry projections 
calculated every frame
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GEOMETRY CACHES

ÅBased on [Gneiting2014]

ÅCompiled from Alembic caches

ÅImproved compression
ÅPredictive Frames
ÅHierarchical B-Frames
ÅForward and backward motion 

prediction
ÅOodle Kraken for bitstream 

compression

ÅInstances can share streamed 
data blocks if same cache

ÅAnimated colors and UVs
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AUTOMATIC SKINNING

ÅLarge data rate reduction for 
position stream [Kavan2010]

ÅBone matrices quantized and 
compressed like other streams

ÅOnly works well with some 
meshes
ÅWe still support vertex animation



Advances in Real-Time Rendering course, SIGGRAPH 2020

3 BYTE TANGENT FRAMES

ÅTangent frames are computed for each frame and streamed

ÅStoring two ᴙ3 vectors for normal and tangent is expensive

ÅIdea: Store only normal + rotation for tangent
ÅBitangent reconstructed with cross product

Å2 bytes for octahedron normal encoding [Meyer2010]
ÅGood enough for vertex normals

Å1 byte for rotation
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DECODE

ÅNeed deterministic orthonormal vector to 
rotate for tangent
ÅNaïve cross product of normal with e.g.
ρȟπȟπὝcauses singularities

ÅὝὦ
ȿҍὔώȟὔὼȟπȿ

Ὕ ὭὪὔὼ ὔᾀ
ȿπȟҍὔᾀȟὔώȿ

Ὕ ὩὰίὩ

ÅwƻŘǊƛƎǳŜǎΩ wƻǘŀǘƛƻƴ CƻǊƳǳƭŀ ώ9ǳƭŜǊмттлϐ 
gives Tangent
ÅὝ ὝὦÃÏÓ‌ ὔ ὝὦÓÉÎ‌
ÅLast term cancels out because vectors are 

orthonormal

ὔ

Ὕὦ

Ὕ ‌
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MATERIAL BLENDING

ÅFirst step to add detail to the world
ÅPrecedes world decaling pass
ÅPart of the prop-building process (e.g. grime)
ÅCan also be environment-specific (e.g. snow)

ÅBlending of multiple full material stacks

ÅMostly vertex painted

ÅTexture blend weight maps for organic assets and characters
ÅRequired granularity may not match tessellation level

ÅBlend weights modulated by material heightmaps
ÅHigh frequency detail
ÅEmbrace physical features of underlying materials
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VERTEX PAINTING

ÅBuilt-in painting tool

Å4 materials per asset, 2 materials per triangle

ÅLOD0 geometry shared by all painted instances

ÅLower LODs uniquely generated based on paint job
ÅRequired to mitigate overly noticeable LOD transitions

ÅMemory overhead manageable thanks to limited paint permutations
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