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Absorption, Scattering and Emission

= scattering coefficient= absorption coefficient

Absorption Scattering
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Emission



Scattering

ὪÐȟ‫ȟ‫  = phase function
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Phase Function

 Volume Rendering Introduktion

Plot of Henyey-Greenstein phase function 

with different g values

ÅIsotropic phase function 

Light is scattered equally in all directions

ÅHenyey-Greenstein (HG) phase function 

Approximation of the Mie phase function

g = scattering angle anisotropy parameter in [-1,1]



Extinction and Transmittance
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Volume Rendering Equation
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Volume Rendering Equation
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Volume Rendering
ÅA lot of integrals

ÅNo analytical solution for inhomogeneous media

ÅApproximation by discrete sampling over distance d from p to pô

Volume rendering introduction
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Multiple scattering



Ray marching
ÅSingle loop per ray

ÅAccumulate transmittance and in-scatter

ÅUse energy conservative integration from [Hillaire15]
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Froxel Volumes 
ÅFroxel -> View frustum voxel 

[Wronski14] [Hillaire15] 

ÅClip space 3D textures as cache for 
media and lighting

ÅLow resolution e.g. 160x90x64

ÅCompute media properties and 
lighting for each froxel in parallel

ÅIntegrate froxels along depth and 
store result per froxel

 Volume Rendering Introduktion
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Motivation

Previous Implementation



Motivation

Previous Implementation
ÅPrevious implementation presented at GPC 2024 [Feller24] 

ÅSupported different volumetric medias

ÅFroxels for near-field

ÅRay-marching for far-field

ÅComposed clouds and precomputed atmosphere on top



Problems with Previous Implementation
ÅMissing flexibility

ÅQuality did not match our expectations

Motivation



Design Goals

Motivation

ÅIncrease flexibility 

ÅUnified solution for different media including clouds
ÅProved difficult due to different visual requirements and scales

ÅDropped after first iteration 

ÅRealistic and detailed lighting

ÅStable under motion

ÅPhysically based but with some artistic freedom

ÅWater



Voxel Fog - Models and Instances

Data Model



Voxel Fog - Models and Instances

Data Model

ÅFog models
ÅArtist driven high resolution voxel models

ÅDown sampled to 16 meter voxels

ÅStored as sparse 16^3 tiles with half voxel border on each size

ÅStore signed distance and density

ÅBlock compressed (BC4 density, BC1 distance scalar encoding 
[Schneider23])

ÅTiles with uniform density stored as single value



Voxel Fog - Models and Instances

Data Model

ÅFog model tile atlas
ÅRuntime cache of required tiles

ÅSigned distance texture (BC1)

ÅDensity texture (BC4)

ÅInstances could be placed freely within world boundaries
ÅReference to single fog model

ÅMedia material



Voxel Fog - World Volume

Data Model



Voxel Fog - World Volume

Data Model

ÅCovers the entire playable area

ÅTile atlas with 16^3 voxels per tile
ÅHalf voxel border on each size for seamless trilinear filtering 

ÅEffective size of 15^3 voxels 

ÅMultiple block-compressed layers
ÅBC1 distance field (Bc1 scalar encoding from [Schneider23])

ÅBC5 density and extinction 

ÅBC3 scatter albedo and detail noise type

ÅContent updated on the GPU
ÅCompute shader with runtime block compression



Voxel Fog - World Volume
ÅResolution is 43 x 13 x 43 cells
ÅEach cell covers 240^3 meter in the game world

ÅR16_uint texture format
Å15 bit tile address

Å1 bit empty flag

ÅManaged on the CPU
ÅIndirection texture is updated once the frame

ÅAllocate and free tiles during indirection texture update

ÅSchedule GPU update for dirty tiles

ÅReuse identical uniform tiles

 Data Model



Voxel Fog ïBarrier

 Data Model



Voxel Fog ïBarrier
ÅLimited to 64 meters around camera

Å1 meter resolution

Å128x128x128 signed distance field texture

ÅR16G16_snorm
ÅR: Distance to dangerous fog interface

ÅG: Distance to deadly fog interface

ÅRuntime generated on the GPU from fog and scene voxel data
ÅFast Hierarchical 3D Distance Transforms on the GPU [Cuntz07]

ÅFollowed by single jump flood pass

ÅAs a bonus we get ground fog in the shroud for free

 Data Model



Injected Fog Volumes
ÅSpawned by VFX 

ÅBox or sphere shape

ÅOptional density texture

ÅThe only emissive media in 
pipeline

ÅSee [Feller24] for more details
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Atmosphere and Weather

 Data Model



Atmosphere
ÅPrecomputed sky transmittance 
Å2D LUT parametrized by height and zenith 

angle

ÅNeeded to determine sun and moon color 
through atmosphere

ÅUsed in all sun and moon lighting calculations

ÅPrecomputed sky atmosphere [Bruneton08]
Å3D LUTs ignore earth shadow [Elek09] 

ÅMultiple scattering and Ozone

ÅImproved LUT parameterization [Elek09] 

ÅAdditional LUT for cloud ambient lighting

 Data Model

Single slice from 

Mie LUT

Single slice from 

Rayleigh LUT



Aerial Perspective and Height Fog
ÅAerial perspective
ÅSame math and coefficients as 

used for atmosphere LUT 
computation

ÅNo multiple scattering

ÅAnalytic height fog
ÅExponential height falloff

ÅDensity and albedo

 Data Model



Clouds
ÅRendered at runtime by weather system
ÅMultiple cloud instances rendered into cloud map

ÅArtist generated density and height textures

ÅTiled and non tiled clouds

ÅSpherical distortion to simulate curvature of earth

ÅR16G16 cloud density and height

ÅTop down projected 1024x1024 texture 

ÅCovers 80x80 km around world center 

 Data Model



Rain and Snow Fog
ÅFog below clouds where it rains or snows

Å512x512 texture with R16G16
ÅR: Density

ÅG: Max height

ÅTop down projected

ÅCovers the entire playable area

ÅRuntime generated

ÅDerived from weather systems cloud and rain map

ÅTop down variance shadow map to avoid fog in buildings or 
caves

 Data Model



Water

 Data Model



Water
ÅSparse signed distance field
ÅFully dynamic

ÅGenerated from water simulation

ÅFirst view ray intersection with water surface rendered into 
screen space texture

ÅMore in GPC 2025 talk ñWater Simulation & Rendering in 
Enshroudedò from Simon Stempfle and Andreas Mantler

 Data Model



Detail Noise
ÅAdds detail to voxel fog and cloud ray marching

ÅBased on Nubis Cubed [Schneider23]

ÅTwo noise types
ÅCurly-Alligator noise
ÅAlligator noise

ÅConfigurable in editor and generated by asset pipeline

ÅTileable

Å128x128x128 four channels uncompressed

 Data Model

Curly-Alligator Alligator Variations



Render Pipeline

 Render Pipeline
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Volumetric shadow Volume

 Render Pipeline

Cloud



Volumetric shadow Volume ïSweep

 Render Pipeline
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Water shadow map
ÅApproximate water depth and 

transmittance for directional 
light

ÅRender water depth map in 
light space

ÅCamera centered clip map

ÅSnap to pixel position to avoid 
flickering under movement

ÅUsed for
ÅDirect lighting
ÅUnderwater volume
ÅGlobal illumination

 Render Pipeline



Water shadow map
ÅOverestimates transmittance 

in case of overlapping water 
surfaces

ÅNot a big problem in practice 
because water is mostly flat 
and surrounded by geometry 

ÅOnly apply water shadows to 
underwater geometry

 Render Pipeline



Fog

 Render Pipeline - Fog


