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Why Water?
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Requirements 

ÅDynamic / Simulated

ÅWork with dynamic 3D voxel based world

ÅGameplay interactions: Players, NPCs, Enemies, Fire, é

ÅBelievable and Predictable Movement

ÅSoft Real-Time

ÅFixed memory budget

ÅMultiplayer (authoritative server, replication)
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State of the Art

ÅMost games have static 2D planar water surfaces
ÅEven close relatives: Teardown, Valheim, é

ÅSimulated water is usually limited
ÅHydrophobia, From Dust, 7 Days to Die: 2.5D simulation

ÅMinecraft: Voxels expand by limited distance

ÅAcademic Research usually too fine-grained/cost intensive and 
not client-server ready
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Simulation ïColumns

Simulation

ÅBottom & Height

ÅFluid section

ÅDisplacement section
ÅTerrain/buildings/blocker



Simulation ïColumns

Simulation

ÅBottom & Height

ÅFluid sections

ÅDisplacement sections
ÅTerrain/buildings

ÅStackable!



Simulation - Columns





Simulation ïChunks

Simulation





ÅTODO: Editor debug view of simulated & replicated chunks
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Rendering Water 

ÅFocus here is GPU Representation and Surface Phenomena

ÅFor (water) volumetricsplease check out Philipp Krauseôs talk:
ÅñThe Fog is Lifting, Volumetric Rendering in Enshroudedò

ÅFor more (water?) VFX tech insights thereôs Lukas Fellerôs talk:
ÅñLessons learned from shipping a GPU Particle Systemò
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From Columns to Voxels

ÅSystem dependency: Renderer -> Water Simulation Client

ÅEverything voxelized here

ÅFetch queued ñdirty boxesò each frame to trigger updates

ÅDirty boxes are 3D voxel bounding boxes

ÅSimple interface:
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Data Considerations

Observations:
ÅWay too many 0.5³m³ voxels in a 10k x 10k x 4k world
ÅMost voxels are either completely empty or completely filled with water
ÝVoxels containing a water surface are most interesting

ÅVoxels are blocky, but we want a smooth representation

Idea:
ÅConvert voxels to SDF grid only close to water surfaces
ÅStore SDF in a sparse GPU-friendly data structure
ÅPartition sparse space into either full or empty
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The Brick Tree
ÅSparse octree, nodes with water surfaces are subdivided to desired LOD

ÅEmpty and full octree nodes do not get subdivided

ÅLeaf nodes are ñBricksò

ÅBrick: 6x6x6 8bit SDF values with interpolation border (so 8x8x8 = 512bytes)

ÅOctree nodes are allocated from a node pool buffer, synced between CPU & GPU

ÅBricks are stored separate, in a 3D texture (atlas/virtual texture/page table)
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Managing the Brick Tree
Want to change nodes from both CPU and GPU
ÅE.g. changes from simulation, LOD changes from compute shader
ÅBut staging / readback delays make data structure sync difficult

Solution:
ÅCPU: solely responsible for brick tree changes
ÅGPU: output LOD feedback buffers with versioned requests
ÅCPU: Ignore requests with node data version mismatches
ÅCPU: Apply remaining N items, sorted by priority
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Managing the Brick Tree
Data requests from Simulation take time

Ý handled async (task threading)

Ý Brick Tree operations can take 2 update cycles

Ý State machine in each node:

Rendering



Growing a Brick Forest
Problem:

ÅSimulation API only provides 5 LOD levels max (chunks are 16x16 columns)

ÅSingle big brick tree hierarchy too deep for fast spatial GPU lookups & tracing rays

Solution: Truncate the hierarchy at the top by 7 levels

ÅForest of 107x30x107 smaller brick trees, each covers 96³m³

ÅEach root node pre-allocated, stored dense at the beginning of a node pool

Ý Lookup for the correct tree for a world position is O(1)

Ý Only levels that could actually contain any data need to be traversed!
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Liquifying the Bricks
Problem:
ÅSimulation state updates irregularly (whenever new network packets arrive)

ÅDifferent/lower frequency than output frame rate

ÅQuantized to only 16 fill states per voxel

Ý Each change is a big visual discontinuity (popping)

Solution:
ÅBricks can either be static or interpolating

ÅInterpolation:
ÅLerp 8bit SDF data towards a separate target state in the page table

ÅTemporally dither for sub-8bit perceived precision steps

ÅSubdividing nodes transitions instantly, popping no big problem -> far away

ÅNew Problem: Only GPU knows which bricks finished interpolating

Ý Feedback buffer to free up page table entries on CPU
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Liquifying the Bricks
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Visibility Culling
ÅCompute shader scans all leaf nodes. For each leaf AABB:
ÅFrustum culling

ÅOcclusion culling against depth pyramid of scene

ÅVisible? => Append brick index to buffer for drawing

ÅEdge case: Bricks intersecting the camera near plane
ÅWe support both over and under water pixels on screen at the same time

ÅOne extra screen space draw if camera is close to or inside water
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Surface Rendering: Brick AABBs

Instanced indirect 
draw of culled brick 
AABB front faces

AABBs are 
optimized to more 
tightly wrap where 
the surface is
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Surface Rendering: Sphere Tracing

For each brick pixel:

SDF sphere trace

through the brick

(SDF range == max step size)
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Surface Rendering: Screen Space Pass

ÅSimilar to brick AABBs pass

ÅStart points either within one or more bricks (or none)

ÅWhich ones? => Per pixel brick tree lookup at near plane

ÅCalculate ray origin in brick, sphere trace from there

ÅWe now know:
ÅIf pixel hit a surface
ÅIf pixel is under water (from SDF sign)
ÅSurface depth (project hit position to screen)
ÅSurface normal (from SDF derivatives)
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Surface Buffer

Small gbuffer with 32bit Depth & R10G10B10A2 Surface render target 
containing:
Å21bit octahedral encoded normal
Å8bit foam amount
Å1bit surface hit mask
Å1bit underwater mask
Å1bit particle mask (not shown)

Output in horizontal-half resolution [Grujic18], [Geffroy20]
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Surface FX: Waves

ÅIn-place effects on the water surface buffer via compute passes

ÅWaves:
ÅClose -up waves: Detail normal maps
ÅFar waves: Procedural FBM noise with 2-3 octaves -> no tiling issues
ÅNo big FFT/Tessendorf wave simulation here (stay close to simulation output)
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