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A 20-Year Journey: The Technical Story

2006 
Masters 
Thesis

2011 
Open-
Source 
Project

2015 Open 
Standard

2018 
Developer 
Platform

2019 
Venture-
Backed 
Startup

2024 
Acquisition

2026             
Best of 

times are 
ahead

Still feels like early days with research 
opportunities with likely near -term impact
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Visibility Driven Out-of-Core HLOD Rendering.Masters Thesis.2008

ÅBack then...
oGPUs: 10-200 million triangles per second
oBoeing 777: 350 million polygons, 30-60 GB
oCompressed satellite imagery for Google: 70 TB

ÅEven with hardware advancements, specialized rendering 
algorithms will always be needed



Fast Forward to 2015...

ÅScale: subsurface to 
outer space
ÅPrecision
ÅFree roam camera
ÅCompletely 

programmable
ÅReal world content



Massive |Heterogeneous | Non-Uniform | Semantics

1.1 million buildings in New York City Point cloud of the Church of St 

Marie at Chappes, France.
High resolution terrain and imagery

Trees in Philadelphia 3D vector data

http://cesiumjs.org/NewYork/
http://cesiumjs.org/2015/08/10/Introducing-3D-Tiles/


Typical 2D Geospatial Approach





Impact of engaging open standards community



Today's focus: runtime 3D Tiles Engine

Tiling Pipeline Cloud Serving 
Architecture

Runtime 3D Tiles 
Engine

RenderingEngine



Building 3D Tiles from the ground up

Metadata

Compression

Batching

Geospatial

Precision

Out -of -core

Tile selection
Instancing

Styling

Culling

HLOD



Single Model
ÅTime to first render: 1.07s
ÅNum triangles: 1,394,625
ÅTexture memory: 512 MB



Hierarchical Level of Detail



Hierarchical Level of Detail
ÅSpatial subdivision
ÅGeometric error



Spatial Subdivision



Geometric Error



Screen Space Error (SSE)



Tile Selection Code
ÅAdditive refinement

screenSpaceError  = computeScreenSpaceError(camera, geometricError)

if screenSpaceError  <= maximumScreenSpaceError
    // select tile
    // recurse over children



TileSelectionCode
ÅReplacement refinement

screenSpaceError  = computeScreenSpaceError (camera, geometricError )

if screenSpaceError  <= maximumScreenSpaceError
    // select tile
else
    // recurse over children



Hierarchical Level of Detail
ÅTime to first render: 0.47s
ÅNum triangles: 516,704
ÅTexture memory: 342 MB



Out-of-core
ÅFixed memory budget (e.g. 512 MB)
ÅLRU Cache

Tile Tile Sentinel Selected 
Tile

Selected 
Tile

Selected 
Tile

LRU MRU

Tile



Tile Selection Optimizations



Frustum Culling

Before: 37 tiles After: 23 tiles

ÅResults:30-40% less tiles rendered



Hierarchical Culling With Children Bounding Volumes
ÅCheck if at least one child is visible 

before selecting parent tile
ÅResults:8-22% less tiles rendered



Horizon Culling
ÅCheck if tile is occluded by central body 
ÅResults: 5-30% less tiles rendered

Before: 43 tiles After: 31 tiles



GPU Occlusion Culling
1. Depth-only prepass
2. GPU occlusion query usingtile 

bounding volume
3. If all pixels are occluded either:

o Cull tile
o Select tile but don't refine (this avoids holes)

Before: 192 tiles After: 96 tiles



GPU Occlusion Culling



Fog

Before: 327 tiles After: 228 tiles

Fog disabled Fog enabled Debug view



Camera flight SSE adjustment
ÅIncrease screen space error during 

camera flights
ÅCancel requests for tiles that are no 

longer in view
ÅResults: 27-49% less tiles loaded



Foveated screen space error deferral 
ÅTile requests prioritized based on several factors:

o Depth in the tileset
o Distance to the center of the screen
o Distance from the camera.

ÅTiles on edge of screen are deferred until camera has been 
motionless for some period

ÅResults: perceptually important tiles load 2.0x to 2.3x faster

Yellow tiles are deferredTiles colorized by how close they are to the 
center of the screen



Camera flight destination preloading



LOD Skipping

Overlap artifacts With render priority stenciling



LOD Skipping



Tile Content Optimizations



Geometry Compression: Draco

3D Tiles Lossless + Gzip
Tileset size:738 MB
Load time: 18.92 seconds

3D Tiles Draco (cm precision) + Gzip
Tileset size: 149 MB
Load time: 10.55 seconds



Geometry Compression: Draco

3D Tiles Lossless + Gzip
Tileset size: 1.83 GB
Load time: 9.79 seconds

3D Tiles Draco (1 mm precision) + Gzip
Tileset size: 0.64GB
Load time: 4.45 seconds



3D Tiles Lossless +Gzip
Tilesetsize: 3.72GB
Load time: 33.3 seconds

3D Tiles Draco (1 cm) +Gzip
Tileset size: 0.85 GB
Load time: 9.25 seconds

3D Tiles Meshopt  (1 cm) + Gzip
Tileset size: 0.86 GB
Load time: 9.46 seconds

Geometry Compression: Meshopt



Texture Compression: KTX2 /BasisU

Data: Aerometrex - 2cm resolution photogrammetry - downtown San Francisco

Å69% smaller than PNG

Å14% larger than JPEG

Å5-10% faster load time than JPEG
o Less GPU data transfer

Å85% less GPU memory



Batching
ÅMinimize draw calls by combining geometry and materials 
ÅFeature ID enables individual picking, styling



Instancing
ÅGPU instancing for repeat geometry 
ÅPer instance translation, rotation, scale, ID 



Other Optimizations
ÅGeometry

o Vertex cache optimization
o Overdraw optimization
o Vertex fetch optimization

ÅPicking
o Render 3x3 pixel region
o Tile traversal with narrower frustum

ÅWeb Workers for decompression



Future Ideas



Future Ideas (1/3)
ÅGPU Culling + multi-draw indirect (WebGPU)
ÅMeshlet culling


