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Ray Tracing Many Unique Animated Objects Is Expensive

For every object that uses a different non-rigid animation pose: 

Animate
Vertices

Write 
Animated

Vertex Buffer

Build/Update
BLAS

Build/Update
TLAS

Vertex Animation

• Running time scales with 
vertex count.

BLAS Build

• Build time and memory 
scale with triangle count.

TLAS Build

The top-level structure can 
only be finalized after BLAS 
updates finish.

Vertex Animation

• Temporary animated 
geometry must be stored.
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Uniquely Animated Frogs

249k vertices per frog 
408k triangles per frog
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64 unique objects ~26M triangles
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Existing Optimizations Help, But Still Do Per-Object Work

Application Side

• LOD selection

• Staggered BVH updates

Faster Builds

• New algorithms – e.g. HPLOC

• P-TLAS/CLAS/C-BLAS (NVIDIA 2024)

• Uniqueness issues still present

Reduce Memory

• BVH geometry 

‘compression’
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High-Level Idea: Animate a Coarse Proxy, Not Every Vertex

• Animate tetrahedra-cage instead of dense set of vertices (Luton et. al HPG 2025)

 

• Decouple BVH complexity from geometry complexity (of the animated object)

=> Lower BVH build time and memory footprint

• Decouple animation complexity from geometric complexity
=> Lower animation cost

Why Tetrahedra?
Simple piecewise-linear map between animated 
cage and rest-pose space; Allows to use hardware 
instance XFs to deform rays

Quality/Performance Knob
Fewer tetrahedra are cheaper; more 
tetrahedra give a better approximation 
of the deformation.
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Offline Preprocessing: Build A Tetrahedra-Cage

Fill Rest-Pose
BBox With Voxels

Delete 
Empty Voxels

Split Remaining
Voxels Into 
Tetrahedra

Delete Empty 
Tetrahedra Clip Mesh Into

Rest-Pose
mini-Meshes
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Once during Application Startup

Build one Static 
Reusable mini-BLAS

Object From Each
Static Clipped mini-Mesh

mini-Meshes:
each shown with 
a different colour
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At Runtime, We Animate The Cage
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How Do We Ray Trace The Animated Object Then?

Transform the ray instead of transforming the geometry!!

Animated
Tetrahedron

Rest-pose
Tetrahedron
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• Inspired by Luton et. al, 
“Real-time rendering of 
animated meshless 
representation“, HPG 2025 

Entry

Animated mini-BLAS
(which we never compute or store)

Deformed 
rest-pose ray



Ray Tracing The Animated Cage And Object

Transform the ray instead of transforming the geometry!!

Animated
Tetrahedron

Rest-pose
Tetrahedron
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Per Frame Animation Pipeline

Animate
Tet-Cages

Compute 
Per Tet 

instance XF

Use Per Tet XF
 for Instance -  

which points to 
one mini-BLAS 

Build/Update
TLAS Trace TLAS

B=
𝑣1. 𝑥 − 𝑣0. 𝑥
𝑣1. 𝑦 − 𝑣0. 𝑦
𝑣1. 𝑧 − 𝑣0. 𝑧

 
𝑣2. 𝑥 − 𝑣0. 𝑥
𝑣2. 𝑦 − 𝑣0. 𝑦
𝑣2. 𝑧 − 𝑣0. 𝑧

 
𝑣3. 𝑥 − 𝑣0. 𝑥
𝑣3. 𝑦 − 𝑣0. 𝑦
𝑣3. 𝑧 − 𝑣0. 𝑧

 
0
0
0

 static tetrahedron (precomputed)

A=
𝑣𝑎1. 𝑥 − 𝑣𝑎0. 𝑥
𝑣𝑎1. 𝑦 − 𝑣𝑎0. 𝑦
𝑣𝑎1. 𝑧 − 𝑣𝑎0. 𝑧

 
𝑣𝑎2. 𝑥 − 𝑣𝑎0. 𝑥
𝑣𝑎2. 𝑦 − 𝑣𝑎0. 𝑦
𝑣𝑎2. 𝑧 − 𝑣𝑎0. 𝑧

 
𝑣𝑎3. 𝑥 − 𝑣𝑎0. 𝑥

 𝑣𝑎3. 𝑦 − 𝑣𝑎0. 𝑦 
𝑣𝑎3. 𝑧 − 𝑣𝑎0. 𝑧

 
𝑣𝑎0. 𝑥
𝑣𝑎0. 𝑦
𝑣𝑎0. 𝑧

 animated tetrahedron

=> DXR instance XF  for a given tetrahedron is 𝐼𝑛𝑠𝑡2𝑊𝑜𝑟𝑙𝑑 ∙ 𝐴 ∙ 𝐵−1

Ray deformation can 
be mapped to

DXR Instance transforms 
=> Hardware acceleration
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DXR Hierarchy for N Uniquely Tet-Cage Animated Objects

TLAS

Object 0
Instance/Tet 0

Object N-1
Instance/Tet 0

miniBLAS0 miniBLASj-1

Object 0
Instance/Tet j-1

Object N-1
Instance/Tet j-1

All tet-cage animated instances of an object reuse the same set of mini-BLAS objects!

Animated Object N-1/Cage N-1Animated Object 0/Cage 0
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BVH Memory Consumption And Build Time
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DispatchRays() Time (2 Rays Per Pixel) And Total Frame Time 
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Animation + BVH-Update + Rendering: 10ms
RX9070 XT @ 1080p: 580 million triangles, ~2 million tetrahedra Tree with 1.1 million triangles

Skinned 1k-tetrahedra-cage 
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Applications And Caveats: Use Where It Makes Sense

Good Fits

• BVH memory or build time is the bottleneck

• Plants and foliage swaying in wind

• Distant or mid-distance crowds

• Animation LOD for many unique objects

Things To Consider

• Approximate animation, not exact deformation

• Not a replacement for every hero asset

• Watertightness issues need to be worked around

• Preprocessing is required: cage + mini-meshes

Position it as an additional animation-LOD tool for ray tracing.
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Future Work

Hybrid Animated Objects

• Use tetrahedra for low error parts
• Support for morph-targets
• Make sure seams meet

Build Better Tetrahedra-Cages

• Get higher quality approximations
• Explore different optimization 

strategies

Cage LOD

• Cage hierarchies
• LOD transitions

Multi-Level BVH (MLAS)

• BVH Build time investigations
• Decouple from TLAS build time

P-TLAS/C-BLAS/CLAS

• BVH Build time
• Traversal time impact?

Note: Luton et. al recently uploaded independent work: “Fast Hardware Ray-Tracing of Animated Objects Using a 
Tetrahedral Indirection Structure“ - similar in spirit but traces several hardware rays per object

Watertightness

Fast, mathematically-sound 
watertightness
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Future Work – Building Tetrahedra Cages 

We are current implementing a header-only C++ library with:

• Support for skinned objects

• Support for keyframe-animated objects

• Support for hybrid animations 
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Q&A

hgruen@amd.com



P-TLAS

P-TLAS Layout For N Unique Tetrahedra-Cage Animated Objects 

Global Partition

Object 0
Instance/Tet 0

Object N-1
Instance/Tet 0

miniBLAS0 miniBLASj-1

Object 0
Instance/Tet j-1

Object N-1
Instance/Tet j-1

Partition P-1Partition 0

Animated Cage 0 Animated Cage N-1



P-TLAS

MLAS+ P-TLAS: N Unique Tetrahedra-Cage Animated Objects 

Global Partition

Object 0
Instance/Tet 0

Object N-1
Instance/Tet 0

miniBLAS0 miniBLASj-1

Object 0
Instance/Tet j-1

Object N-1
Instance/Tet j-1

MLAS allows do decouple P-TLAS build-flags from per object MLAS build flags;
Also, the number of dynamic (P-)TLAS instances can drop significantly

Partition P-1Partition 0

Object 0
MLAS

Object N-1
MLAS

These act like C-BLAS but contain 
deformed instances



Building Tetrahedra-Cages For Skinned Objects

Deformation scoring over keyframes
Blue = low deformation score

Yellow-green = mid deformation scores
Fed = high deformation score

Deformation-adapted cage Clipped mini-meshes



Building Cages For Keyframe Animations

Keyframe meshes

Keyframe cages
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